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GENERAL INTRODUCTION 

American Chemical SoeieLy Series of 
Scientific and Technologic Mtmogl'al}iJs 

By arrangement with the Intornllied Conference of Pure mid Applied 

Chemistry, whidl met in London awl Brussels in July, 1919, the Amcrican 

Chelllieal Rneidy was to lllHlel'take tho pl'Otluetion and publication of 

Scientific and Teelmologic MOllographs on chemical subjects. At the 

smne tillle it was agreed that the Natiunal Hcseareh COllneil, in coopera

tion with the Amcric:nn Chelllical Society [lnd the Amel'irmn Physical 

Society, should undertake the prodnction and publication of Critical 

Tables of Chemical and Physienl Constants. The American Chemienl 

SocieLy and the Nntional Research Couneil Jllutually [Lgl'eed to CHre for 

these two fields of clwmicnl development. The Americn.n Chemical 

Society namcd as Tl'llstees, to make thc necessary nrnlllgements for the 

publi<:ntioTI of the monographs, Charles L. Parsuns, Secretary of the 

Amerienn Cbcmicnl Society, 'YuslJington, D. C.; .John E. Teeple, Treasurer 

of thc Alllerienn Chemical Society, New York City; and Professor Gellert 

Alleman of Swarthmore Collcge. The Trustees h[Lve arranged for the 

publieatioll of the American Chemical Society series of (a) Scientific and 

(b) Technologic Monographs by the Chemical Catalog Company 

(Reinhold Publishing Corporation, suc:cessors) of New York City. 

Thc COllncil, acting through the Committee on N [Ltional Policy of the 

Amol'ieull Chemical Society, appointed the editors) named at the elo~e 

of this introduetion, to have charge of securing authors, and of consider

ing eritieally the manuscripts prepared. The editors of each series will 

endeavor to select topics ·which are of current interest and authors who 

are recognized as authorities in their respective fields. The list of mono

graphs thus far secured appcn.)'s in the publisher's own announcement 

elt;ewherc in this volume. 

The development of knowledge in all branches of science, and espe
cially in chemistry, has been so rapid during the last fifty years and the 

fields covered by this development have been so varied that it is diffi-
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:2 GENERAL INTRODUCTION 

cult for any individual to keep in touch with the progress in branches 

of science outside his own specialty. In spitc of the facilities for the 

examinatioll of the literat1ll'c given hy Chemical Abstracts and such 

cOlllpencli[l [IS Beilslein':> H[llldbuch del' Organisehen Chemie, Richter's 

Lcxikoll, Ostwa lel's Lehl'buch del' Allgclllcinen Chemie, Abegg's and 

Gmelin-Kraut's Hallclbuch del' Anorganischen Chemie and the English 

amI French Dictionaries of Chemistry, it often takes a great deal of time 

to coordinate tbe knowjprige availahle upon a single topic. Consequently 

when men who havc spent yc'nrs in the study of important subjects are 

willing to courdinate their knowledge and present it in concise, readable 

form, they perform a service of the highest ynlue to their fellow chemists. 
It was with t1 clenI' recognition of the usefulness of reviews of this 

<.:haraetcr that a Committee of tho American Chemical Soeiety recom

mended the publication of the two serics of monographs under the auspices 

of tho society. 

T,vo l'nthcr distind purposes arc to be served by these monographs. 

The first purpose, WhOflC fulfillment will probably render to chemists in 

genoml the most impol'tnllt sen'ice, is to present the knowledge available 

upon the chosen topic i.n a readable form, intelligible to those whose 

activities may he along a wholly different line. :Many chemists fail to 

realize how closely their invcRtigatioIls may be eonneetccl with other work 

whieh on the surface appears fur aficld from their own. These mono

graphs will enahlc such men to form closer contact with the work of 

chemists in other lines of research. The second purpose is to promote 

l'eseareh in the branch of science covered by the monograph, by furnishing 

a well-digested S1ll'VCY of the progress already made in that field and by 

pointing out directions in ,vhich investigation needs to be extended. To 

fa.cilitate the attainment of this purpose, it is intended to include extelldl~d 

references to the litcrature, which will enablc anyone interested to follow 

np the subjeet in more detail. If the literature is so voluminous that a 

cumplete bibliography is impractieable, It critical selection will be made 

of those papers ",'hioh nrc most important. 

Tlw )lllh1imtioll of thC'RP \lOok,:: marks [\ di~tinct departure in the policy 

of the AllH'I'ienn Clwll1ical tlociety inrumlllch as it is 1I serious attempt to 

found un American ehemical literature without primary regard to com

mercial eonsicleratiolls. The iHweess of the venture will depend in large 
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part, upon the mca~mc of cooperation which c.an be seemed in t\w ]11'eptl1'[1.

Lion of books dealing adeqllately with topics of gcneral intcrL':,t; it i:; 

earnestly hoped, the{'cfol'c, that every member of the nnilluil organizations 

in the chemical and allied industries will reeognizc the importance Df 
the enterprise and take sufficient interest to justify it. 

AM E RIC A N C HEM I CAL SOC 1 E TY 

BOARD 01' EDITORS 

Scientific Sel'ies:-
WILLIAM A. NOYES, Editor, 

S. C. LlND, 

ARTHUR A. NOYES, 

JULIUS STIEGLITZ, 

Tc[:hnulogic Scries:

HARRISON E. Howr" Editor, 
'VALTER A. SCHMIDT, 

F. A. LIDBURY, 

FRED C. ZmISBElUi, 

E. R. 'VgIDLI~IN, 
C. E. K J\IBEs, 

F. W. WILI.ARD, 

CARL S. MINER, 

W. G. WHl'l'MAN, 

C. H. MATHl~WSON. 
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Preface 

The purpose of this work is to summarize the facts on corrosion 
processes and rates. It is inevitable that statements on the facts of con'o
sion rates will find some disagreement on the part of manufacturers and 
possible users who hope for better resistance properties. It is, of course, 
often possible to soften bald statements of such a necessarily unpleasant 
and negative action as the corrosion of a metal, but we feel that a more 
useful purpose is served by as fair a statement of actual facts as can be 
given. We hope that critics will realize that this has been our attempt 
even in those cases where our presentation does not agree with what they 
would like to see. 

The data given mostly cover the facts only; they offer no panacea for 
corrosion difficulties. In the present state of knowledge of non-ferrous 
alloy corrosion, it is not possible to give any general methods of prevention. 
The cure in the majority of cases is to use the right alloy in the right place. 
Several cases in which definite improvements have been obtained by modifi
cation of metals and solutions are indicated under their proper headings, 
but these cures are hardly general enough to deserve a section of their OWI1. 

For instance, right at present in such an important case as general corro
sion by sea water, we cannot rely fully on the corrosion resistance of any 
metal but fall back on non-metallic protective coatings rather general1y. 

We are much indebted to the metal industries of the United States for 
useful data which have been furnished us from their publications and files. 
This indebtedness extends to manufactmers of all the metals listed. 'I'Ve 
hope that the presentation of these data will lead to a sounder and broader 
use of each metal. 'I'Ve are particularly indebted to the International 
Nickel Company, Inc., to its President and Executives for their generolls 
forgiveness when the preparation of this work has interfered with Ollr 
duties, anel to the technical staff for assistance on many featllres. 

J auuary 1, 1936. 
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12 CORROSION RESISTANCE OF METALS AND ALLOYS 

Natural Size )( 33 

Sheet with gron\1cl finish before corrosioll. 

NattIraJ Size x .1.1 

As diredly attacked IJY the acid. 

DIRECT CHEMICAL CORROSION 
\Vhcn strong acid attacks a uniform sudace amI no films devdujl the 

surface corrodes or etches to a regular but somewhat roughened sudace 



CORROSION RESISTANCE 
of 

METALS AND ALLOYS 

Introductory 

A knowledge of the corrosion resistance of alloys should help to prevent 
corrosion by indicating the proper use of the right alloy, Data from experi
ence and test on the action 0 f alloys, under given conditions, form the maiu 
or second part of this book. This preliminary part attempts to classify and 
explain the economically important points of the theory or mechanism. 
Combination of data from Part II with the general facts of Part I should 
enable the reader to reason for himself 011 corrosion problems on which 
direct data are not available . . 

In this preliminary or theoretical discussion of currosion we attempt to 
use the theory concept in a somewhat limited sense (The idea expressed by 
"theoretical" and its relation to "practical" is a study in itselt), If by 
"theory" we mean a study of how things work as a sOl1l1cllink between cause 
and effect, then it is a very "pl'actical" study, The development of chemi
cal and general scientific theory, in the last decade or so, bas been so rapid 
that consideration of the theory of things often takes us into concepts that 
are almost abstract or at least so highly mathematical that some time is 
required for even the clearest minds to grasp them. On the other hand, 
without going into abstrtlse theories, we think it is possiiJ1e to describe the 

13 



H CORROSION RRSTSTANCE 0[1 METALS AND ALLOYS 



INTRODUCTOR}- 15 

way corrosion works based on the simpler and more generaily undcrstood 
concepts which have come to be regarded now as "facts" instead of "the
ories_" This mcthod is followed herein with the belief that it furnishes a 
real guide to procedure in fighting corrosion. 

To illustrate the method we may consider the explanation of the theory 
or mechanisl1-i of a sled sliding down an icy incline. The motion is caused 
by the pull of gravity which is great enough to overcome the friction between 
sled runners and the icy surface. The speed is affected by the weight of 
the sled and load, the angle of incline, the frictional properties of runners 
and surface, the dimensions of runners, etc. The major things which affect 
the speed can be explained and classified ,vithout going into the theory of 
gravity and acceleration, the theory of stresses on an inclined plane, the 
theory of friction, and of ice crystallization, although all of these enter into 
the problem. The motion is understood better by simply accepting and 
applying the known theories. Such an explanation will, of course, not be 
satisfactory to one who does not accept, for instance, the same theory of 
friction as the writer. 

The engineer or industrial chemist who has the problem of making a 
machine or structure last as long as possible in corrosive conditions, should 
have a general knowledge of how corrosion 'works hut the following of the 
various theories involved to their ultimate end may interfere with his prac
tical decisions. 

Thus in explaining and classifying corrosion, we will not delve into the 
theories of electrochemistry, of acid-metal reactions, of oxidation, of dif
fusion, or of metal structure, although it is recognized that each of these 
has its bearing 011 the subject. Vve 'wiI! assume certain accepted theories 
as true and we will be subject to the skepticism of those who do not accept 
them. 

In order to present the facts of corrosion in an orderly manner some 
classification is necessary. Several different methods are satisfactory. We 
may use, for instance, a classification based on the corrodil1g conditions, 
such as: air, acids, natural 'waters, etc. There are certain more or less 
visible or determinahle forms of [orrosioll which are typical of certain cases 
of corrosion and not of others, such as: galvanic action, dezincification, pit
ting, etc. These may be used as a basis for classification. The rate of cor
rosion has been found to be affected or controlled by certain rate factors, 
such as: temperature, acidity, electrolytic effects, etc., which are present in 
most cases, and corrosion may be classified according to these. Then metals 
have certain properties of direct importance in corrosion, sllch as: solution 
pressure, work straining, etc., and corrosion may be classified accord~ng 
to these. Lastly, the metals which are corroded serve as a very practIcal 
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IJasis for the presentation of data. This is the method used in the presell
tation of the corrosion data in Part II, where data are grouped under: cop
pCI' alloys, lead ami leael coatillgs, etc. 

In order to clari fy these j hings the variulls classificatiolls of the parts 
u f the corrosion problem are tabulated opposite. This is done in order, 
following from (1) properties of the corrosives which cause corrosion 
through (2) forms which this corrosion takes, to (3) things which affect 
the rate, to (4) general properties of the metals themselves which affect 
their corrosion, and giving finally (5) the specific corrosion resistance of the 
metals. This gives us an outline for the subject which will be found to 
include the several items which enter into the problem, presenting them so 
that their relation to each other is roughly indicated. This method produces 
the following lists of: (1) corrosives, (2) forms of corrosion, (3) rate 
factors, (4) metal properties, and (5) metals. See Figure 1. 

In these classifications, there are some cases of overlapping and surface 
inconsistency. For instance, in division 2, one may reasonably believe that 
all cases of "pitting" are due to "galvanic action" or to "concentration cells," 
or in line 3, that "films" are formed by "oxidizing agents." A complete 
explanation of the different shades of meaning resulting in such inconsis
tencies is not t'onsidered necessary because if they are accepted in good faith, 
it will be seen that they form a useful framework under which each of the 
subjects listed can be logically described from the standpoint of its rela
tion to corrosion. 

Another roughness in these classifications comes from the fact that some 
important concepts as acids, oxidizing agents, films, and electrolytic effects, 
must appear more than once as they are considered from different angles. 
This may entail some repetition of thought but we believe that this repeti
tion where it occurs is excusable because, after all, such subjects are so 
important a part of the corrosion mechanism that they cannot be empha
sized too much nor understood too well. 

The general form of this work may be considered as based 011 the fore
going lists. This preliminary part, Part I, is based 011 the subjects in lists 1 
to 4, and the data and conclusions of Part II are classified according to list 5. 
This method of presenting the data of Part II, was selected rather than 
list 1, Corrosives, because it makes the presentation simpler and less awk
ward from the economic angle. To many readers, a classification according 
to List 1, Corrosives, would seem more logical and useful. 

The writers themselves agree that snch a p,resentation would be better 
could it be done. vVe have found, however, that present knowledge of the 
subject has 110t reached an ideal enough state that such a presentation can 
be made. If, for instance, present practice in regard to handling any spe
cific corrosive is described. as correct, then progressive students who have 
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1. CORROSIVES 
Metals are corroded by several different conditions as listed below: 

2. FORMS OF CORRJJSlON 

Visual inspection or mechanical examination of the corrodell materials usually 
indicates that the corrosion has proceeded according to the following forms: 

3. RATE FACTORS 

Possibly the most important feature of corrosioJl is the rate at which it pro
ceeds. This rate is determined or at least affected in most cases by the following 
more or less measurable factors which exist during the progress of the corrosion. 

·1. METAL CORROSION PROPERTIES 

The attack of corrosion 011 the metals depends somewhat all certain properties 
of the metals some of which are typical of the metals themselves and some of 
which depend 011 its particular form while corroding. 

5. METALS 

Corrosion t,lkes place all metals and for completeness the classification of metals 
according to their corroding properties or tendencies is given below: 

Figure 1. Classification of Corrosion 



18 CORROSION RESISTANCE OF METALS AND ALLOYS 

ideas for improvement will say the practice of tomorrow will be different, 
and that the practice of tomorrow is the correct one rather than that of 
today_ In most cases we find that there at'e several schools of thought 011 

sllth matters. On the other hand if 'we take, as has been done, the actual 
data as obtained on the metals themselves, each engineer or industrial chem
ist has the opportunity of judging how much these data mean from a prac
tical standpoint and can determine for himself a conclusion which suits his 
particular problem. Therefore, although this presentation is not ideal, we 
are convinced, after thorough study of the situation, that it is more practical 
than would be an attempt to come closer to the ideal.* 

In order to bridge the gap practically, reference to the index will enable 
the reader to refer quickly and thoroughly to the data which apply to his 
problem . 

• Sec also Introductory Statements to I'art II, page 99. 



Chapter I 

The Rate Factors 

The many concepts which are outlined in the Introductory Chapter in 
their relation to corrosion each bear a definite relation to all the others, and 
are so intertwined in their effects that it is difficult to separate them for 
description. The clearest method seems to be to first take up the central 
group, the rate factors. These concepts seem to be in the heart of the 
corrosion mechanism as the rate itself is the keynote of its economic effects. 

These six rate factors are often all involved in one case of corrosion 
and it is safe to say that more than half of them are involved in every case 
of corrosion. Other factors, of course, often affect the rate but no others 
recur as important factors so regularly as these six. 

In most cases, if consideration is given to these six factors, they will 
lead to a useful diagnosis. They are practical concepts to use for diagnosis 
becanse they are susceptible of measurement or at least of detection by 
instruments or observation. In anyone case, it will usnally be found that 
certain of them are more or less predominant and others can almost be 
ignored. They are roughly equal in importance in that anyone or any com
bination of sevel'almay be the controlling conditions in a specific case. 

To consider these factors in order: 

ACIDITY 

The possibility of a metal dissolving by a direct reaction with acid and 
replacing the hydrogen ion by metal ion with production of gaseous hydro
gen is obvious. The type reaction in probably its most C01111110n for111 is: 

2 Fe + R,SO. --7> FeSO. + R2 

This is one of the fundamental reactions of corrosion, and as such it must 
be thoroughly understood by anyone intending to study the theories. For 
full theoretical discussion of this reaction, the reader should consult the 
stan.dard works on theoretical chemistry. Also Speller B and Evans 2 have 
discussed the relations of this reaction to corrosion and much valuable infor
mation can be obtained by the student of corrosion in reading these works. 

19 
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This pure type reaction is of more practical interest as comhinecl with 
others than as an independent single reaction because in many non-ferrous 
corrosions where hydrogen is evolved as a gas, as in this reaction, rates 
are so high that they become of academic interest only. In other wonls, 
the evolution of hydrogen often indicates that, from a practical standpoint, 
continuous contact of that particular combination of corrosive and metal 
is impossible. (N evertheless hydrogen is evolved in such an important case 
as pipe-line corrosion in acid soil). 

This type reaction is, however, widely active in practical corrosion work 
as a part of the general corrosion mechanism. The physical chemist read
ily understands that while the reaction may not go forward itself, its energy 
relations may be such as to form part of a more complex reaction. It is thus 
often like a force, insufficient of itself to lift a weight, but active when suf. 
ficient additional force is applied. 

An understanding of the fundamental ionic definition of an acid G_a 
compound which produces !z'J'd/"ogen ions when in solution in water-is help
ful. One of the definition properties of hydrogen ions is their tendency to 
be replaced by a metal; the reaction prodncts being a salt of the metal and 
hydrogen gas. 

The most interesting functions of this acidity reaction, considered as a 
(,01'1'OSiOIl factor, are in conjunction with other factors, for instance oxida
tion. The presence of free acid in contact with a metal, however, must 
always be thought of as a force tending to produce corrosion; it may be able 
to corrode the metal itself or it may be able to act only in conjunction with 
other forces. 

OXIDIZING AGENTS (dissolved air) 

By definition 7 oxidation is the increase in valency of an clement ancl 
the presence of any oxidizing agent therefore produces the tendency for 
any metal, whose valence is zero to corrode or change to a compound where 
it has a positive valence. This tendency is in the same direction as that 
of the acid reaction, that is to change the metal from the uncombined state 
to a combined state with resulting complete change of physical properties. 
Therefore any oxidizing agent may be considered a corroding agent by 
definition. 

By far the 1110st common oxidizing agent is oxygen of the air and it is 
the greatest corroding agent. Its action is usually either in solution in water 
with or without other chemicals, or at high temperatures. The possibility 
of atmospheric oxygen entering into a corrosive action with the most telling 
effect should never be neglected in considering corrosion. This applies to 
the action of even the strongest acids and chemicals, though it is most evi. 
dent in otherwise mild corrosives. 
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One of the writers 0 in an early paper showed that in the case of Monel 
metal and copper in contact with hot sulfuric acid, the rate of corrosion was 
increased sixteen-fold when the acid was saturated with air, as against acid 
washed free from air by means of methane. A retabulation of these results 
is given in Table 1. Specimens moving at a rate of 15 feet per min. were 
immersed in a 6 to 10% sulfuric acid solution at 1800 F. 

TABLE l.-Mollel Metal alld Copper vs. Sulfuric Acid. 

Corrosion Rate-Mg. per sq. dm. per day 

Washed Air 
Metal with Methane Saturated 

Copper ................. . 43 1070 
Monel Metal ........... . 64 701 

"Whitman and Russell 10 determined the effect of oxygen in acid solu
tions on the corrosion of common metals and alloys. Selected striking 
results calculated from 'Whitman and Russell's figures are given in Table 2. 
Test pieces 1 i" X 3", surfaced with No. 0 emery \vere used. The solution. 
at room temperature, was stirred by a gas-distributing device. 

TABLE 2.-Metals vs. Acids, with and with old Oxygen. 

Metal Acid 

Mild steel.. .. .. .. 6% Sulfuric 
Lead ............ 4% Hydrochloric 
Copper .......... 4% Hydrochloric 
Tin ............. G% Sulfuric 
Nickel ........... 4% Hydrochloric 
Monel metal ..... 2% Sulfuric 

Corrosion Rate-1fg. per sq. dm. pCI' day 

Hydrog-en Saturated 
(No Oxygen) 

1700 
1350 
1050 
350 
370 

60 

Oxygen Saturated 

20.000 
13,000 
86,000 
43,500 
27,000 
5,700 

No significant acceleration was found in the case of stainless steel and 
aluminum. 

Fraser, Ackerman and Sands S showed that the effect of oxygen in the 
corrosion of Monel metal by sulfuric acid was "a linear function of the con
centration of oxygen, and hence of its partial pl'cssnre,-except for con
centrations approaching zero." This is illustrated in Figure 2, as taken 
from the above paper. 

The presence of oxygen, or other oxidizing agent, may have exactly the 
opposite effect from that illustrated. It may produce a cathodic or passive 
effect and thereby reduce the corrosion rate. This effect is noted particu
larly on certain metals, as for instance, aluminum and stainless steel. It is 
also more liable to occur with certain acids and oxidizing agents than others. 
It has been noted on steel and nickel in sulfuric acid and on bronzes in mine 
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waters. A graphic representation of this effect is given in Figure 3, which 
shows the startlingly contrasting results obtained by adding air or nitric acid 
to sulfuric acid in contact with 18-8 stainless steel and Monel metal. . 

This apparently paradoxical behavior of oxygen and other oxidizing 
agents is not in disagreement with the chemical facts. The means by which 
oxidizing agents accelerate corrosion is through the cathodic part of the 
basic corrosion reaction given above. The mechanism and inherent har
mony of these two effects is apparent when the electrolytic factor is analyzed. 

MOVEMENT 

Because the corrosion reactions take place on a surface, the contact zone 
Letween the metal and the corrosive tends to change in concentration imme
diately when corrosion starts. If the products of corrosion have any effect 
in later reactions this change in concentration may change the entire course 
of the corrosion reactions since this relative concentration change is very 
large. Movement of the solution will bring the concentration back to its 
original value or near it, depending on the relative rate of movement and 
corrosion, If the movement is relatively swift, it may prevent the forma
tion of either the massive type or the thin cathodic solid films which would 
otherwise change the course of corrosion. 

Vvhere the concentration of corroding agent is low, its concentration in 
the contact region will be changed consirlerably by the progress of corrosion 
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and in this case movement allows corrosion to proceed where jt might other
wise be quite slow due to low concentration. Since the 1110st widely dis
tributed corroding agent, oxygen, is very sparingly soluble in water and 
solutions, it is usually present only in low concentrations. It is rapidly 
removed from solution by corrosion. So it follows that the movement of 
solution is almost the determining factor of the amount of this most widely 
distributed agent which reaches the surface of metals. ]\fovement also has 
a determining effect through its action on concentration or solution cells. 
High rate of movement tends to prevent the formation of such cells while 
a low rate tends to produce them. 

Thus it is seen that while movement only acts indirectly through the 
other factors, it produces as widely variant a series of results as any other. 

ELECTROLYTIC EFFECTS 

One of the most characteristic phenomena of cortosion is its tendency 
to localize. A common observation of a corroded surface is its roughness 
and on the other hand seeing a rough metallic surface, a very common 
deduction is that it has been corroded. This tendency to roughen, corrode 
locally, and pit is often due to electrolytic effects. iNhere one area is cor
roded to the exclusion of others the cause is usually electrolytic corrosion. 

By the now universally accepted electrochemical reasoning on the mecha
nism of chemical reactions, any reaction including the corrosion reactions 
may be divided into two parts which may be called anodic or cathodic accord
ing to whether the electrodes absorb or give up electrons. For instance, in 
the reaction between iron and sulfmic aid, we can say that the anodic part 
of the reaction is the solution of the iron as ferric ion which is accompanied 
by the giving up of electrons to the electrode. The cathodic part is the 
hydrogen ion going out of solution becoming hydrogel1 gas with the absorp
tion of electrons from the electrode. The combination of the two is the 
replacement of hydrogen in solutioll by iron with corrosion of the iron ancl 
evolution of hydrogen gas. This reaction may tal,e place at one point, the 
hydrogen appearing where the iron is corroded anel then the reaction is a 
simple chemical or electrochemical reaction. But in a highly conducting 
acid solution and 011 the surface of an iron plate of appreciable thickness 
so that the electricity may be conducted easily (electrons pass freely) there 
is little to holel the reaction together and if something OCCtlrS which makes 
it easier for the anoelic and cathodic parts to take place at different points, 
this is very prone to happen. Where reactions occur which are more com
plicated than the above example, there are many conditions which may 
cause the reaction to take place in two parts. The two commonest ate men-

tioned here. 
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The one which has been longest understood is commonly called galvanic 
action, due to the presence in electrical contact of two metals of different 
tendency to go into solution. This may occur by difference in composition of 
an alloy, physical non-homogeneity of a single piece of metal, or by electrical 
contact between two entirely different metals. 

The other which has been demonstrated only in recent years has been 
called concentration cell action and is due to the presence of the active cor
roding material in different concentrations at adjacent areas on the surface 
of homogeneous metal, or the adjacent presence of two different corrodents. 
Since this latter phenomenon was first described 6 it seems to clarify more 
and more of the previously obscure corrosion phenomena, and it now appears 
to be a factor even more important than the more familiar galvanic effect. 

Whatever the mechanism of the separation of the two parts of the reac
tion, the electrolysis is the factor which most often determines the place at 
which corrosion occurs. It does not, however, change the fundamental 
reactions by which corrosion occurs and it is itself tremendously affected 
by all the other principal factors. 

SOLID FILMS 

The whole corrosion reaction takes place on a surface. When the 
reactions of corrosion supply a product which is insoluble and which can 
f01"m a solid impermeable film or a film which has any properties which are 
appreciably different from those of the corrosive solution, such a film has 
a tremendous effect on corrosion. 

Films are roughly divisible into two groups according to their properties 
and effects. First, the easily visible films of corrosion products which are 
insoluble in the solution. These are usually easily permeable by water but 
sufficiently dense to considerably cut down the flow of· fresh cOl'rodent to 
the metal. These films may cause corrosion to slow up to a certain extent 
by retarding contact of the corroding solution with the metal. On the other 
hand, their action is often deleterious in speeding up corrosion in certain 
areas by electrolytic concentration or solution cell action and in atmospheric 
corrosion by causing the retention of moisture. They are liable to be non
uniform 01' even discontinuous and when this is the case they allow the 
active solution to come into easy contact with the metal in certain areas 
while partially screening it in others. This is an ideal way of producing 
electrolysis. The part under the partially permeable film usually becomes 
anodic and pitting or local corrosion commences there while that part which 
is exposed is cathodic. The corrosion produces more of the same type of 
film which strengthens the electrolytic cell and thus the deepening of the pit
ting is self-sustaining. ' 
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These films may also contain corrosion products whidl arc slightly sol
uble ill the solutioll so that they arc in themselves cnlTnsivc. ,"Vhen present 
in atmospheric corrosion, they may be hygrnscopic and by retainillg' mois
ture at humidities in which the metal surface would otherwiSl: be dry tlley 
will increase the corrosion rate many times. 

The second class of films is the cathodic or passiyc film. Their prop
erties have been studied and classified by several competent men. U. R. 
Evans 2 was the first to give these films concentrated study and to explain 
how they act in corrosion. They have the same effect as the cathodic part 
of a concentration or solution cell in that they allow electric Cl1rrent to pass 
into the metal (the metal giving up electrons) hut prevent or resist passage 
of ions thus preventing the flow of current in the other direction. The films 
are believed to thorougl:Ily cover the cathodic areas in the type of corrosion 
which Evans calls the Differential Aeration Cell, and where they are absent 
the metal is anodic and is corroded. In the nature of their action they must 
be thinnest where they arc 1110st protective and this explanation is proved 
by observation becanse the films are so thin as almost to resist measure
ment when their protection is complete. E. C. Hedges { has compiled a 
wealth of data and proof of the composition and detailed properties of these 
films. They are principally oxides which hav!! certain unusual properties 
associated with the thinness of those which are most protective. They may 
vary somewhat in composition and have varying effects on corrosion rates 
(See also Chapter IV-Oxidation Passivity). 

TEMPERATURE 

Temperature is one of the controlling rate factors in all chemical reac
tions. It thus enters into every corrosion reaction by speeding up the natural 
rate of reaction as the temperature rises. This speeding up may be closely 
parallel to the energy relations as they affect the rate of reaction but it is 
more usually affected also by other factors so that its effect may be greater 
Or less or even opposite. Rise in temperature increases ionization and 
increases the mobility of all reacting bodies. It increases diffusion rates 
and lowers viscosity. 

Temperature difference may have an important effect through its effect 
on films. Films that form at one temperature may not for111 at another. 
Change in solubility of the films may be so great that those formed at one 
temperature may dissolve at a higher one. Local differences in temperature 
may set up electrolytic cells which may be considered either galvanic or con
centration cells.1 

The change of rate with temperature is usually in line with the ordinary 
limits of reaction velocity (say double to four times the rate for a rise of 
50° F.) or it may be many times this or be negative in effect when it causes 
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such powerful secondary effects as the removal or production of protec
tive films. 

EXAMPLE 

As an example of the 'operation of some of these rate factors, consider 
the action of sulfuric acid on a copper tank. Assume a closed cubical tank 
one meter each way. The area of the tank inside is six square meters and 
it will hold 1000 liters of acid. If air-saturated 2% acid is put in the tank 
at about 140° F. corrosion will start at a rate of 1000 mg. per sq. dm. per 
clay. Copper will be dissolved at the rate of 600 grams per day and if this 
rate were continued a tank ~" (.32 cm.) thick would disappear in about 
9 months. 

However, if the acid is put in and the tank completely closed to air con
tact the air would all be removed in a short time. About 10 grams of metal 
would be dissolved and then the reaction would stop from lack of air and 
the tank would last indefinitely. If corrosion proceeded at the initial rate 
the air would IJe exhausted and corrosion would stop in 2S minutes. 

If the hot acid 'were run through the tank at a fairly rapid rate the tank 
would be ruined in less than 9 months as above. If the temperatwre were 
1'00111 temperature, say 60° ,F., the same reaction would require about 36 
1110nths. If the air content were reduced to that ordinarily present in acid 
contact with metal the time would be S years and if there was practically 
110 movemellt of the acid it would require 15 years for complete solution. 
In actual practice films of solid corrosion products would probably for111 
which would induce concentration cells and possibly gal'l'anic cells. Failure 
fro111 this cause might OCCllr in a few weeks or be delayed for years depend
ing on more or less chance distribution. 
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Beg'inning" of Cormsion 

Final Failure 

SOLUTION CELL COHROSION 

The areas at junctions between wires are mechanically protected while 
the adjacent areas are ill free contact with the corroding solution. The 
j unctions become anodic and corrode. 



Chapter II 

Forms of Corrosion 

Examination of metals during corrosion or after it has occurred may 
indicate much about the cause of the corrosion and \vhy it continues. It 
should include macroscopic examination of the surface with the corrosion 
product in place and also after the corrosion product has been removed. This 
should indicate in most cases the general "form" of the corrosion; that is, 
whether it has been a direct clwJllical action, a pitting, gal'valliei action, COIl

centration cell corrosion, dezimijicatiOll, or corrosioH crackillg or corrosion 
fatigue. Of course, several of these effects may take place at the same time 
but it is usually the case that where failure has occurred it is directly attrib
utable to one of these. forms with possibly some help from a second. Each 
one of these forms is accompanied by typical signs which are not difficult 
to read with a little experience. These signs will be described in connection 
with a discussion of each form. In making laboratory or service tests it is 
always desired to make a diagnosis as rapidly as possible. It will often be 
a matter of some difficulty of judgment to decide which one of the various 
forms which exhibit themselves in the early stages, is the one which will 
cause the final failure. Many of the mistakes which are made in evaluating 
corrosion tests are due to failure to make such judgment correctly. For 
instance, it is a mistake to assume one metal better than another or one con
dition less harmful on the basis of loss of weight, 'which is a gooc1measure 
of direct chemical corrosion, if the final failure is to be by pitting rather 
than by direct chemical corrosion. This holds true for each of the forms 
considered. Each has its own measure and the correct one must be selected 
from the five others to judge values correctly. 

DIRECT CHEMICAL 

There are a large number of chemical'reactions in which a pure metal 
may take part where the end prodncts are non-metals. Each of these myriad 
reactions will produce corrosion if allowed to proceed at the surface of a 
metal. There is no more mystery about why and how they will proceed 
than there is about why anel how any chemical reaction proceeds, with 
the exception that the space arrangemcnts are far from bcing as perfect 
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as in a simple chemical reaction like pottring' the solution of olle reactant 
into the solution of another. The engineer who is interested mainly in 
COlTOSiOll rale and design to resisl it can well accept the theories of the 
theorelical chemist on the onc hand and of the theoretica.l metallurgist on 
the other as to the mysteries of these reactions, and for a true understand
ing of the corrosion problem simply be sure that he understands how. the 
accepted theories work together to produce the particular corrosion being 
considered. 

When a metal is in contact with one of these many reactants with which 
it may combine to form a non-metal or to precipitate another metal, cor
rosion will proceed at a rate determined by the combination of "rate factors" 
described above. If none of the other "forms" is present, we then have the 
simplest and the most fundamental kind of corrosion. The action is rela
tively uniform over the whole surface of the metal and proceeds at a fairly 
uniform rate as the metal is corroded. 

The appearance of the surface of the metal being corroded in this man, 
ner will be relatively s11100th but obviously "etched." The color of the sur
face will be the same as that of a freshly ground surface of the same metal. 
This surface appearance is an indication that the corrosion is of t4e direct 
chemical type unless other signs are present as described later. 

A C0111mon example of this type of corrosion is the action of a good 
pickling solution on any metal. These solutions besides dissolving or .other
wise removing the oxide will leave the metal surface itself etched dean 
and smooth. 

The loss in weight of the metal per unit of surface per unit of time is 
a good easy method of determining the rate of this type of corrosion. 

The 1110st common condition causing- this type of cormsion is an add 
solution ill contact with the metal. Oxidizing agents in the solution may 
speed up the reaction without introducing other forms of corrosion if they 
are not present in too high relative concentration or activity. If any solid 
corrosion products or other surface films are formcd they will interfere 
with the uniform action and if conditions tending to produce measurable 
electric currents are present they will localize the corrosion. Although, 
under such conditions, the direct chemical action may still go on at an 
undiminished rate, the local corrosion is likely to be the most serious cause 
of failure. Measurement of the weight loss will only serve to measure the 
corrosion if localization happens ·to be also measurable or uniform for the 
existing variations of time and conditions. 

PITTING 

Corrosion is often localized in well-defined areas and where such areas 
are relatively small as compared with the whole metal surface, they are 
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spoken of as pits. A pit is tlsnally distinguislmhle by a rdativcIy sharp or 
lYell-defined boundary around part or all (l f its perimeter. This may he 
just a Rharp change ill the dircctioll of an uthel"wise ]c\·cl sllriacc hut the 
boundary is 1110re usually a wall which approaches the perpendicular tn the 
surface and in many cases it may be undercut or !;O irregular that the snrface 
or intermediate parts of the wall extend out well over the bottom of the pit. 
Intergranular pits may extend in a honeycomb shape like the complicated 
caves of a limestone region. 

Pitted metal comlllonly has a speckled Or irregl11arly dotted appearance. 
Pitting is usually accompanied by the formation of solid corrosion products 
which are usually irregular in appearance with probably the thickest sec
tions over the pits. A dotted appearance of thc corrosion product or a 
surface with weil defined irregularities is liable to rIc an indication of pits 
underneath. \Vhen the corrosion product is cleaned off it will often have 
a tendency to cling in the pits even to a greater extent than would he expected 
fr0111 the purely mechanical difficulty of cleaning out such a confined space. 
An otherwise clean uniform surface may contain pit5 which are full of 
adherent corrosion product. 

Pitting as a general head is allied very closely with other :mbjccts in this 
outline; these subjects are indicated below and the reader should refer to 
them for a more complete description of the relation of each to pitting. 

Pits may be formed hy a protective corrosion product which partially 
covers the surface so that certain areas are exposed to repeated action of 
the corroding agent. Pits occur on the exposed areas. 'Vhile this action is 
not ut1tlsual and is easily diagnosed, it is not one of the most common causes 
of pits. 

The second cause in practical importance is prohably the presence of 
inhomogeneity in the metal. If the metal contains inclusions of a more 
easily corroded metal, the latter may corrode galvanically or directly at a 
more rapid rate and so for111 a pit. I f there are inclusions more cathodic 
than the body of the metal these inclusions induce pits in their neighborhood 
galvanically. If there are inclnsions permeable to moisture or otherwise, 
such as to leave a pocket which can contain corroding agent different in 
composition from the hody of the corrodent, concentration or solution cell 
pitting may occur. 

This latter most common form of pitting may start as an inclusion or 
may start from exterior factors. Because it is usually self-perpetuating 
rather than decreasing in intensity by its own action, like the other forms 
of pitting, it is probably the most destructive. It is more fully described 
under its own heading and the reader is urged to study that part carefully 
if he wishes to really unclerMand the pitting phenomenon. 
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A fourth cause of pitting is inhomogeneity existing in the metal from 
some other cause than inclusions. This may be uneven distribution of 
strains, particularly sllch strains as cause ncar or incipient parting of the 
metal, or dendritic or granular segregation of the constituents. ·While this 
cause may not be as widely distributed, if all corrosion is considered, as 
some other forms, it is of extreme importance ,vhere it does exist and in 
environments where it has been found to occm it should always be looked 
for carefully as the tendency· may exist with little obvious or measurable 
indication. 

Pitting is measured by actual micrometer measurement of the pit depth 
with an instrument having a properly shaped tip. or by a calibrated high 
power microscope focusing on the surface and then on the pit bottom. 
Qualitative measurement may be made by examination of properly pre
pal'ed scctions or by the x-ray. Weight loss is of little help and tensile 
tests may be somewhat misleading though they do give indications in the 
proper direction. This most destructive form of corrosion is possibly the 
most difficult of experimental evaluation. 

Two-METAL GALVANIC ACTION 

The first-discovered and simplest mechanical form of electric cell con
sists of two metals connected with each other and immersed in a single 
solution. The result is well knovvn. The action of the cell depends entirely 
on the different chemical properties of the two mctals. The term has been 
broadened by some physical chemists to include cells wherein the presence 
of different solutions affects the results. In corrosion literature, however, 
it has been the practice to limit the term to its original meaning which does 
not include solution 4ifferences and to call cells caused by solution differ
ences concentration celJs.* 

It should be noted that the concentration or solution cell produces the 
same effects, in many cases, as the two-metal galvanic cell. The two forms 
are interdependent and in the more detailed discussion under "Concentra
tion or Solution Cells" their relation is described. 

1. Definition: Two-metal galvanic corrosion is rapid corrosion of a 
metal due to its being electrically connected to another metal in corrosive 
conditions. The cause is the difference between the individual tendencies 
of metals to be acted 011 by (combine with) corrosive materials. By certain 
arrangements this difference in tendency of two metals to corrode can be 
measured in volts. This voltage of the cell is the driving force behind 
the corrosion. 

2. Galvanic Series: Arranging the metals according to their tendency 
to corrode galvanically results in the following approximate order. 

• The 3pprapriateness of tI,ese terms is discussed further nnde,' the concentration cell heading'. 
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Note that this is not an "Electrochemical Series" but, due to the ft1nda
mental chemical affinities, that it has some general analogies with the "Elec
trochemical Series." 

Corroded end (anodic) 

Magnesium 
Aluminum 
Dllralumin 

Zinc 
Cadmiulll 

Iron 
Chromiu111 iron (active) 
Chromium-nickel-iron 

(active) 

Soft solder 
Tin 
Lead 

Nickel 
Brasses 
Bronzes 
Nickel-copper alloys 
Copper 

Chromium-iron (passive) 
Chromium-nickel-iron 

(passive) 

Silver solder 

Silver 
Gold 
Platinum 

Protected end (cathodic) 

This series is built llpon actual ex

perience with corrosion and labora

tory measurement. Metals grouped 

together have no strong tendency to 

produce galvanic corrosion on each 

other; cOllnecting two metals dis

tant on the list fr0111 each other 

tends to cDrrode the one higher in 

the list. Voltage figures are not 

given because these vary with every 

new corrosive condition. Relative 

positions of metals change in many 

cases but it is unusual for changes 

to OCCllr across the spaces left 

hlank. The chromium-irons and 
chromium-nickel-irons change po
sition as indicated depending 011 oxi
dizing conditions, <lcidity, and 
chloride in 501\1tion. The series as 
it stands is correct for many C0111-

lUOIl dilute water solutions such as 
sea wakr. weak acids and alkalies. 

The above series shows the tendency to corrode, but actual galvanic cor
rosion takes place only when current .flows. To allow current to flow cer
tain conditions are necessary as follows: 

3. Conductivity. The circuit must be complete through conducting 
metals and solt1tions. Metals arc t1st1ally good conductors and allow easy 
passage of current, but serious resistance may develop in the solution and 
in the metal contacts. Distilled water and air are such poor conductors 
galvanic corrosion is ul1tlstml in them. The presence of slight ill1pnrities 
and salt in water, as in ordinary tap wuter, lllakes it sufficiently conducting 
to produce some galvanic corrosion. Stronger salt solutions, as sea water, 
are good conductors, and concentrated solutions of salt and chemicals, par
ticularly strong acids and alkalies, are very good conductors, and galvanic 
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corrosion is common in them. Current may pass short distances through 
damp films of corrosion products or condensed moisture. 

Metal contacts in ordinary types of metal seams are good enough to 
allow galvanic corrosion to take place. Accumulations of dirt or corrosion 
products may slow up the corrosion. This has occurred in bearings. Joints 
may be insulated by rubber, fiber or wood so as to prevent galvanic action 
completely. Insulation must be absolute and not allow any metal path for 
the current. 

4. Contact Surface: Galvanic action often produces gases (hydro
gen) and corrosion products which prevent contact. Rapid flow which 
removes these impediments or chemicals \vhich react with them increase 
two-metal galvanic corrosion. (Stagnation may produce solution concen
tration cells which are as active as the two-metal cells.) There are many 
changes which take place at corroding metal surfaces when current flows. 
Formation of hydrogen gas at the protected surface is common. also for
mation of insoluble protective films on either protected or corroded surface. 

Interference with passage of currents by such ftlms or by chemical 
changes is called polarization. Chemical changes take place in the contact 
films of solution. sometimes lowering its conductivity and sometimes pro
ducing independent currents which may oppose and reverse the original 
one. These changes usually oppose the original effect. These effects are 
some of the 1110st important factors governing galvanic action but are too 
complicated to describe fully here. 

S. Proximity: Surfaces must be close together. "\iVhere sheets meet 
at an edge all galvanic corrosion will be close to the seam, except in electro
lytes of the highest conductivity. 

6. Large Cathode Area: A large area of protected metal produces 
more rapid corrosion on the metal corroded. Small anodes are rapidly cor
roded. In good conducting solutions a steel rivet in copper or nickel alloy 
sheet is rapidly corroded but a copper or nickel alloy rivet in steel sheet will 
produce little c01'1'osion except at the contact. 

7. HigJz Voltage: Large differences in voltage, i. e., distance fr0111 
each other in the series list, tends to produce more rapid corrosion, but this 
effect is liable to he masked by 3, 4, 5 and 6. 

CONCENTRATION CELL OR SOLUTION CELL 

This type of corrosion has come to be accepted in a somewhat limited 
circle of engineers and corrosion students as one of the important "forms." 
In the experience of the writers and their colleagues it has been of much 
value in diagnosing and preventing corrosion. However, it has not had such 
complete experimental study and description in the literature as has, for 
instance, the galvanic cell or the "differential aeration" (or film) cell. It 
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therefore seems necessary to assigll rather 1110re space amI emphasis to it 
in this work titan its relation to the other "forms" of corrosion would 
warrant. 

Electrolytic vs. direct chemical corrosion: Corrosion may take place 
by direct reaction between the metal and the solution in contact with it, 
or the corrosion reaction may separate into anodic and cathodic parts which 
may take place at areas separated from each other by finite distances. If 
the reaction takes place without separation, it is called direct chelllical cor
rosion ancl if the two parts are separated it is called electrolytic corrosion. 
\\7hether it is direct chemical or electrolytic, the courSe of the reaction 111ust 
be in conformity with the knowll laws of electrochemistry and thermo
dynamics. 

The separation of the reaction into two parts happens readily because 
the metal is a conductor. Separation often becomes necessary to the prog
ress of the reaction because of the effect of the cOHosion reaction on the 
plane of contact. The compounds of the metal formed are often rather 
insoluble and the contact film of corroding agent may become .satnrated and 
precipitate corrosion proclncts. Thus the solid products of corrosion often 
prevent free contact of the corrosive with the metal soon after corrosion 
begins. But for electrolytic corrosion, it is not necessary tbat contact he 
made at the same point where metal is corroded. According to the principle 
of the C011CC1ltration or solutioll cell the metal goes into solution or com~ 
bi11ation at 011e point when the best contact with the corrosive solution is 
at some other. 

The Relation of Galvanic to Concentration or Solution Cell Corrosion 

When the principles of electrochemistry were still new in their practical 
application to chemical and metallurgical phenomena. vV. R. \Vhitney 14 sug~ 
gested the hypothesis which was called for some years the "electrolytic 
theory of corrosion." This theory in his own clear words was as follows 
" ... the theory requires that iron should tend to oxidize in any aqueous 
solution. 'Whether it will do so 01' not depends on other conditions. Some
thing may here be gained by a study of analogies. The dissolving zinc elec
trode of the Daniell or gtavity battery, although possessing an enormous 
electrolytic solution-pressure, does not dissolve when the electl"ic current 
is broken, but begins oxidizing immediately when connected through an 
external resistance to the copper pole. It is not enollgh then for oxidation 
or solution of the metal, that it have a tendency to dissolve; it must be in 
metallic connection with some other material capable of acting as an elec
trode, and this second electrode, if a positive element must have a lower 
electrolytic solution pressure than the iron. Iron in contact with zinc and 
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SOLUTION CELL CORROSION 

Bottom part of tubes from separate evaporators. Each was sct in a tube 
sheet of the same metal as the tube. A layer of corrosion product and debris 
on the tube sheet around the tubes partially separated a small circumferen
tial area from corrosive solution causing anodic corrosion 011 shielded area. 
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an aqueous solution will therefore not dissolve; but if copper replaces the 
zinc, the iron will dissolve, the velocity of solution in these cases being deter
mined by the resistance of the complete electric circuit." This was the 
first recognition of the all important fact that the ordinary corrosion reac
tion was divisible and does often divide into its anodic and cathodic parts. 
Later workers showed that atmospheric oxygen 10, It, 12 entered into the 
reactions by "depolarizing" or uniting with hydrogen at the cuthode and 
even that high concentrations of oxygen cansed iron to become cathodic and 
to corrode anodically at surfaces of low oxygen concentration. This, in con
formity with \Vhitney's hypothesis, Aston 1 explained on the basis of its 
influence on "the polarity of the unrlerlying iron," It now seems that this 
early view put rather too much emphasis on the electrodes themselves of 
the galvanic cell. This emphasis left many phenomena, recognized as elec
trolytic corrosion, partially unexplained, 

The Concentration or Solution-Cell Principle 

An electrolytic corrosion cell may be dc\'eloped by: 

1. Two different metals in the same electrolyte. 
2. Two metals ill different electrolytes, 
3. The same metal in two concentrations of the same electrolyte. 
4. The same metal in different electrolytes. 

The first condition is the ordinary galyanic celLO The tbird one is an 
example of the concentration c.<::l1 of the physical chemist which, by its 
susceptibility to exact measurement has contributed greatly to the quanti
tative knowledge of chemical energy,n,o 

Besides the first type or the two-metal galvanic ccII, the other three types 
of cells are also active in producing corrosion. In 1922 and 1924 one of 
the writers 7, 8 measured the potential of a corrosion cclI of the pure con
centration type and determined that many other cells hesides the simple gal
vanic could cause corrosion. The term '''Electrolyte Concentration Cells" 
was used to distinguish them £1'0111 the two-metal galvanic type, but this 
term is rather misleading because it is commonly applied to the reversible 
concentration cell of the physical ChClllist.n The corrosion cells should not 

• The concept of Galvani and Volta, the firs! students of theSe cells, did not include the 
effect of different electrolytes. From this standpoint the term galvanic might nroperly be limited 
to the two·metal cell and this two·metal cell is the tholt~ht ~enerated in the nlind of the average 
layman by the teem. However, 1110<lem physical chemists in hroadening the concept to include 
the types listeu auove, :LUll other types also, have hroadened the use of the original terllt to 
include all the tYjJcs. While this is logical far thc~e scientists, the complete concept is not as 
simple for the non· chemist as is the two·metal celI and therefore II new term would be n useful 
aid to expression, 

The term "Concentration Cell" might logically cover the additional thought if we were to 
extend "Concentration" to include "Zero Concentration." But usage is distinctly against this 
as the term currently is applied to Just those finite concentrations which are susceptible of 
nleasurement and calculation. Possibly "Solution Cell" as opposed to "Metal Cell" are terms 
which are sufficiently distinctive to be readily understood. 
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be thus limited. They include many cells involving quite different types of 
electrolyte and particularly electrolytes which do not contain the electrode 
metal as an original constituent. Possibly a more descriptive term would 
be "Solution Cell" or "Chemical Reaction Cell." 'Whatever the term used 
it should be understood that in these cells the potential difference is caused 
by differences in the solution rather than in the electrodes. 

Evans, later,a developed his thought on the "Differential Aeration" cell 
and has clarified many otherwise difficult corrosion problems by his inter
esting experiments and explanations. His theory involves the presence of 
a cathode film as the fundamental source of the potential difference. 

The electromotive force of the solution or chemical cell is of the same 
order of magnitude as the two metal or galvanic cell. For instance, it is 
possible to reverse the usual direction of the zinc :copper couple by immers
ing the copper in potassium cyanide and the zinc in zinc sulfate. A cell 
of silver electrodes in silver solutions of readily obtainable concentration dif
ferences calculates and measures over .5 volt. The copper concentration 
cells l11easnred by the writers 7 gave potentials of .2 volt. E.m.f.'s of over 
1 volt are obtained by varying the oxygen concentration in an acid solution 
on stainless steel electrodes (The action here is certainly aided by sur
face films). 

In all electrolytic cells the action is due solely to chemical reactions at 
the electrodes. The e.m.f. of the cell is a function of the driving force 
or chemical affinity causing the reaction. The electrolytic corrosion is 
equivalent to the amount of current as measured in amperes, and this value 
at its maximum is the equivalent of the chemical change occurring in the 
electrolyte. 

To make this clearer, the following diagrams (Figures 4 to 8) illus
trate the reactions occurring in simple forms of the above types of cells. 

Cathode 

FIGURE 4. Comltlon Two-l'l'Ietal Galvanic Cell. 
(Long known as a corrosion stimulator) 

Cathode Solution Anoele Solution Anode 

a1 H H H 

=-S0q. '5°4 5°4 ~50q. 
H H H 

Metallic 
C(lppet' 

Sl1lfl1ric acid of any con
vl'.nient cnl1c~ntt·ati(ln. 

same 3,!; at anotle. . 

Sulfuric acicl of any con· 
vcnic'nt conce.ntratlou, 

satne as at cathode. 

Metallic 
Zinc 

Chel11ical energy forcing zinc inlo solution rather than copper causes 
following reactions: 

Receives + 
charges (gives 
ll1' electrons) 
as hy~rogel1 
preCIpItates. 

Hydrogen of add appears Receives zinc from ano(le 
at cathode as gas giving forming zinc sulfate. 

up + charge. 

Zinc to solu
tion leaving 

- charge. 
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FIGURE S. Two Metals in Two Electrolytes. The Daniell Cell. 
(This cell acts Illore powerfully and with less interference than figure 4.) 

Cathode 

Metallic 
Copper 

Cathode Solution 

Concentrated COPller sui· 
fate. 

Anode Solution 

H H 

50Lj. 

H H 

Sulfuric acid. 

Anode 

Metallic 
Zinc 

39 

Besides tendency of zinc to dissoh'e there is pressure for copper to precipitate at 
cathode. Reactions below. 

Receives + 
charges as 

copper 
deposits. 

Copper dC.llosits giving up 
+ charges (receiving elec

trons) at cathode. 

Receives zinc from anmic 
forming zinc sulfate. 

Zinc dissolves 
leaving -
charies. 

(The auove cell acts, but less powerfully, with both electrodes copper.) 

FIGURE 6. The Same Metal in Different Concentrations of the Same Electrolyte. 
(A Re\'ersiblc Concentration Cell.) 

Cathode 

:'Iletallic 
Copper 

Cathode Solutiun 

(I Cu (I 

Cl Cu Cl 

Concctltrated copper chlo· 
ride. 

Ana,\e Sohllion 

c:.u (I Cu GI 

Uilute co!>!,e!' cliloridc. 

Anode 

Metallic 
COPjlet 

There is pressure to precipitate COllper at the cathode and so remove concentration 
differences. Reactions helow. 

Receives + 
charges as 

copper depo5its 
(is reduced). 

C;h"es up copper and + 
charges (receives elec

trons) at cathode. 

Receives cop 11 e r from 
an 0 deforming copper 

chloride. 

Copper dis. 
solves leaving 

- charges. 

FIGURE 7. The Same Metal in Different Electrolytes. 
(Often active where acid and copper alloys are in contact.) 

Cathodc 

]\letallic 
Copper 

Cathode Solutioll 

CI CI 

Gu 
Cl CI 

Cupric chlorhle llHlIj"ratf 
concentration. 

Anode Solution 

H CI H CI 

Hy,ll'~hloric acit! IlHHler· 
ute concel1tratiGn. 

Anode 

Metallic 
Copper 

There is a tendency for cupric ion to reuuce to cuprous ion at the cathode. 
Reactions below. 

Receives + 
chargeS as 

cnpric copper 
is reduced. 

Cupric chloride is reduced 
to CU(lrous giving up .... 

charge,. 

Receives cop per from 
a nod e fO!'111ing copper 

chloride. 

Copper dis· 
solves leaving 

- charges. 
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FIGURE 8. Simple Form of Oxygen Solution or Concentration CciI. 
(Now recognized as very destructive.) 

Cathode 

Metallic 
Copper 

Cothade Solution 

H (I 
0 

(I H (I 

Concentrated 0 x y g e n in 
any convenient hydrochlo-

ric acitl concentration. 

Anode Solution Anode 

H CI H CI 

H CI H CI 

S~l1ne add concentration Metallic 
as cathode but without Cappel' 

oxygen. 

Chemical ellergy pressing for reduction of oxyg'en causes following reactions: 

Receives + 
charges as 

hydrogen of 
acid reacts 
with oxygen 
(reduction) . 

Hydrogen from aci,l re- Receives cop per from 
acts with oxygen forming anode. 
water, giving up + charges 

to cathode. 

Copper dis
solves leaving 

- charges. 

The diagram represents a magnified section of the electrodes of a cell as 
connected through a uniform section of solution divided into anodic and 
cathodic parts. The usual chemical symbols are used to indicate compounds 
in solution and the concentration is ronghly indicated by the number of sym
bols in the rectangular figure. Direction of reactions is indicated by small 
inclosures and arrows. 

While the reactions given are correct they are much simplified and will 
thus seem incomplete to some. This license is justified for the convenience 
of readers 110t now specializing in chemistry. Competent critics can draw 
their own complete pictme and thus satisfy themselves better than could 
we halting authors. 

The illustrated oxygen cell is a simple type of a cell which occurs in 
practical corrosion with great frequency. The variations are complicated 
and have not been thoroughly studied. Certain points should he noted. 

The solution or concentration cell is strikingly different from the orcli
nary galvanic cell in the fact that the direction of its current is in a sense 
inverted and throws the corrosion to a point which would not be corroded 
without the cell action. Thus, note that in the common galvanic cell, Type 1, 
hefore the anode and cathode are connected the zinc (anode) is corroded 
more than the copper (cathode). Now in the common oxygen cell, (and 
the other solution or concentration cells) note that if the connection were 
not made the greatest corrosion would occur in the oxygen-acid mixtnre 
(cathode) rather than in the pure acid (anode). This seemingly anomalotts 
behavior is characteristic and of much practical importance in diagnosing 
corrosion by these cells. 

In strongly acid solution the concentrations involved tend to neutralize 
and some convection or other artficial effect is necessary to cause the con-
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ccntratioll or solution cdl to act. However. in the great field of slow cor
rosion in neutral solutions thcre is a common tcmlcncv for c('lIs to localizc 
and perpettlate thcmselves. The corrosion products (:asily hecomc so C011-

centrated as to precipitatc and prevent free contact with fresh solution. 
This effect is enhal1CC(1 hy migration of the hydrogen and hydrasyl ion 
under the current which helps to prmluce insoluble basic salts near the 
anode. The original cathode area remains clean and therefore encourages 
the cathode reaction and in the absence of interference the corroding chemi
cal is constantly replenished by convection and diffusion. It is thus seen 
that the slightest accidental variation ill freedom of contact between metal 
and corrosive solution tends to hecome accentuated hecanse the corrosion 
products produce physical interference at the point where the metal dis
solves. This point, which was originally one of slightly pOOl" contact. 
becomes progressively poorer while good contact continues at other points 
by diffusion and convection. The point of good contact with corrosive solu
tion is the cathode and the point of poor contact where thc metal rIissoh'es 
is the anode. Electric currcnt, of course, flows through the metal from 
cathode to anode. Obviously the anodic areas are fortne(l more rapidly 
and positively when hulky insoluble componnds are the result of corrosion. 
Thus, corrosion tends to he electrolyttc where corrosion products arc insol
uble and direct chemical \vhere they arc solurlle. It tends toward electrolytic 
with low concentrations and little movement and toward direct with the 
reverse conditions. 

Obviously any of the m.aterials which wiII corrode metals may set up 
concentration or solution cells. The reactions will be the same as though 
the corrosion were a direct chemical reaction but they will be divided into 
anodic and cathodic portions and the direction of current will be from high 

to low concentration of the actual corroding agent. 

Corrosion Cell Pitting 

The copper ion cell and the oxygen cell are two common types of solu~ 
tion or concentration cells. But the formation of such cells is almost a 
necessary phenomenon wherever corrosion products are insoluble no mat~ 
tel' what the corrosive agent 01' the metal concerned. Thus the effect of 
insoluble corrosion products in forcing the formation of cells is Stich that it 
is rather more logical to expect corrosion to proceed by pitting in many 

cases than by uniform attack. 

The prevalence of pitting in the corrosion of even the purest iron has 
not been satisfactorily explained by the galvanic or voltaic cell, although 
it has been given much thought on account of its economic importance. This 
pitting is an example of the phenomena which seem to be completely 
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Section 

TWO-METAL GALVANIC ACTION 

Part of Acid Heater Coil. The uncorroded central portion was tightly 
covered by the supporting member of a more noble metal than the coil. 
The areas near the edge contact of the noble metal are badly corroded gal
vanically while areas at a distance are only slightly attacked. 
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explained by consideration of the action of oxygen concentration or solu
tion cells. 

\Vhen iron comes in contact with oxygen-bearing solution it reacts with 
the oxygen and water. forming ferric hydroxide. The precipitate tends to 
flocculate. or may cong-regate in one point by settling or be distributed by 
currents in the solution. \Vhere a ma,s of precipitate or other solid mate
rial is held by any chance in <:011t:.>.ct with the iron. the oxygen in the solu
tion in the pores of the mass near the iron immediately disappears in react
ing with the iron. In the region arot1l1(1 this mass, the oxygen content is 
renewed by convection and diffusion. ancl \\"c have a cell set lip with a low 
concentration of oxygen in the lI1a~s of precipitate and a higher concentra
tion in its neighborhood. The metal in contact with the higher cuncentra
tiol1 becomes the catholle, and that in contact with the low oxygen con
centration in the precipitate. the anode. 11'011 goes into solution uncler the 
precipitate and the action is antocrttatytic. as the longer it goes on the thicker 
the precipitatec1mass becomes and thc more efficient as a (liaphragm. A pit 
f01"ms and deepens indefinitely. In the later stages, precipitation occurs as 
ferrous hydroxide and th('re is always a layer of ferrous hytlroxide in con
tact with the metal. Quantitative results, showing the conditions existing 
in these circl1mstances, have been given by \\111it111a11, Russell and AltieriP 

The reaction by which iron dissolves divides into three parts, which take 
place at different points, as follows: 

At cathode: 

At anode: 

+ 
6E + HO,---;"JH.O +G(+) 

{ 
2Fe + 4(OH) ---42Fe(OH)2 + 4(-) 

2Fe(OH), + 2(OH) --4 2Fe(OH), + 2(-) 

3E,O + nO., + Fe--42Fc(OH), 

The reactions assume the reaction of dissolved oxygen directly with the 
hydrogen ion of water \vithout formation of hydrogen gas. Whether or 
not the hydrogen gas actually forms and the action of the oxygell is a 
depolarization, does not affect the final conclusions. 

The mechanism in this case is especially adapted to cause pitting. The 
precipitate of iron hydroxides forms a physical separation between the two 
portions of this cell at its li(lUid-liql1id contact. This action is essential in 
localizing the corrosion. The formation of ferric hydroxide also operates 
chemically. in two distinct ways. to accelerate the action. First. oxygen is 
removed by its reaction with ferrous hydroxide; and second, ir011 is 
removed by precipitation, which, if not removed, would retard the reaction 
by the mass law and would set up a counter e.m.f. 
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Effect of Corroding Film (Film Cells) 

Many useful facts have been deduced from the modified explanation of 
the oxygen concentration cell given by Evans.a, The modification consists 
in the introduction of an oxide film on the cathodic areas, as a necessary 
adjunct to the cell action. This film is believed by Evans to have the prop
erty of allowing electrons to pass in one direction but prevents their passage 
in the other, thus making the film-covered area cathodic. He has been able 
to dissolve the iron and other metals away beneath cathode areas and leave 
a 111m of oxide. The value and accuracy of these researches cannot be 
doubted. 

However, we should 110t lose sight of the fact that the energy relations 
of the concentration or sulution cell are such that a current must pass 
through the metal from high to low oxygen concentrations and that this 
tendency would hold true even withont the oxide film. The knuwledge that 
in many practical cases including the corrosion of irOI1 by aerated water 
this energy operates through the mechanism of an oxide film is most valu
able in explaining the complicated course of the reaction. The presence 
and vital impurtance of these films should not be thought to be ill antipathy 
or disagreement with the galvanic or solution cell. The cell concept is of 
the thermodynamic origin of the energy of the action. The film is part of 
a mechanism which allows the energy to produce results. Consider again, 
for instance, the anomalolls position of the anode of the solution cell, that is, 
in the less corrosive solution. Without question the "one-way" film is most 
active in producing' this result. 

To return for a moment to the analogy of the sled on an icy incline, 
the cell is like the pull of gravity and the film like the runner and ice contact. 
The energy to Cause action, gravity, may he there but unless the contact has 
suitable properties no effect is discernible. 

Practica.l Application of Theory 

As was stated above, this action of iron is a specific case of a quite gen
eral phenomenon. Whenever corrosion takes place, the corroding film 
changes chemically, tending toward exhaustion of the corroding constituent, 
at the point where corrosion starts. Any solid or colloidal product of cor
rosion concentrates and tends to prevent the replenishing of the corroding 
meclium. In neighboring areas, where for any reason the corrosion has been 
less active, the corroding medium has better access to the metal, and the 
differences in concentration in the contact film set up an electric cell, with 
the protected portion the anode and that open to corroding solution the 
cathode. Any point over which the amount of solid corrosion product oegins 
to concentrate thus becomes anodic and becomes more so as corrosion pro-
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cceds. The amollnt of corrosion depends t1j1C1I1 the supply of corroding agccnt 
to the cathodic areas, bllt Illost of tbe metal di~integratioll occurs at the 
mlOdic areas, which thus become pits. Tile adinn of the cun'cnt is in the 
direction described because the corroding reaction lllust be such as to f urllisll 
plus charges to the metal, and the areas over which a greater concentration 
of available plus charges are present are cathodic whereas those over which 
lesser concentrations are present must be anoelic. 

In practical work there are lllany cases of electrolytic corrosion where 
it is impossible to say "This is a two-metal gahanic cell" or "This is a solu
tion or concentration cell." Their action often takes place 'simultaneously 
and inseparably. On the other hand there are many cases where the cor
rosion is obviously due to one class or the other. \i\!hcre a pipe line carries 
a corroding solution at a high rate oi speed sweeping off all corrosio11 prod
ucts and keeping the liquid fllm in contact with the metal at uniform con
centration and the pipe line is made of metals of widely differing corrodi
bilities there will be ordinary two-metal galvanic corrosion at the joints. 
Where a metal tank lining is of the same /zomogc!11l'oltS material amI the liquid 
quiet and corrosion products form on the surface of the metal there will be 
concentration or solution cell corrosion in pits or local areas on the metal 
lining. If corrosiye solution stands quiet in the pipe line the concentration 
of corroding agent and corrosion product in the film of contact will change 
and be different at different points an(1 there will he a cOl11hination of two
metal and solution cell corrosion. 

DEZINCIFICATION 

This term is used to mean the corroding away of one constituent of any 
alloy leaving the others more or less in situ. This phenomenon is perhaps 
most COm1110n in brasses containing high percentages of zinc hut the same 
or parallel phenomena are familiar in the corrosion of aluminum bronzes 
and other alloys of metals of widely different chemical affinities. It is inter
esting from its very striking and destructive effects. It is an illustration 
of the two types of concentration cell corrosion and their interaction with 
galvanic cells. 

It usually becomes evident as an area with well-defined boundaries and 
within which the more noble metal becomes concentrated as compared with 
the original alloy. In the case of brass the zinc is often almost completely 
removed and copper is present almost in a pure state, but in a very weak 
mechanical condition. Corrosion by the formation of such areas is usually 
quite rapid and since the corrosion is much localized it· is one of the most 
destructive forms of corrosion. The most favorable conditions for dezinci
fication seem to be a good conducting solution, as salt water, and a slightly 
acid condition with the presence of oxygen. 
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The mechanism is probahly as follows. Due to any accidental variation 
in the corroding- solution or the metal a concentration cell or a galvanic cell 
is formed and one area (I f surface is corroded tnore rapirlly than a neighbor
ing OIlC. The 1\1ore highly corroded arca thus has over it a concentration of 
copper in solution greater than that over the other area, forming a metal-ion 
concentration cell which deposits the copper nearly at the spot where it 
originally dissolved. The original concentration cell continues to act, being 
accelerated by the formatio11 of insoluble corrosion products. Some cop
per remains in solution and the copper-ion cell thus is retrieved and acts 
continuously adding its effect to that of the original cell to dissolve more 
metal at the anodic area under the corrosion product and the copper mass. 
The copper mass acts as a cathode in a galvanic cell which operates in the 
same direction. As corrosion proceeds the solution in the copper mass 
becomes acid enough by anodic action to keep the zinc in solution and allow 
it to migrate under the effect of the cttrrent out to the edge of the mass 
where it is carried away or precipitated clue to the lowered acidity in the 
body of the corroding solution. 

CORROSION -CRACKING-FATIGUE 

Damage to metal from exposure to cyclic, or fatigue, stresses may be 
intensified very markedly by exposure at the same time to a corrosive atmos
phere or solution. In cyclic stresses of the nature of simple repeated bend 
and of a rotating beam, it is the surface layers of the metal that are most 
highly stressed. Corrosion likewise involves the surface layers first. The 
damage known as corrosion fatigue results fro111 both influences. 

Two factors in the progress of corrosion fatigue damage are well to 
keep in mind. One is that corrosion of the surface of metal lowers its 
fatigue resistance. The other is that fatigue stresses accelerate corrosive 
action. Consequently metal corroded will be found to have subsequently 
a lower fatigue limit than ul1corroded, and therefore even greater damage 
results where corrosion and fatigue are at once present. 

Corrosion in the absence of cyclic stresses is normally superficial and 
confined to the surface of the metal itself. Corrosion simultaneous with 
fatigue stresses leads to pronounced penetration as evidenced by cracks, 
with the result that the damage due to corrosion fatigue may be-and often 
is-great. 

The fatigue or endurance test is ordinarily carried out in air. It has 
been shown by Gough and Sopwith 4 and by Beckinsale 2 that, strictly, such 
a test should be considered as corrosion fatigue, since fatigue limits in a 
partial vacuum or with the exclusion of air are higher than the normal air 
fatigne limits. Nevertheless, air in general is less damaging than aerated 
salt wnter. 
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The evidence suggests that oxygen is the exceptional damaging agent 
in corrosion fatigue of lead. Lead was found to be damaged iar more when 
tested in air than when tested "'ith a prott'ctin' film of (Iii or in all acetic 
acid bath.r. In the acetic aci<.1 dissolved oxygen was tlsee1 up in depolarizing 
hydrogen and so was kept fro111 entering the metal. 

What seems to be further evidence that oxygen is necessary is that cop
per has had higher fatigue resistance when tested in water than when tested 
in air, and highest of all when tested in ~!aCllO. The fairly heavy corrosion 
product developing in the water tests is believed to have been an obstacle 
to the ingress of oxygen. 

Deep, steep-walled cracks are a characteI"istic of corrosion fatigue. Pre
sumably the part corrosion must play in producing corrosion fatigue is to 
start such a crack or at least to set up a condition where such a crack can 
he started by the fatigue stresses. Corrosion exposure of unstressed metal 
is much less likely to lead to premature failure than in the case of stressed 
metal. It is believed that the stressing damages the film of corrosion prod
uct, oxide or otherwise, and lays bare the metal to more or less unrestrained 
local corrosion. If the film can be conceived as being cracked open in places 
by the stress, then corrosion may progress at these cracks. The metal at 
these cracks, being less readily accessible to oxygen, prohably becomes anodic 
to the surrounding metal and consequently is subject to accelerated cor
rosion. This view of the course of premature fatigue failnre fits in well 
with the well-known fact of the importance of the film in normal exposure. 

Corrosion Cracking_ The term "corrosion cracking" is used to include 
failures of a different nature from those known as corrosion fatigue fail
ures. ·Whereas the latter result from simultaneous corrosion and fatigue 
stresses, failures of a corrosion cracking nature derive fro111 simultaneous 
corrosion and static stresses. These static stresses ordinarily exist in metal 
from the strain of cold work. Cold-worked, high-zinc, hrass, Jar instance, 
will crack 1110re or less spontaneously ill an environment that might 110t be 
damaging to annealed brass. Cold-worked Monel 111etaI11<1s been known to 
crack-handling' mercury or mercury salt sohltiolls-where annealed metal 
has been satisfactory. 

Corrosion that produces cracking of this nature is intergranular. The 
damaging medium l1111st have a high penetrating capacity. Penetration, 
leading undoubtedly to some chemical action on the intergranulal' material, 
destroys the tenacity and releases the internal strains. The spontaneous 
disintegration results. 

The intergranular. attack of 18-8 or of duralumjn is not strictly cor
rosion cracking. Stress is not a necessary accompaniment. Improper heat 
treatment will produce an intergranlllar phase that is susceptible in the 
absence of strains to attack. 
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Chapter III 

Corrosives 

In classifying corrosives one possible 1l1ethod is to use the chelllical 
composition of the major constituent which has been clone in the several 
tabulations of corrosive effect popular a few years ago. Another is to group 
them more generally according to their plz:vsical nature as atmospheric. 
liquid. etc., which has heen tlse(! in organizing l\l1Ierican Society for Testing 
Materials work. \Ve take the liberty of crossing these lines rather ruth
lessly and grOtlp the common conditions without direct regard to their chem
istry or physics but according to their analogy in corrosion reactir)lls. This 
grouping is thus illogical chemically, for instance .. hut is useful in rationaliz
ing corrosion. 

CORROSION BY AIR 

The atmosphere as opposed to solutions is practically continuous. Its 
composition, therefore, does not vary as much or as definitely as that 0 f 
solutions or soils. However, it does vary in certain of the constituents 
which affect its corrosive properties, so that corrosion rates in one atmos
phere may be several times that in another. 

The corrosive constituents which exist almost universally in all atmos
pheres are: water, oxygen and carbon dioxide. The oxygen content is large 
compared to the amount actually taking part in corrosion and is practically 
constant. Carbon dioxide is llot present ill such large amounts ancI varies 
to some extent with climates ancI conditions. .Moisture is the most variable 
constituent, changing from such low humidities in dry climates as to hardly 
support corrosion at all through the especially destructive humidities near 
the dew point to a high excess of rain and fog. 

Any corrosive material which gets into the atmosphere may add its bit 
to the effect of these major constituents and if more corrosive it may often 
account for the greater part of the corrosion. As a matter of fact mnch 
of our corrosion in settled areas is due to two other constituents, chlorine 
and sulfur compounds. These with the major constituents above mcntioncll 
complete the list which needs our attention, except for special cases of atmos
pheric pollution. 

49 
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The chlorine compounds originate mainly in sea water and are prin
cipally concentrated and active in narrow belts along salt water. Their 
action decreases rapidly in the first half mile fr0111 the shore and is usually 
unimportant at distances greater than five or ten miles inland. This condi
tion, however, varies considerably with climate, wind velocity and direction. 

The sulfur compounds, coming mainly from modern fuels, are more 
prevalent and active than any other constituent although, of course, it is not 
logical to compare them with moisture and oxygen because in most atmos
pheric corrosion the three can almost be compared to the links of chain: if 
one is missing the other two are of little effect. The sulfur compounds seem 
to drift farther from their source and to l)e in general more active in 
atmospheric corrosion than the chlorides although in solution the reverse 
is true. In sea coast cities the analysis of corrosion products shows a pre
dominance of sulfates over chlorides and only in shore locations excep
tionally free fr0111 drift £r0111 towns or factories are the chlorides in excess. 

The presence of solid or liquid particles in the air, which mayor may not 
consist mainly of chlorides and sulfates is productive of corrosion. Such 
particles form points for the collection of moisture and other active cor
rodents and a means of transferring them to a metal sm-face. They aid in 
fog formation. i,\Then settled on the metal, they produce small concentra
tion cells which hasten corrosion and they may set up galvanic cells if of 
suitable composition and conductivity. 

The effect of films both of the thin protective variety and the heavier 
corrosion product deposit, which in the atmosphere usually canses accelera
tion, is probably more varied and positive in the atmosphere than in any 
other corrosions. 

The lack of solvent and physical washing action favors the building up 
of protective films and of corrosion products. A surface which is corroding 
in the atmosphere ttsually shows these films and1l1l1ch can be learned about 
the corrosion £1'0111 them. Apparently 1110st metals can form protective films 
of a sort in the atmosphere and practically all corrosion products will remain 
whel'e they form unless removed by gravity, mechanically or hy rain or high 
humidity and fog drip. 

Many of the solids which cleposit on metals and most of their corrosion 
products have the property of absorbing moisture at humidities less than 
100 per cent. Thus it is often the case that deposits of corrosion products 
or foreign material on metal surfaces will be manifestly wet when there is 
no visible moisture in the air. (A knowledge of whether this is due to 
adsorption, gel action, or chemical affinity, would clarify our views and so 
help combat corrosion, but for a general understanding we must omit dis
cussion of such undecided points.) The rate of corrosion of the S1:11"face 
increases rapidly at some humidity, probably closely related to this mois-
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turc manifestation, and corrosio1) rates are much higher at relative lmmidi
ties above snch values than helow. These hl1midities vary in rather witIe 
limits with the metal amI the corrllsion product. They arc, for instancc, 
near 100 per cent for many copper corrosion produds,lU. 411. 47 around 8S 
per cent for ccrtain nickel products, and possibly 6S per cent for iron. Cor
rosion may proceed at a destructive rate above these figures whereas a drop 
of a few per cent will reduce it to practically nothing. Thus, the amount 
of corrosion may be a direct function of the time humidities arc in a certain 
range-one metal may be better within this range while its rival is better 
helow it. The relative humidity is thus a determining factor in atmospheric 
corrosion rates. 

Air movement is of importance from several angles: moving ail' brings 
uniformity of conditions more rapidly than quiet air. Humidity is usnally 
higher at night. In windy weather, it drops promptly with rise in tempera
ture and wind rapidly dries any deposited moisture. In quiet weather rela
tive humidity remains high, when dew has been deposited, near heavy vege
tation, or other sources of moisture. Thus wind may tend to sllOrten the 
high humidity corrosion period. 

On the other hand some air movement is necessary to supply moisture, 
oxygen and other corrosives to the surface of the metal and, therefore, 
wind of high enough humidity and particularly if carrying chlorides. Sltl
fates, 01' other non-gases, will increase the rate of corrosion. 

Air drift and wind distribute our greatest corrosive, sulfur compounds. 
1'v1etals exposed to wind-drift from high fuel-consuming areas will always 
corrode more rapidly than those not exposed to this drift. The sulfur COI11-

pounds may change their nature and, therefore. their type of action as car
ried by the wind. Ordinarily, the suI fur compounds arc in a "reduced" 
state when driven into the air. C0111l11on forms are hydrogen sulfide and 
sulfur dioxide. These are gases at ordinary temperature and may diffuse 
and travel like the other gases of the air. They are very readily absorhed 
by contact with any solid surface possibly by an action combining chemical 
reaction (oxidation) and solution in surface moisture. They may be easily 
detected quantitatively in the atmospherc of cities.2s If these gases-in 
the low concentrations in which they exist come into contact with build
ings, ground, or vegetation, they are rapidly removed by adsorption, so they 
are mainly found within a few miles of their source. If they remain in the 
air without contact with solids, they are oxidized to sulfuric acid which is 
then present in water solution as a liquid either adsorbed on dust particles 
or as independent microscopic drops. In either form their ability to make 
contact with and adhere to metal surfaces is obviously dependent on certain 
conditions of contact. 'iVithout attempting to explain the intricacies of 
these, it is obviolls that high humidity and a certain amount of air move-
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mellt is favorable for their action. Corrosion products both in sulfttl' llioxide 
atmospheres and sulfuric acid atmospheres are sulfates of the metals. 

Wind blowing over sea waves drives droplets of spray into the air. 
Those which are small enough are carried along and become smaller by 
evaporation. This produces microscopic particles of dry sea salt or drops 
of salt-saturated water which may exist at fairly low humidities and be 
carried some distance before settling out or being adsorbed. These par
ticles are visible on any bright, brisk day at sea as a haze, denser near the 
water, which is probably the source of much seashore corrosion. Where 
humidities are not exceptionally low, this saturated solution will gather in 
films on metal surfaces in dull and even in bright weather if the surfaces 
are not directly warmed hy sunlight. If it dries in place, a film of salt is left 
which is ready to absorb moisture fr0111 clear air and renew its corrosive effect 
at its "critical" humidity. 

CORROSION IN SOILS 

Soils are usually classified according to their origin and their composi
tion differs through wiele limits according to the origin. As is the case with 
fertility, the property for which soils are studied most, the total analysis of 
the soil is a most imperfect guide to their corrosive action. In fact, there 
is an interesting parallelism between corrosion and plant growth in that 

. both depend on certain minor constituents, or rather certain minor forms 
of the total constituents which are quite difficult to segregate ancl measure. 
Further than this certain of the minor constituents which largely affect plant 
and bacterial growth-for instance, acidity, oxidizing agents. temperature, 
texture, and moisture content-also affect the rate and extent of corrosion. 

The soil corrosion studies of the National Bmean of Standards 20. 21. 

22. 28 have shown that the rate of corrosion changes rather distinctly from 
.one soil origill class to another. These studies 7 have also show11 a relation 
between corrosion, soil acidity, texture and drainage. \iVhile the acid con
centrations of soils are small compared to those met in chemical and indus
trial practice, the acid varies largely in percentage of its own concentration. 
being such as to furnish hydrogen-ion concentrations changing £1'0111 those 
so low as almost to inhibit corrosion to those high enough to support it 
readily. Add concentrations are often high in wet marshy soils, low or 
neutral in loose well-drained soils. Alkaline concentrations of considerable 
extent may exist in dry soils. Soluble salts may increase corrosion, particu
larly localized corrosion, by raising the conductivity of the corroding medium 
and allowing current to pass freely. Some salts may also enter into the 
corrosion reactions. Thus the presence of salts in themselves tends to 
increase corrosion. However, the conditions which cause high salt concen
trations in soils also produce low acidity and increase alkalinity. The practi-
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cal result is that the accelerating effect of high salt concentration is usually 
more than offset by the absence of acids. 

The temperature probably affects corrosion in the usual way by causing 
it to increase with a rise of temperature. But the temperature also so affects 
the other factors that this direct result may be largely obscured by its sec
ondary effects through other factors. 

A certain moisture content is necessary to destrnctive conosion. Very 
dry soils have low corrosion rates. Hygroscopic moisture h'eld ahove the 
water level in contact with metal and soil particles is lia1.lle to have a high 
concentration 0 f acid 01' other corrosive COllstituents. Huwevcr, nnlcss there 
is sufficient movement or change in this moisture to furnish a supply tif 
corrodents, the corrosive constituents may become exhausted and the cor
rosion stop. 

Up to a certain point corrosion \vill increase with increase in moisture 
due to the greater tendency for concentration or solution cell action as 
moistme films become thicker around soil pal'tic.les. If the moisture con
tinues to increase beyond a certain point, the concentration of corrosives 
lessens, the specific resistance increases and fmther increase has a smaller 
effect. If there is enough watex to restrict oxygen penetration i1"\ the soil, 
corrosion may decrease. 

If moisture increases to the extent that it is practically continuous and 
fills the air spaces, the supply of corradents is liable to he sufficient to make 
corrosion proceed steadily in the more acid soils where this con<lition 01"(11-

narily exists. If the water line or "tahle" is well above the corroding sur
face it will shut off the supply of air. conditions are reducing and the amount 
of corrosion will depend mainly on the acidity or secondarily on sulfur com
pounds and any specific corrosives which may be present. Under these con
ditions pitting will be less pronounced. 

Oxygen from the air penetrates soils to an extent depending on their 
texture and moisture content. Oxygen takes part very largely in the growth 
of vegetation and bacteria and its concentration and amonnt in the soil 
depends largely on the result of this participation. The net effect of plant 
growth is the production of oxygen hut part of the reactions of growth are 
oxygen consuming. \Vhere growth is abundant dead vegetation is usually 
rotting in the soil and the rotting uses oxygen. Damp soils, therefore, with 
much vegetation will contain little or no oxygen at considerable depth and 
this will tend to lower corrosion rates. Loose soils will contain oxygen and 
are able to support the types of corrosion in which it takes part. 

Decay also produces the reduced sulfur compounds, such as hydrogen 
sulfide and sulfur dioxide, which are active in corrosion. These gases are 
also a constituent of natural gases and oils and may be present in quantity 
from this source. 
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The reactions of oxygen as affected by the contacts of soil particles and 
soil moisture on corroding surfaces is a clari fying example of the operation 
of concentration cells. 

From the concentration or solution cell concept we would expect pits 
"where any solid . . . can remain as a film or mass in close proximity to 
the meta1." 27 In the case of soils "Corrosion is caused by oxygen concen
tration cells which are set lip as a result of the partial or complete exclusion 
of oxygen at the points of contact of metal and soil. Soil particle size influ
ences the rate of corrosion by determining the extent of the electrode areas 
and therefore the degree of cathodic polarization of these oxygen concen
tration cells." ~ ". . . the greater the permeability of the soil, exclusive 
of sands, the greater is the tendency for corrosion to be confined to pits, 
other conditions being the same." 7 Three-way contact between the metal, 
the soil particle or mass and a film of moisture with air in contact with the 
moisture sets up an ideal concentration or solution cell. The neighborhood 
of the particle-metal contact becomes a corroded anode because it is fairly 
well screened fr0111 oxygen and the small amonnt which may be there is 
removed by reaction with the metal; the moisture film carries enough dis
solved salt and acid to be a fair electrolyte; it is supplied with sufficient 
oxygen from the air spaces in permeable soil to produce a strong cathodic 
reaction at a short but distinct distance from the anode and local corrosion 
proceeds nicely. The rate of pitting in soils is greater as particle size 
increases until the number of cathodes or the moisture supply become too 
small, as in sands. 

Concentration or solution cells also act in soil corrosion of pipe lines 
011 a larger scale. These are caused by the contact of the line with soils of 
different character. The extent of the anoelic and cathodic areas is deter
minecl by the distance the line travels in each class of soil. Distances involved 
may be measnred in feet 01- in miles. Several amperes of current have been 
measured and voltages of one-half volt are 110t u11common.40 Corrosion 
may be accelerated in exceptional cases in a few deep pits; usually it will 
occur in a soil of low electrical resistance as an anodic area considerably 
smaller than the cathodic areas. 

The complicated combination of effects produced by variations in com
position and texture, the fact that materials may he in contact with gases, 
liquids, and solids, during corrosion, and the variations of organic, inorganic 
and plant chemistry involvecl. conspire to make soil corrosion one of the 
1110st difficult types to analyze and predict. The students, therefore, who 
have managed to find snch general principles as the increase of corrosion 
with acidity ancI of pitting with air contact, are to be particularly con
gratulated, The National Bureew of Standards corrosion tests have so 
clearly outlined the corrosive effects of various soils and identified the cor-
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rosion with the soil characteristics that it is found possible in many cases 
to predict corrosive effects. Measurements of soil acidity, electrical resis
tance, permeability and moisture content are found useful in such predic
tions, and work now in progress should make these studies more positive in 
their results than they are at present. 

CORROSION BY ACIDS 

Corrosion by acids should, as stated in Chapter I, be considered in con
nection with other corrosives as well as independently. The fundamentals 
of the process have been described and ill this chapter \ve consider the acid 
corrosion processes more specifically. For convenience the acids are grouped 
according to the type of their reactions in corrosion processes. Thus grouped 
they are: 

1. Strong Acids, 
2. Weak Acids, 
3. Oxidizing Acids. 

Sulfuric and hydrochloric are the strong aeids which are not oxidizing. 
These acids will actively attack many metals with direct replacement of 

hydrogen gas. 'Where this happens the rate of corrosion is usually so rapid 
that the metal is not practical as a container for the acid. A knowledge of 
the course this reaction will take enables a hetter understanding of the other 
conditions of corrosion. 

The speed of this reaction tends to be proportional to the hydrogen-ion 
concentration, that is, to the "strength" of the acid. Acetic acid is a weaker 
acid than hydrochloric and therefore it corrodes metal by this particular 
mechanism less rapidly. The action is accelerated by rise in temperature. 

The evolution of hydrogen physically affects the reaction in several ways. 
There is resistance to the process due to reluctance of the hydrogen to 
appear as gas. This is a property of the metal to a certain extent but also 
depends on specific conditions of the surface. It is often called overvoltage. 
Overvoltage may also exist due to the formation of other corrosion products 
but the term as usually applied refers to overvoltage of hydrogen. 

Once hydrogen appears as a gas, being a non-conductor of current and 
being bulky with respect to the reacting materials, it offers a resistance to 
the reaction by preventing the flow of current and thus interfering with con
tact between the corrosive and the metal. This effect (usually considered 
principally from the angle of current conduction) is called polarization. 
The surfaces may also be polarized by other corrosion products but hydro
gen is the most general offender. 

There is a tendency for pure metals to react more slowly with acids at 
first contact than they do after the reaction has been proceeding for some 
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time. This tendency may he so exaggerated that upon first contact the 
metal practically does not react at all. If this condition exists for a con
siderable period of time, and it often does, it is called passivity. It has been 
explained on the basis of homogeneity of the metal surface preventing the 
necessary formation of galvanic cells, and on the basis of the formation 
of thin solid oxide films, and as a peculiar atomic condition due to partial 
reaction with oxygen. The acid reaction is often combined in corrosion 
with others making up a complex which progresses gradually. 

The most common combination of reactions is that of acid replacement 
and oxidation. This may be typified by the reaction between acid, air, and 
copper ,vhich Causes the corrosion of copper by acid solutions. It is as 
follows: 

2 Cu + 4 HCl + O~2 CuCl2 + 2 H,O 

Note that three distinct forces are at work: (a) the tendency for copper 
to oxidize (increase in valence) ; (b) the acid reaction between hydrochloric 
acid and copper; (c) the union of hydrogen and oxygen to form water . 

. (h) and (c) will not proceed by themselves at room tetnperatures and (a) 
will proceed only very slowly. But since all work in the same direction, they 
pull together and the combination proceeds so rapidly as to produce destruc
tive corrosion. 

Some attention has been given to the separation of snch reactions into 
parts. If copper reacts with the acid first liberating hydrogen which then 
unites with the oxygen, we might expect certain results which would be 
changed if copper reacts with the oxygen first and the copper oxide then 
reacts with acid. In the writers' opinion. the same practical effects are pre
dicted whether the reaction is considered as a unit or in steps; and since 
we can measure the reaction as a whole hut not in parts, the practical student 
of corrosion may make his problems simpler by considering the reaction 
as a whole. 

In this typical reaction the gas oxygen may be replaced by many other 
oxidizing agents. But oxygen gas is probably the most C0I111110n of the 
oxidizing agents which take part in this reaction. In the practical handling 
of acids by metals, a reaction of the above type is often taking place slowly 
against some resistance of its own generation' or some other combination of 
circumstances. Therefore, the conditions surrounding it are of great sig
nificance. 

The conditions which retard and accelerate this reaction are in some 
respects the same as those affecting the simple acid reaction. Its rate tends 
to be proportional to the hydrogen-ion concentration, and it increases in 
rate with rise in temperature. The physical effects of hydrogen gas polari
zation and overvoltage, as they exist in the simple acid reaction are pre-
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vented by the oxygen. The part \\'hich oxygen plays is indepemlcntly 
increased by increase in concentration and temperature. 

There are other simple but vital facts to be considered in regard to the 
oxygen. Its best condition for simultaneous contact with acid and metal 
is in the dissolved state but oxygen is only sparingly soluhle in most cor
roding solutions. This means that a small amount of corrosive action will 
seriously depreciate the supply of oxygen at the points where the reaction 
proceeds. A continued replenishment of the supply is necessary if cor
rosion is to continue. 

The oxides of the metals arc very often non-conductors of electricity 
and insoluble in \vater so that their presence or absence may have a vital 
effect on corrosion rates. Many of the protective films which are valuable 
factors in preventing corrosion are oxides of the corroding metal or alloy 
or oxides modified by some minor constituent. 

The acid which is produced and used in the greatest quantities is sul
furic. It is a strong acid and corrocles most metals rapidly in the presence 
of air or other oxidizing agents. The standard metal for handling sulfuric 
acid is lead. In contact with acid lead forms a coating. probably a mixture 
of lead oxide ancllead sulfate, which is highly insoluble and which prevents 
further corrosion by preventing direct access of the acid to the metal. The 
exact composition of this film may vary under different conditions. If 
the acid in contact with the lead is in rapid motion from the instant of first 
contact, these corrosion products may he removed as fast as formed and 
then the lead corrodes at an appreciable rate dependent on the acidity, oxy
gen concentration, temperature, and supply of corrosive reagents. If 
motion stops for any appreciable interval of time the protective coating 
forms and the corrosion rate becomes much lower and is not economically 
destructive. 

Aside fr0111 its manufacture, sulfuric acid is also widely handled in lead 
and in the many cases where lead is nnsuitable on account of its physical 
properties, in nickel and copper alloys and in high siEcon cast iron. In the 
case of the nickel and copper alloys the presence of protective films is rela
tively less important than with lead. Concentrated sulfuric, due to its low 
ionization and low solubility for oxygen gas can be handlerl with impunity 
in cast iron and even in wrought iron and steel. 

In the wide variety of uses of sulfuric acid in industry where structural 
strength and lightness are requisites, various al10ys are used and their suita
bility depends largely on the amount of dissolved oxygen present in solution 
and its supply to the contact film. The supply to the surface is, of course, 
dependent on the rate of movement. Rise in temperature increases the 
rate of corrosion but its effects are probably 110t as serious as that of oxygen 
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solubility. Most or the alloys are free fro111 attack if the sulfuric is air free 
and most of them are corroded so rapidly as to he uneconomical for use if 
the acid is thoroughly saturated with air and in rapid movement. 

The soluble corrosion products as well as the oxygen in solution tends 
to set up localized corrosion by concentration cells where the rate of move
ment varies On a surface, at crevices and at air-water lines. Corrosion prod
ucts are relatively bulky and easily visible when insoluble. They probably 
tend rather to increase corrosion than to be protective except in the case 
of lead. 

Hydrochloric acid is on the whole more active than sulfuric acid and 
this trait is reflected in its corrosive properties. The true reason for this 
difference has never been clearly explained. Certain contributing factors 
are: the greater solubility of chlorides, less tendency to form insoluble basic 
salts, and higher mobility of the chloride ion. Hydrochloric acid also has 
a strong "peptizing" effect, or property of producing charged mobile par
ticles from material (protective oxide) otherwise insoluble. This property 
causes rapid corrosion in places where with Isulfuric acid the metal would 
be rather fully protected. In the manufacture of the acid its activity is so 
great that little metal can be used, the equipment being stone or pottery. 

Hydrochloric acid in the concentrations used in industry is also often 
handled in high silicon cast irons and in copper and nickel alloys. However, 
it is chemically so active that this is not always practical, and the develop
ment of a truly resistant common alloy would allow the use of the acid 
in places where it is now impractical because of corrosion. Its action 
is even more affected than that of sulfuric by the presence of dissolved oxy
gen and by high temperature. As a result there are many conditions in 
which it cannot be handled in any metal. Very dilute acid and very strong 
acid may be handled without too great difficulty if at reasonably low tem
peratures and not too much oxygen is present. Intermediate strengths are 
usually unsatisfactory in metal. Corrosion by hydrochloric acid is more 
likely to set up concentration cells and pitting than that by sulfuric acid 
and its course and rate is more erratic and difficult to predict. 

Phosphoric and acetic acids are generally less active than sulfuric and 
hydrochloric but rank with them in the rate of corrosion on most metals. 
Both are strongly affected by the presence of dissolved air. Corrosion by 
acetic acid is often accompanied by the formation of protective or semi
protective fil111S sO that large variations in rate are present under different 
conditions on the same metal. Since acetic acid in most of its uses is required 
in a high degree of purity, its handling in metals must be done with con
sideration for this fact. In the absence of air the acid itself will attack the 
metals relatively less so that metals may be used. In the distillation of the 
acid air is tlsuaJIy absent and this may be done in metals. 
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Pure phosphoric acid is relatively active hut can be handled in several 
different alloys. However, most of the phosphoric acid of commerce con
tains an appreciable percentage of ferric sa1ts. These salts are highly cor
rosive and where they are present they present a combination of oxidizing 
agent and acid which is destructive. 

In the weaker acids are gronped the ordinary fruit acids and organic 
acids. Unless inhibited by the presence of colloidal or other interference. 
corrosion by all but the very weakest of these may be very rapid (See 
Organic Materials and Foods). This is because in 1110st cases of acid cor
rosion the resistance to action is mainly clue to lack of an oxidizing agent 
or to some outside interfe1·ence. rather than to a dearth of hydrogen ion. 
Very weak acids furnish a sufficient hydrogen-ion concentration to produce 
rapid corrosion if an oxidizer is present and the path is otherwise clear. 
Due to the conditions of occurrence of these acids, however, as in fonds 
and soils, the contact conditions and the lack of oxygen hold the actual dam
age done by them to smaller proportions. 

In the oxidizing acids, nitric, perchloric. nitrous, etc. the necessary oxi
dizing agent is always present with the hydrogen ion. It is therefore prac
tically impossible to use metals in contact with the oxidizing acids except 
in a rather limited minority of cases where conditions allow a continuous 
protective film to exist. The number of such cases has been much increased 
during recent years hy the advent of the chromium iron alloys. 

The more stable of these acids, as nitric, perchloric, and chromic allow 
the existance of the protective film to be more positive than the less highly 
oxidizing, but less stahle ones such as nitrous, hypochlorous, and sulfurons. 
The latter offer a free path for the corrosion process and their rapid action 
is often quite striking when compared with that of the former. The salts 
of these acids when present in an acid solution produce rapid corrosion, of 
course, just as though the corresponding acid had been added. 

OXIDIZING AGENTS 

The subject of oxidizing agents as corrosives closely parallels the sl1b
ject of oxidizing agents as rate factors discussed above (Chap. T, p. 20). 
This discussion, from the standpoint of the commonly existing oxidizing 
corrosives, should clarify and expand their consideration pnrely as a rate 
factor. 

The tendency to combine with oxygen is present in most metals and 
varies widely with different metals. It is very weak in sllch "noble" metals 
as gold and platinum, and strong with iron and alull1inmll. There are many 
conditions which interfere with direct oxidation and practical corrosion 
problems deal very largely with the type of such interference. 
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Most metal oxides are difficultly soluble and they are often poor elec
trical conductors. Under certain conditions they may form a valve, check
ing the flow of current in one direction and allowing it to pass in the other.lo 
The resulting tendency to form "passive" or "cathodic" films in oxidizing 
corrosion forms one of the major problems of corrosion now under theoreti
cal investigation. 

Unless the oxidizing agent acts in a solution which, by its acidity or 
otherwise, has the ability to dissolve the oxide or other compound formed, 
the corrosion does not continue. If the oxidizing agent is an active one, 
and the resulting metal oxide or other compound is readily dissolved, cor
rosion is rapid. It follows, therefore, that a solution with the correct pro
portions of oxidizing material to acid is one of high corrosive properties. 
This is the reason that materials like nitric acid, and ferric salts, are extremely 
corrosive. On the other hand, in such strong oxidizing agents as chromates, 
concentrated nitric acid, the oxidizing power is so great as compared to the 
acidity that the passive oxide film forms and corrosion is inhibited. Evans,10 
as above, corroborated and modified by other workers,31. 45, 14 has actually 
demonstrated the presence of insoluble oxide films in many cases where 
metals are passive in corrosive solutions. These films are so thin as to be 
invisible, but Evans believes them to be of much the same nature as films 
produced on iron by heating in air. 

Whatever the inherent mechanism, it is important to bear in mind that 
the 1110st Tapid corrosion takes place with a properly balanced high concen
tration of acid and oxidizing agent. The balance cannot be expressed 
numerically as it depends on too complicated a series of inherent properties 
of metals, acids and oxidizing agents. With chromium iron alloys for 
instance, mixtures of nitric and hydrochloric acid can be made up so that 
a slight addition of either will change the corrosion rate by several hundred 
per cent ('see chart, p. 22). and this change can be repeated up or down 
the scale depending on whether the oxidizing or non-oxidizing acid is added. 
With copper-nickel alloys, on the other hand, the balance is so un delicate 
that small changes have relatively little effect. 

In stainless steels as compared with copper-nickel alloys and consider
ing sulfuric acid as the acid, and dissolved oxygen as the oxidizing agent, 
the maximum ratio of oxidizing agent to acid for the stainless steels is prob
ably not 1/100 of the value of the copper-nickel alloys. A state may easily 
be reached and often exists practically in the common acids and oxidizing 
agents on chromium-iron alloys, where this oxide formation practically stops 
the corrosion reaction. 

The 1110st commonly distributed oxidizing corrosive agent is atmospheric 
air dissolved in water. A very large muj ority of cases of corrosion would 
be very much ameliorated were atmospheric air excluded and many cor-
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rosions would entirely cease. Some air is present in almost all plant cor
rosive conditions and laboratory corrosion tests. \Vhen present it is an active 
controlling agent and in the majority of cases it is the 1110st active agent. No 
analysis of a plant corrosive condition can he correct without consideration 
of the effect of air or its ahsence, and no laboratory tests conc1usiye without 
an intimate knowledge of air conditions or a thorough means of removing air. 
A few illustrations follow. The ordinary corrosion or rusting of iron would 
cease under most conditions if air were excluded. The corrosion of copper 
and nickel alloys more noble than hydrogen, such as Monel metal, of bronzes, 
and of acid-resisting brass by strong mineral acids such as sulfuric and hydro
chloric, which these metals are commonly tlsed to handle, 'would entirely 
cease without the presence of air; other oxidizing agents will cause corrosion 
here but are ordinarily absent in industria1 practice. In the acid pickling 
of steel where corrosion proceeds at the enormous rate of 1,000,000 mg. 
per sq. dm. per day with rapid evolution of hydrogen, an efJicient air-saturat
ing device speeds up the reaction rate fro111 10 to 20 per cent. Some 
chromium-iron alloys will remain permanently in contact with acids in con
tact with ail' but are corroded rapidly by the same acids if air is exclttded. 

The air content of corroding solutions is not easy to determine. The 
known methods of analysis are difficult of manipulation and inaccurate in 
inexperienced hands. Therefore it is expedient to he able to estimate with 
some definiteness the main factors in connection with the presence of air in 
corroding solutions. A fundamental point in such estimation is the very 
dilute solutions possible under ordinary atmospheric conditions. \Vhile air 
is a relatively strong oxidizing agent, its action is often so slow as to be 
unnoticeable because of its low solubility in water. At ordinary tempera
tures oxygen is practically inactive unless dissolved, and the strength of a 
saturated solution at 70° F. is less than 1/1000 of 1 per cent and at 140° F. 
only half of that strength. 

Another matter for consideration is the rate at which air may enter or 
leave water. Figures from which practical conclusions may be drawn on 
this point are not available, but as compared to the rate at which air may 
be removed at a corroding metal surface, the rate at which it may be replen
ished at a solution-air surface is quite small. In all ordinary metal tank 
open to the air containing an unagitated solution which corrodes it the air 
content may only be a few per cent of saturation except right at the water
line. Fresh solution drawn into the tank may be air saturated or not depend
ing on whether it is handled in corroding piping and whether it is churned 
up with air in pumping or pouring into the tank. Water handled in such 
closed systems as household heating plants and power boilers will be par
tially free from air due to corrosion, and the air admitted in solution will 
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be rapidly exhausted by corrosion anti the amount of corrosion will be 
largely proportional to the air which is admitted. 

Solutions contained in wooden tanks may often be air saturated, par
ticularly if handled for long periods in contact with air or through cen
trifugal pumps with air leaks or poured from one level to another in such 
a way as to carry bubbles of air underneath the surface. Air satl11'ation by 
mechanical means is rather a slow process and requires an efficient device 
for breaking up the air stream into small bubbles and distributing them 
through the solution. 

Obviously the low concentrations of air which can exist mean that rate 
of supply of air to the corroding surface is quite dependent on some move
ment. It is a known fact that in cases where the corrosion is governed 
largely by the air content as in steam condensers, rapid movement causes 
unusual acceleration. 

The presence of some common impurities in small amounts may affect 
the air content. Many organic compounds such as foods, fats, and sugars 
will react with dissolved oxygen removing it from solution. Dyeing and 
bleaching materials are often oxidizing or reducing. Many forms of bac
teria "breathe" oxygen thus removing it. 

Another widely distributed and important oxidizing agent is iron in 
solution. Soluble iron compounds exist easily in an oxidized or reduced 
state depending on their contact with the air. One-thousandth per ·cent 
of iron in water gives an oxidizing capacity several times that due to the 
solubility of air and s11ch water is corrosive practically in proportion. Other 
oxidizing agents will of course produce the same effect but iron salts are 
most common. In corroding metals these salts tend to produce soluble 
metal salts rather than oxides and therefore do not form protective films 
as readily as some other oxidizing agents. However, while iron salts will 
often increase the corrosion of a wide range of corrosion-resisting alloys 
they are, with the chloride rather an exception, protective to stainless steels 
and some bronzes. Being easily hydrolyzed iron salts produce acid solu
tions and this faculty increases their corrosive effect tremendously. 

The corrosion of any iron structure may produce soluble iron salts, and 
the g!,!neral use of iron in construction increases the distribution of this 
corrosive agent. A typical example of this is the corrosive nature of mine 
waters. Iron is usually present in solution in such waters and their acidity 
is often due to hydrolysis of the iron salt. Such waters are very corrosive 
and this destructive action is typical of the combined action of acid and 
oxidized iron solution. 

Copper salts have the same facility as those of iron for existing in the 
oxidized or reduced state. In proportion to their distribution they are just 
as corrosive. They have less tendency to produce protective films and in 
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addition to their direct effect they may precipitate by contact OIl many metals. 
The precipitation is a form of corrosion and the copper deposit increases cor
rosion galvanically. Silver and other noble metals often act as oxidizing 
agents being easily reduced to metallic form from solution. Like copper 
they tend to accelerate the corrosion of many metals galvanically, and are 
therefore dangerous corrosive agents. Tbey are only protective when 
deposited in an impervious <:oating. 

The ordinary run of oxidizing salts among which may be listed nitrates. 
chromates, chlorates, permanganates form neutral solutions when dissolved 
in water. They are not particularly corrosive in these neutral solutions, 
but if present in connection with acids may he very active. Since they 
tend to produce oxides they readily cover the metal with protective oxide 
films and therefore probably act as inhibitors more often than accelerators. 

Solutions of the halogen gases, chlorine, iodine, fluorine. bromine, are 
extremely active corroding agents in acid solution, often in neutral, and 
sometimes in alkaline solution. Chlorine in slightly alkaline solution is 
widely used as a bleaching agent and is quite corrosive. Because the oxidiz
ing action of these gases produces soluhle salts their protective effect is 
very slight. Other bleaching agents such as hydrogen peroxide and sodium 
peroxide are oxidizing and therefore actively corrosive. 

It should be noted that the "strength" of the oxidizing agents is not a 
criterion of their oxidizing effect. Chromates are stronger oxidizing agents 
than iron salts, that is chromates will oxidize iron salts, but the latter cause 
more rapid corrosion. In the same way the nitrates are in a higher state 
of oxidation than nitrites but the nitrites are much more corrosive. The 
criterion is a rather vague or at least unmeasured property which may be 
designated as "ease" of reduction or decomposition. Oxidizing agents of 
a relatively unstable type are the most destructive as corrosives. 

NATURAL WATERS 

The corrosive effects of natural waters are largely affected by their 
appreciable content of other materials than ,vater, absorbed by their contact 
with rocks and soil. Sea water. may be considered an average concentrate 
of natural waters, but from a corrosion standpoint its high concentration 
causes action so different from other natural waters that it will be mainly 
considered under the chemical salts and brines. 

Natural waters other than sea water may he very different from each 
other, both in the quantity and kind of foreign material they carry, depend
ing upon the kinds of earths with which they have been in contact and the 
length of time they have been in contact. They may be acid or alkaline in 

reaction, may contain oxidizing or reducing agents, and their electrical con
ductivity may vary in a wide range. 
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Distribution of Pits owr Sheet Stlrfal'~. Natural Size. 

PITTING CORROSION 

The commercially homogeneous surface of this alloy sheet was pitted 
due to slight surface inequalities or floating particles from the solution. 
Pitting continued due to the adhering corrosion J)roduct. 
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vVith so much variation in these rate factors variation in corrosive effect 
is to be expected. In the case of the corrosion of iron and probably other 
metals, the variation in ability to form protective films is large and the effect 
of these films may be a controlling factor above all the others. 

The corrosive action of water varies principally with its acid content,2 
its air 'content,2, 50, 48 and its ability to form films. 

The decomposition of animal and vegetable matter produces acids which 
although weak in hydrogen-ion concentration may be very destructive in 
corrosion. Waters which have been in contact with these acids as they 
exist in soils ordinarily known as "acid" soils, will have a high acid content 
and win corrode by their acid reaction. 

Waters which have been in contact with dry soils, low in acid, are liable 
to be alkaline in reaction and from this standpoint will not be corrosive. 
However, these dry soils may give up salts and oxidizing agents ,in some 
cases which are corrosive. 

The oxygen of water is one of its most variable corrosive contents. 
Water which has been underground for long periods, particularly if it has 
been in contact with metallic or carbonaceous reducing agents, may be quite 
free from oxygen. Surface watel' in wnning streams and shallow ponds 
may carry oxygen up to saturation. Deep lakes and the ocean contain con
siderable oxygen at the surface and little or none at depth. Water confined 
in metal pipes, particularly iro11 pipes, loses its oxygen rapidly by corrosion 
and thus loses its corrosive power. These natl11'ally occurring variations in 
oxygen content will often change the corrosion rate by several hundred 
per cent and under laboratory control may change it by 1000 per cent. 
While the oxygen content is not usually determined in water analysis, a 
knowledge of its amount is essential to a knowledge of the corrosive effect. 

The sm-face of metals immersed in natural waters is liable to become 
covered by a film or protective condition which slows down corrosion tre
mendously. In fact it is probable that if the surface of iron, aluminum, 
possibly nickel and many other metals were kept free fr0111 such a film their 
life would be very much shorter than is commonly experienced. The nature 
of this film or condition lias been given considerable study during recent 
years and some of the laws governing its formation and preservation are 
becoming known. The investigations aimed directly at measuring the com
position and physical properties of the film have been somewhat inconclusive. 
Probably the best opinion on this matter visualizes the film as an oxide of 
the metal existing in so thin a sheet as to be ttnweighable and transparent to 
light. It is possible that research into these questions is too far from the 
practical or tangible for discussion in this work. Oxide films without weight 
or color are not things of common experience_ 
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On the other hand, some of the conditions under 'which metals become 
passive in waters have been determined together \vith corrosion rates in 
the passive active and intermediate states. \Vuldron and Groesbeck. as 
quoted above, and in as yet unpublished ,,"ork. for instance. have been alJle 
to duplicate in the laboratory the seasonal variation of corrosion of \Vash
ington city water and identify it with specimen surface conditions. This is 
done by manipulation of the oxygen and calcium carbonate contents of the 
water. Their results seem to explain certain practical features of natural 
water corrosion which have cansed lUuch speculation in the past. 

These findings are in good agreement with the action which would be 
expected from the general considerations discllssed under "Acids" and 
"Oxidizing Agents," and wen illustrates the two opposite effects of oxygen. 
Where sufficient acid is present the corrosion rate increases with the oxygen 
supply to the surface. Thus it increases with the dissolved oxygen content 
of the solution, ane! with the velocity of movement. However, under many 
conditions the air supply can be too large relatiYely for the acid content and 
when this happens the corrosion rate diminishes as the oxygen increases, 
apparent!y because the surface becomes passive. This action may be clue to 
the formation of a protective film ane] it mar be considered as a form of 
the reaction of oxygen which prodl1ces and maintains the cathodic areas of 
concentration cells. The cathodic effect hcre exists to the exclusion of thc 
anodic effect and thus inhibits corrosion. 

In the case of iron in natural water the presence of a practically saturated 
solution of calcium carbonate aids in the protection of the metal. In water 
with high calcium carbonate content oxygen produces passivity with l11uch 
greater ease than when the calcium carbonate is low. Therefore in the case 
of iron at least. and probably other metals, calcium carbonate has a protec
tive effect moc1ified by the relative concentrations of oxygen and acid. This 
effect is again chemically logical. The reaction of oxygen with metal in 
corrosion removes acid from solution, in this case carbonic acid. This 
removal precipitates calcium carbonate which is less solttblc when the acid 
is removed. This precipitation at the meta! surface forms a basic carbonate 
film protecting against corrosion. The recent work mentioned shows the 
practical importance of this action in governing corrosion in \Vashington 
water ancI due to the natural prevalence of a saturated condition with respect 
to calcium carbonate the findings must be widely app!icable. 

Natural waters are also much in contact with silicates or various types. 
Certain silicates inhibit corrosion ancl are used commercially for this prop
erty. Since the solubility characteristics of silicates are not as clear as of 
calcium carbonate it is not possible to formulate their action with positive
ness. However, it seems obvious that in waters saturated \'\'itb silicates these 
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compounds have an important part in the natural protection of metals from 
corroSlOlI. 

"Reduced" sulfur c01l1pounds, particularly hydrogen sulfide, are often 
present in waters coming from deep in the earth. As described elsewhere 
these compounds are very corrosive and their presence in water is usually 
quite destructive to metals. Their effect is quite variable and is related to 
the oxygen supply. 'Waters frol11 great depth fr0111 which the oxygen has 
been thoroughly removed may contain high sulfur and be corrosive by their 
acid reaction entirely. As these waters reach the surface and are supplied 
with oxygen the forms of corrosion change entirely and the rates usually 
increase. 

While it may be considered that natural waters are mild corrosives in 
comparison with concentrated acids, brines, etc. it is to be expected fro111 
the wide variation in its contained materials, both which cause corrosion and 
which protect against it, that the corrosion problems in connection with such 
waters are relatively complicated. 

CHEMICAL SALTS AND BRINES 

Each chemical salt or brine is a separate corrosion problem and the 
reactions which take place are dependent on the salt and the metal concerned. 
In considering such specific corrosions it is well to realize that each case has 
these individual characteristics. It is only possible here to discuss certain 
useful generalizations. 

Following the general rule for chemical reactions water is usually neces
sary for corrosion to proceed. Thus perfectly dry salts are practically non
corrosive at ordinary temperatures. Ordinarily commercial dry salts are not 
very corrosive and their action is multiplied many times in the presence of 
appreciable moisture. 

Certain salts in their water solutions will produce corrosion according 
to characteristics discussed elsewhere, namely, acid, oxidizing agent, active 
sulfur compounds, or alkali. Salts which are oxidizing agents or which con
tain the active sulfur compounds should be considered undet" these heads. 
Many salts hydrolize when dissolved to give an acid or alkaline reaction 
and their corrosive action is then typical of the acid or alkali concerned. 

Concentrated salt solutions are good electrical conductors as a rule and 
this has an important bearing on their corrosive effect. Good electrical con
ductance encourages electrolytic corrosion by galvanic and concentration cell 
action and such corrosion may be expected if there is any tendency toward 
it due to the presence of different metals or variations of concentration due 
to the shape of the apparatus or other cause. 

The solubility of corrosion products is an important factor in corrosion 
because the presence of insoluble corrosion products reduces the ability of 
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the corrosive to make continuous contact with the metal. Some salts are so 
constituted as to produce mainly insoluble reaction products with the metals 
and with others the products are largely soluble. The chlorides, bromides, 
and fluorides (halides) are quite soluble and tend to be corrosive. Metal 
compounds of the silicates and carbonates are insoluble and these salts are 
less corrosive than the halides. Ammonium compounds tend to fOl"m soluble 
double salts with the metals and therefore are quite corrosive. 

Such a general rule must be subject to many exceptions due to special 
conditions. For instance, the tendency for the formation of insoluble prod
ncts is often a tendency to produce passive or cathodic areas which, if anodic 
or active areas continue to exist, cause destructive local electrolytic cor
rosion. For this reason mild corrosive conditions are often accompanied to 
a greater extent by local corrosion than more drastic ones. 

The most widely occurring salt is sodium chloride or "common salt." 
The corrosion reactions of this salt are illustrative of chemical salts which 
do not have such specific corrosive properties, as for instance, an acid reac
tion. The salt cloes not hydrolize to produce acid or alkali and it does not 
contain oxidizing agents or sulfm. On the other hand it has the properties 
which tend to produce c01'1"osioll by chemical salts. It is highly soluble in 
water and since 1110st chlorides and salts of sodium are also soluble it tends 
to produce soluble corrosion products. It is a good conductor of electricity 
and is therefore favorable for the formation of galvanic amI concentra
tion cells. 

Sodium chloride does not ordinarily react direct with the commercial 
metals, but due to its favorable electrolytic and solubility properties even 
traces of materials which can set up a reaction will produce seriolls corrosion 
in salt solution. With metals of high solution pressure such as aluminum 
and zinc, reactions may go forward with nothing else present but salt and 
water. 

All the ordinary rate factors have strong effects on corrosion 1>y salt 
solution. The presence of a slight amount of acidity and of oxygen in solu
tion will cause rapid action on metals otherwise practically imlUune to salt. 
Increase in temperature increases corrosion. Galvanic effects are very 
severe and the starting of a concentration cell pit produces rapid corrosion 
where there has been none before. The passive effect of filllls is very posi. 
tive, and film-forming inhibitors will often stop corrosion. Movement has 
its maximum effect both in furnishing corrosive to the surface and distribut
ing inhibitors and dispersing concentration cells. 

Sodium sulfate solution, having a lower conductivity and forming metal 
sulfates of generally lower solubility than the chlorides, is less corrosive and 
less acutely susceptible to the rate factors. Calcium chloride has lower con
ductivity and the calcium saIts are less soluble. At the same hydrogen-ion 
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concentration and oxygen content calcium chloride is less corrosive, but 
due to hydrolysis of calcium chloride to form acid and to the greater solu
bility of oxygen in calcium chloride solution, calcium chloride refrigerating 
brines are often more corrosive than sodium chloride brines. 

Sea water is a special case of salt corrosion and so many tests have been 
made on it and so much unrelated experience built up that the writers hesi
tate to generalize on it. Sea water produces a large amount of corrosion 
and most or this occurs in l1arbors. The waters of harbors are more variable 
in constitution than the open sea and, as a rule, more corrosive. The natural 
corrosiveness of sea water is increased in harbors by corrosive impurities, 
acids, oxidizing agents, sulfur-bearing organic materials, etc. The natural 
dilution of harbor waters also produces an unsaturated condition with respect 
to calcium carhonate and any other film-forming constitucnts and thus pre
vents the formation of protective films. 

Corrosion by sea water is complicated by the presence of animal and 
vegetable life. Surface sea water is usually saturated \'lith oxygen. Oxy
gen is used by marine growths and the oxygen disappears at depths which 
vary with currents and the amount of growth. 

Many marine growths adhere to metal and other objects and set up direct 
action or concentration cells by their prcsence. A barnacle attached to a 
metal surface is a complete concentration cell and its interior free from any 
corrosives that act directly on the metal, particularly dissolved oxygen, and 
\'lith its shell forming a conducting screen to keep this anode producing 
solution separated hom the cathodic solution outside. The exact outline 
of a barnacle may often be seen accurately etched into a metal surface and 
barnacles may start pits which penetrate deeply. 

The corrosion of marine and shore steam condenser tubes is a serious 
sea water corrosion problem, this being one of very few cases where an 
unprotected metal is used in actual sea water contact. The corrosion of 
condenser tnbes is obviously greater in harbor waters than on the high seas, 
is greater at high temperatures and velocities than low and is obviously sus
ceptible to galvanic and concentration cell effects and the presence of dis
solved oxygen. Turbulence of motion at the inlet end will produce very 
rapid corrosion, particularly so if much dissolved air is present. Any slight 
defect in the tube surface is a potential anode and while condenser tubes may 
pit without defects, their presence is usually fataL 

These generalities illustrate the many sides of corrosion by the chemical 
salts. It seems impractical to attempt detailed analysis of the many reac
tions involved. However, there is evidence in the illustrations that certain 
general1aws are applicable. 
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ORGANIC COMPOUNDS AND FOOD PRODUCTS 

Organic compounds as a class are not active corrosives. They do not 
ionize itt their water solutions to prodl1ce adds and are not oxidizing agents. 
They are usually non-conductors of electricity. 

Compounds containing sulfur or chlorides may react directly with metals 
to cause corrosion but the general run of oils, alcohols, paraffins and ben
zenes are relatively non-corrosive. 

Dyeing solutions are often corrosive but this activity is uSllaJIy due to 
inorganic acids or oxidizers used in conjl1nction with the actual dye com
pounds. Many dyes change shade with the slightest content of metal salts, 
being even more sensitive than foods to meta1 contamination. Thus the cor
rosion problems in dye plants need careful solution, hut they involve analysis 
of the common acids and chemicals present rather than the dyes themselves. 

The petl)oleum inclustry, likewise offers many c()tnplex corrosion prob
lems, largely connected with inorganic componnds. Only at high tempera
tures cIo the oils themselves react destructively. 

Food products range from the weakly alkaline solution of many cooked 
vegetahles and meats to a definitely acid condition in many fruits and ill 
sour mill.. Some foods contain weakly active sulfur compounds and most 
of them are reducing rather than oxidizing in their reactions. In the storage 
of foods low temperatures and freedom from oxygen are desirahle and 
these conditions arc favorable for thc prevention of corrosion. 

In considering corrosion by foods a contrary angle of attack to that 
ordinariJy made is necessary. The question is not one of deterioration of 
the me1;al but rather of the effect of the metal on the foods. \Vhile thi!; 
angle ~eeds consideration in the handling of many chemicals, \vaters, and 
dyestuffs, it is of paramount importance in the case of foods. In most cases 
this t1}eans a different order of magnitude in the allowable corrosion rate 
from the limits for metal deterioration. An amount of corrosion almost 
undetectable and at least unimportant in metal deterioration is often so high 
as tp be ruinous to a delicate food. For instance, minute amounts of iron 
wilJ largely affect the color of cherries and wines and a s111al1 amount of 
zinc will change the flavor of milk. 

Much has been written and said on the harmful effects of metals in foods 
on the health of consumers. This is not a subject to be passed over lightly. 
However, in certain cases the dangers of metals in foods have been exag
gerated, possibly for commercial reasons. Aside from certain known poi
sonous compounds which contain metals, foods will be so changed in appear
ance or flavor as to be unpalatable before the metal content reaches an 
unwholesome amount. Some metals are a usual and necessary constituent 
of foods. 
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In the preparation of foods by boiling or steaming, conditions are nor
mally weakly alkaline or acid and the oxygen supply is low. While the cor
rosion rate will be small it is necessary that there be practically 110 corrosion 
in most cases. If handled in closed containers without access of air there 
is so little tendency for corrosion that metals are suitable which would cor
rode otherwise, but even in vacuum pans corrosive conditions are more severe 
in the atmosphere than below the solution level. These mildly corrosive 
conditions tend to encourage pitting of metals in long service. Pitting is not 
permissible because of the danger of deterioration of food being held in the 
pits. To prevent pitting, properly selected metal without defects is 
necessary. 

When 1110ist food is laid on tables, the area under the piece or mass is 
shielded from air while the edges of contact with the metal are well supplied 
with air. This condition is ideal for the propagation of oxygen concentra
tion cells and is liable to produce corrosion in the shielded area, particularly 
close to but just inside of the air contact. The activity of the cells depends 
on the corrosiveness of the food and is at a maximum with acid fruits anel 
minimum with neutral vegetables. The pl·esence of salt and to a certain 
extent sugar increases the conductivity of the liquid present and thus pro
duces more corrosion. 

This type of attack on metals is common where moist drops or masses 
may be 011 a surface. The edge of such masses is cathodic and an area just 
inside of this cathodic area tends to be locally corroded. The effect is readily 
noted with drops of salt solution 011 metals. The presence of solid fooels 
in the mass exaggerates the condition hecause the cellular solid prevents dis
tribution of the oxygen while allowing the passage of electric current. 

The frying of foods in grease is not a corrosive condition and little metal 
effect can be expected fro111 this source. 

Fruits as a whole as well as a few other foods contain sufficient acid to 
produce reaction with metals. The color and taste of fruits are due to deli
cate chemical compounds easily affected by metallic contamination. The 
common fruit acids, malic, tartaric, lactic, and citric and acetic seem roughly 
to he 1110re corrosive than would he expected from their low hydrogen-ion 
concentration. Quite rapid attack may occur in some cases. As would he 
expected the action is 11111Ch 1110re rapid in the presence of air. Fortunately 
the corrosion which would obtain were the acid present by itself in the same 
concentration as in the fruits, is inhibited by other constituents. To attempt 
to explain this useful inhibition in detail would be guess work. However, 
in the case of milk, casein is known to exist in colloidal dispersion and when 
milk is heated in an ordinary dairy surface heater a palpable protective film 
is formed which is largely caseip. It seems probable that any such colloidal 
dispersion would inhibit corrosion and that a slight electrical disturbance 
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sllch as occurs in corrosion might he expected to precipitate the colloid as 
a protective film. 

Milk, a major food product, is Oile u f the brgest f[u<Llltil y liquids of 
commerce. Sweet milk is slightly acid with lactic acid and as it is handled 
in bulk in contact with air is often air saturated. In this condition it is rather 
corrosive to metals. Being very sensitive to contamination the allowable 
metal corrosion is very small and only metals proven to he free from action 
on milk can be used with it. In the manufacture of many dairy products 
milk is allowed to sour so that it contains one per cent or more of lactic acid. 
With air present this gives a combination of acid and oxidizing agent which 
will produce rapid action on all but the most resistant materials. \Vhen 
milk is being heated a protective coating temls to form on metals with which 
it is in contact, but this.fllm does not form during- the cooling process. 
Cheeses and other dairy prodl1cts are corrosive in proportion to their acid 
and air content. 

In the preservation of foods it is COll1mon practice to seal them in closed 
containers out of contact with air. \Vhile certain foods will cause corrosion 
and will det~riorate under stich treatment a very large number can safely be 
sealed in metal cans for long periods. It has been common practice to use 
tin-coated steel cans for this purpose and during recent years the number 
of foods so stored has increased and their qttality has improved. In SOll1f! 

cases the metal cans are coated with appropriate lacquers. 
The freedom from corrosion on the inside of cans is due to the complete 

absence of atmospheric oxygen and illustrates the inherent dependence of 
corrosion on oxygen. Another interesting point which aids in preventing 
destructive corrosion is that in the interior of cans in many foods the tin 
instead of being cathodic to iron as is the case in the atmosphere and in 
salt brine is anodic. Thus a slight perforation of the tin plate is sealed up 
and does not cause perforation of the can. 

Certain foods among which may be mentioned clams and pineapples are 
corrosive to an extent not readily explainable by their chemical constitution. 

HIGH-TEMPERATURE OXIDATION 

Corrosion by atmospheres at high temperatures is a distinct phenome
non from that at ordinary temperatures. The mechanism is so different 
and so complicated as to make it rather a separate study and yet because of 
certain similarities and connections, it may be logically connected with our 
main subject. Possibly the fundamental difference is the absence of liquid 
water in the system. This is a particularly vital distinction since most other 
corrosion reactions are mainly dependent on water solutions of the corrosive 
agent. Another major quality of high temperature oxidation is the mobility 
of the reacting materials in gaseous and mobile solid solutions which serve 
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instead of water solution to produce the contact necessary for reaction. 
Reaction velocities are also much higher, so that the rates of actual oxidation 
are retarded by physical rather than chemical resistance. 

The outstanding feature of high temperature oxidation is the effect of 
the film formed in controlling the course of fttrther action. It is usually 
true that oxidation produces a film which is protective to a measurable extent. 
In the case of oxidation of several metals by relatively homogeneous atmos
pheres, the rate of attack diminishes with the time, the attack rate being 
proportional to the square root of the time. This is the relation to be expected 

. were the reaction dependent upon the reactants making contact by diffusion 
through a separating medium 1, 30 and is attributed .to this cause. While 
it is natural to expect oxygen to be the reagent which diffuses, it has been 
shown at least in the case of iron, that the iron diffuses also and builds up 
scale on the outside of the existing surface 11, 12, 13, 33 rather than oxidizing 
at the surface of the metal and forcing the pre-existing scale away. Where 
the process of scale or oxide film formation becomes complicated or non
uniform, the rate of oxidation varies and does not follow such a simple rela
tionship with the time, but the rate continues to depend on the properties 
of the scale. If an alloy forms oxides which will react with each other or 
with one of the metals, the relations become complex. Complicated or 
changing atmospheres canse the same effect, aneI increase the rate of attack. 
In some cases where the scale formed is loose and porons the rate does not 
vary with the time but remains constant. Where the physical conditions of 
exposure are such as to damage or modify the scale as in furnace parts bear
ing mechanically on each other or being quenched periodically, n6 mathe
matical treatment of the scale protection problem is practical. 

In some alloys scale formation is a complicated process, including dif
fusion of gases and metals both in the scale and in the metal itself. There
fore, in binary systems the rate: time relation is apt to be uniform near the 
ends of the system but in a central range the reactions become complex, 
the scale is 110t uniform and oxidation rates are uneven. This is true in air 
oxidation of copper-nickel 37 alloys and copper-zinc 0 alloys. In the case of 
copper-zinc alloys the oxide coat is nearly free from copper all composi
tions containing less than 86 per cent copper. This must entail quite com
plicated diffusion processes resulting in retention of the copper in the parent 
metal. In alloy steel, analysis of the distinct scale layers which form 33. 84 

show segregation of metals which come from interaction between oxides 
of different metals with selective diffusion as well as from interchange of 
oxygen between oxides. The interacting oxides may be in contact but they 
can react through differing vapor pressures without solid contact. 

In alloys of iron which have unusual resistance to oxidation, such as 
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alloys with chromium, nickel, and aluminum, the type of scale is very much 
modified and the actual rate does not follo\v mathematical laws. 

As in corrosion at room temperatures the rate 0 f attack increases with 
the temperature. This increase in typical cases may amount to doubling the 
rate in 1670 F. This effect is modified by the effect of temperature on solidi
fying the scale. If higher temperatures consolidate the oxide making it less 
permeable the rate decreases. In most cases the scale will disintegrate by 
melting or vaporizing as the temperature is raised, causing an abrupt rise 
in oxidation rate. The type of scale may change at transformation points 
causing a break in the temperature-rate curve. 

The concentration of the oxidizing or corroding agent at the active sur
face affects the rate in the same way as in low temperature corrosion. If 
the concentration is so low that the oxidation seriously depletes the atmos
pheric film in contact, increase in rate of movement of the atmosphere 
increases the attack.I ,30 Above a rate of movement sufficient to keep the 
concentration constant at the interface there is 110 further effect. 

The constituents of the atmosphere have of course very great effects 
and these have not yet been reduced to l'eliablc generalizations. It seems 
that oxygen, air, carbon dioxide and water vapor produce rates of some\vhat 
the same order of magnitude, with the effect of water and oxygen possibly 
twice as great in a moderately high temperature range as air and carbon 
dioxide. 'Vater is a catalyst for almost all reactions 44 and this seems 
to hold true in these cases. Oxidation by air, oxygen, carhon dioxide and 
sulfur dioxide is increased by the presence of water vapor. ll, 12 On some 
metals certain proportions of carhon dioxide, steam and air act together to 
produce maximum effects. 

Hydrogen sulfide and sulfur dioxide are 1110st destructive constituents 
in many furnace atmospheres. Under oxidi7.ing conditions hydrogen sul
fide will oxidize rapidly to sulfur dioxide. The action of these gases is 
most rapid when present under such conclitions, that is with other sources 
of oxygen present. However, they can react direct with many metals to 
form sulfides and another oxidizer is not necessary. Sulfur dioxide, for 
instance, will react completely with nickel to form nickel oxide and nickel 
sulfide. Metal sulfides in general have relatively low melting points and 
thus are not protective und may destroy the protective value of oxide films 
containing them. Possibly due to this fluidity sulfur tends to produce inter
granular deterioration as well as surface attack, especially on metals under 
strain.29 , 30, 34 By and large the combination of sulfur dioxide ancI water 
in the same atmosphere seems to be an exceptionally active condition in 
ordinary furnace atmospheres, and several other combinations are more 
destructive than either of the gases by themselves. Rates may change with 
these combinations as m11ch as 10 to 1. It should be noted that in many 
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furnaces, gases do not reach equilibrium and that the resulting variable 
action on metals destroys the continuity of protective oxides and so increases 
the attack. 

Hydrochloric acid wl1ich bas been found in some atmospheres, can 
increase the normal oxidation rate by as much as sixty-five times. The 
result is mainly catalytic and would not be detected by examination of the 
oxide. While this gas may not be a C0111111011 constituent of furnace gases, 
its startling effect indicates the value of thorough knowledge cif the furnace 
atmosphere. 

SULFUR COMPOUNDS 

Sulfur with its compounds is to be ranked neal' to the all-pervading oxy
gen in its corrosive effects. Like oxygen, sulfur combines directly with the 
metals and with hydrogen. It might thus be classed with the other oxidiz
ing agents but because it also acts chemically as a reducing agent, both as 
free sulfur and in many of its compounds and because of other chemical 
peculiarities it needs separate consideration. 

Sulfur ranks with oxygen in chemical affinity for the metals. Many 
metals occur in nature as sulfides, and as with the oxides there is a constant 
tendency for them to return to the natural state. The metals alternate with 
a certain amount of regularity in their affinity for these two corrosive ele
ments. However, uncombined sulfur at 1'00111 temperatures does not react 
in corrosion to the same extent as oxygen, probably mainly because it is 
completely insoluble in water. In order for it to become active at these 
temperatures, it 11111st be in a soluble form and it takes this form by com
bination with other elements. 

In corrosion sulfur ordinarily appears as hydrogen sulfide, I-I~S, or 
sttlfur dioxide, S02. SO:l, the anhydride of sulfuric acid, also appears 
widely in corrosion but its action is like that of the other strong acids rather 
than the sulfur compounds, and it is considered in that section. In spite 
of the fact that H 2S, S02 and SOa represent three advancing stages of 
Ilxidation, the intermecliate compound, SO~, is by far more active as u cor
rosive oxidizer than either of the others. This property of a partially oxi
dized 01' unsaturated oxidizing agent being more active in the oxidizing or 
cathodic part of the corrosion reaction is something of a general phenome
non and is worthy of consideration. Nitrous acid, for instance, is more cor~ 
rosive than nitric and 110t as prone to produce passivity. Many other com
plicated sulfur cOl11poltncls exist. They contain more sulfur or oxygen 
atoms ancI are to be classed roughly with H"S and SO~ as corrosives. 

Sulfl11' dioxide, the common fonn of sulfur ill the atmosphere, usually 
corrodes metals with the formation of sulfates. Sulfates are the largest con
stituent of atmospheric corrosion products after the oxides and hydroxides. 
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In water solution sulfu1" dioxide furnishes hoth sufficient acidity and 
oxidizing power to produce rapid corrosio1l on Illost metals, It will react 
with nascent hydrogen practically as readily as does oxygell willi the pro
duction of water and hydrogen sul!lde. At the same time the sulf urOU5 acid 
formed by its combination with water liberates a considerable concentra
tion of hydrogen ion. This gives it the necessary requisites as described 
under acids and oxidizing agents to produce corrosion. As contributing to 
the oxidizing part of the fundamental acid and oxidizing reaction of cor
rosion, sulfur dioxide is nearly as active as oxygen. Because it is many 
times more soluble than oxygen it can reach the metal surface in larger 
quantities and thus in many cases it is more destructive than oxygen. 

Sulfur dioxide is used sufficiently in chemical industry, for instance, 
the paper industry, to make its corrosive properties in concentrated form 
a serious problem. However, probably it is most often met with as an 
impurity or small constituent in corrosive mixtures. Its presence in the 
atmosphere is usually high in the vicinity of towns and industrial plants 
where it is produced in the combustion of fuels. Its corrosive effects are 
evidenced by the obviously high corrosion rates on roofs l)athec! in smoke 
and in any place where smoke is cooled sufficiently so that moisture can 
condense. For instance, in scrubbing towers for cleaning the products of 
combustion, sulfur dioxide has been found to corrode destructively almost 
all of the common corrosion resisting alloys. The prevalence of sulfates, 
which are the major product of sulfttr dioxide corrosion, in all atmospheric 
corrosion products in thickly settled areas is mentioned elsewhere. 

Sulfur dioxide in s111a11 quantities is also often present in ground waters, 
particularly "mineral" springs. As a product of mddation of hydrogen 
sulfide, it is often present in conjunction with hydrogen sulfide in the many 
places where this gas is found. 

Hydrogen sulfide is present in many ground waters. including sea water. 
It is produced with allied compounds by bacterial action in the decomposi
tion of vegetable and animal matter and is thus widely present in soils, air 
and water. While in water solution it is a weaker acid than sulfur dioxide, 
it is still sufficiently acid to produce corrosion on many metals. However, 
because it can only satisfy the cathodic or oxidizing requirements ·0£ the 
fundamental corrosion reaction weakly, if at all, it is not as corrosive as 
sulfur dioxide. 

Hydrogen sulfide is often present in crude oil deposits and its occurrence 
and corrosive action in the drilling and refining of oil are illustrative of its 
properties. It is present at the bottom of oil wells as a by-product of the 
decomposition processes which produce the oil. While it exists in the pres
ence of salt brines there is no oxygen or other oxidizing agent with it. In 
this condition it is corrosive to iron and other non-acid resistant alloys 
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whereas nickel and acid-resistant nickel alloys are relatively unattacked. 
When pumped to the surface it comes in contact with air and becomes very 
much more corrosive to the acid-resistant alloys. At the surface the order 
of tlsefulness of metals in resisting the corrosion is quite different from the 
order in the same waters at the bottom of the well. This is because the air 
has furnished stich an excess of reagent for oxidation that the relatively 
weak acid condition is overshadowed. Sulfur dioxide is also gradually pro
duced in contact with air furnishing a new corrosive constituent. 

The oil itself, while still containing sulfur, is not corrosive at ordinary 
temperatures but when heated to cracking temperatures the sulfur reacts 
directly with metals and again does much damage. Hydl'ogen sulfide is pres
ent in swamps and places where decomposition ocwrs and is responsible 
for much of the corrosion in connection with them. Bacteria in lakes and 
the ocean produce sufficient hydrogen sulfide to aiel in the corrosiveness 
of the water. 

The distribution of sulfur is so wide that no corrosion problem should 
he considered answered unless it is definitely known whether or not it is 
present. 

ALKALIES 

In corrosion by alkalies one of the principal and most universal cor
roding factors is absent by definition. That is the hydrogen-ion concen
tration is low. In addition to this the hydroxides of the metals are often 
insoluble, particttlarly under oxidizing conditions. Thus the alkalies are 
not nearly as universaliy c.orrosive as the ac.ids. Their corrosive effect is 
usually due to special or individual chemical affinities and is thus not as 
readily subject to generalization as acid corrosion. 

Ordinarily the particular types of corrosion which occur readily in acid 
are stopped by the presence of alkali. For instance, the corrosion of iron 
in air-saturated solutions is relatively rapid when the solution is slightly 
acid. If alkali is added to such a solution it will usually stop the corrosion 
quite positively. Nickel is corroded at an appreciable, slow rate by hydro
chloric acid. The gradual addition of caustic soda to snch a corroding solu
tion will slow clown the corrosion through neutrality until, when definitely 
alkaline, the rate is a very small fraction of the original rate. The absolute 
rate both in acid and alkaline solution will depend on the amount of oxygen 
present. 

The most common corrosion reaction of alkalies is the formation of com
plex compounds in which the metal corroded tends to go into the anion. 
Double salts, basic salts or double hydroxides may be formed. They are 
rather closely allied in type with sodium fen'ate and sodium aluminate which 
are the products of corrosion of iron and aluminum corroded by caus
tic soda. 
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Thus iron and steel are usnally corroded little or none by strong alkalies 
when relatively dilute. At elevated temperatures and high concentrations 
such as exist in parts of the machinery used in concentrating caustic solu
tions, there is relatively rapid corrosion with the formation of sodium fer
rate and evolution of hydrogen. In the case of aluminum which is resistant 
to many acids the presence of alkali increases the corrosion even at ordinary 
temperatures and in dilute solutions. The reaction is accomplished by the 
evolution of hydrogen and formation of the aluminate of the alkali which 
is readily soluble in the alkali. The tendency for the for1l1ation of this com
pound and its ready solubility is of course the reason for the corrosive action. 

Some hydrates of copper are soluble in the solutions in which they are 
formed and such alkaline solutions wiII appreciably corrode copper. In the 
case of ammonia the highly soluble douhle hydroxide is formed and cor
rosion is relatively rapid. Double hydroxides of metals formed with 
ammonium hydroxides are quite common. As they are relatively soluble, 
ammonia is relatively quite a corrosive material although it is neither acid, 
strongly alkaline nor oxidizing in the usual sense. However, the formation 
of double compounds with metals and ammonia can take place without the 
presence of air or other oxidizing agent and corrosion can proceed in this 
way. Also in the presence of air. air enters into the corrosion reactions and 
accelerates them. 

Corrosion by alkalies is often characterized by pitting and localized 
attack. This would seem to be explained by the tendency for alkalies to 
produce cathodic films and thus concentrate the attack on given areas. The 
size and shape of pits will, of course, depend on the relative magnitude of 
the film-forming tendency and the rate of anodic reaction. A high film
forming tendency will force the anodic corrosion into small areas and pits 
will 'be small and deep and will penetrate relatively rapidly. 

Another undesirable phenomenon often connected with alkali corrosion 
is embrittlement by hydrogen. Hydrogen produced in caustic solution in 
a nascent state, either by electric current or by corrosion will penetrate 
along the grain boundaries ancl react chemically with oxides and sulfides to 
produce permanent embrittlement. This effect has been principa1iy observed 
on iron in alkaline boiler water but is also prevalent in strong alkalies on 
other metals. 

CORROSIVES 
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A screen wire in which corrosion 

is caused by a seam fails completely 

while adjacent wires are relatively un

attacked. 

Section through above corroded 

wire showing the defects which caused 

corrosion. 

x 150 
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Chapter IV 

Metal Corrosion Properties 

The evaluation of the effect of Metal Corrosion Properties \vhich are 
allied, according to Speller's 1 able classification, to the "factors internal to 
the metal" is difficult at the present time. This is mainly because of a dearth 
of data which existed for some years and to the difficulty of harmonizing 
some apparently divergent results in the more \'olu1l1in~l1s contemporary 
literature. It may be said, with the greatest appreciation 11 f the diligence 
and usefulness of their work, that the task is 110t less difficult hecause some 
writers have apparently not taken the time to look at their mvn results with 
sufficient skepticism. For the same reason references in this chapter are 
mainly listed by name only. It is difficult to definitely allocate the abstracted 
summary herein to the variotls able workers whose publications have helped 
form its basis. 

CHEMICAL AFFINITY ANn SOLUTION PRESSURE 

Most commercial metals exist in nature in the combined state. Their 
ores or natural compounds must be subjected to certain furnace and chemi
cal processes to bring them into the uncombined or metallic state. It thus 
follows that their natural tendency is to combine with other substances. 
This tendency of two materials to combine has been called chemical affinity 
and is measured in modern chemistry hy the "decrease in free energy" of 
the system as the reaction proceeds. 

This natural tendency of a metal to combine 'with other substances is 
an inherent or typical property of each solid metal and its strength varies 
from one metal to another. Metals like zinc and iron have a greater ten
dency to combine with other substances than do copper and silver. Some 
metals, called the "noble" metals are so low in this tendency that they exist 
in nature uncombined or combined so loosely that reduction to metal is very 
easy. Examples are platinum, gold and silver. 

While this property is typical of the metal, it is also typical of the 
environment and the strength of the affinity (amount of free energy 
decrease) is a mutual property of the metal and the contact material with 
which it reacts. This means that the order, among metals, of the tendency 
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to be dissolved by a solution of hydrochloric acid is not necessarily like the 
order of the tendency in industrial atmosphere, the major corrosive of which 
is sulfur dioxide. Some of the metals will be rated in different positions in 
their order of tendency to corrode under the two conditions, but on the whole 
there will be a rough parallelism in the orders. 

The actual rate of corrosion under such conditions will be very much 
more subject to variation than this tendency to corrode. This is due to 
the various considerations discussed under Tate and forms of corrosion. 
The tendency to corrode, however, is present in all metals in varying degrees 
while the way it is manifested depends on the environment. 

One of the phenomena of this tendency to corrode or chemical affinity 
is the solution pressure or solution potential of the metal. When in contact 
with a solution, for instance, the metal indicates its desire to react by a 
contact electrical potential. In many cases the relative value of this poten
tial can be measured against a standard electrode, such as the hydrogen elec
trode. The actual potential determined relative to a standard electrode will 
depend on the metal and on the solution in which it is measured. By mak
ing such measurements of the (reversible) potential of a metal in a pure 
solution of its own salts which contains a standard concentration of the 
metal ions or by calculating to such a value in the many cases where experi
mental realization is impossible, the metals can be arranged in an electro
chemical series in a more or less positive manner. Such a series can be con
sidered a median or average guide to the tendency of metals to corrode and 
may be applied, when the proper complicated calculations are made, to other 
solutions also, but its values and the mathematics of applying corrections 
are not at present sufficiently accurate to predict without other data the 
practicability of particular corrosion-resisting uses. Thus, while this series 
of standard electrode potentials should be understood as of fundamental 
importance in corrosion, the mistake should not be made of drawing engi
neering conclusions as to specific corrosion-resisting properties of metals 
directly from it. 

This chemical affinity of metals for other substances produces corrosion 
directly 011 a homogeneous metal surface in a homogeneous sol ution and 
if either is not homogeneous, local or electrolytic corrosion may result. If 
two metals, such as zinc and copper, under standard electrode potential con
ditions are electrically connected to each other and their solutions are also 
connected a momentary electrical potential will exist equal to the sum of 
their standard solution potentials. Zinc will corrode n10re rapidly than if 
unconnected and copper will be deposited on the copper electrode. If both 
copper and zinc are immersed in the same solution the potential will be in 
the same direction but will be different in value from that in the standard 
conditions. With metals close together in the standard series in the same 
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solution the direction of electrical pressure may be reversed from the 
standard so that the one lower in the series is corroded. 

Thus, the electrolytic corrosion of metals depends not only upon their 
standard potential but also upon their affinity for the particular electrolyte 
ill which they are immersed. It follows that if a homogeneous metal is held 
in contact with two solutions for which it has different affinities, electro
lytic corrosion will result. Destructive corrosion with this variation in 
electrolytes as its major cause is very common, as in ordinary pitting. 

In considering this fundamental tendency of metals to corrode we are 
dealing with energy relationships. This ene;·gy tendency in actual practice 
must operate through a mechanism which overcomes many obstacles to the 
progress of corrosion. These obstacles are at times so effective that they 
are of more moment than the fundamental tendencies in determining the 
course of corrosion. They are largely film contact phenomena such as 
oxide and salt precipitation, concentration change during reaction and inter
diffusion of corrosion prod uct and corrosive. 

OXIDATION PASSIVITY 

Possibly the 1110st g-encrally pervading retardant to the direct action of 
the energy tending to produce corrosion is the tendency for the oxidizing 
part of the reaction to build up a resistance which prevents corrosion. This 
resistance, while partly dependent on certain environments, is exhibited 
to an extent which is a p1'Operty of the particular metal in question. Atten
tion has been centered on it by the development of the corrosion-resistant 
chromium alloys. Chromium. while it has a mltch higher combining affinity 
than, for instance. silver wiII retain an unchanged metallic surface in an 
o:ridizing enviro1Zment much longer than silver. On the other hand, in an 
acid environment, in the absence of oxidizers, silver is unaffected and 
chromium is rapidly decomposed. This oxidation passivity exhibited by 
chromium is present in all metals and is more prevalent in t1lOse with higher 
standard potentials. It is ho,vever, less uniform in its manifestations than 
chemical affinity. Certain metals such as chromium and aluminum possess 
it to a degree not predictable by their other chemical relations, and in some 
metals it is exhihited to a much smaller extent than would he expected by 

analogy. 
This passivity seems to be a physical resistance and many researches 

have been carried on and mechanisms proposed to explain it. The obvious 
connection between its existence in oxygen-bearing solutions and the chemi· 
cal stability, low solubility, ancl low electrical conductivity of metal oxides 
make the presence of an oxide film the 1110st reasonable explanation. The 
minute detail of formation and propertie$ of such a film are of the greatest 
interest, for in it lies the explanatio11 of mnch practical resistance to cor-
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DEFECT PITTING 
The pit at top of photograph is following a region of porosity and inclu

sions. This is a section from a condetlser tube operating in sea water. 

X 100 
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rosion. On the other hand, the experimental difficulties of corroboration 
of the theories are a serious deterrent to positive conclusions. It is known 
positively that protective oxide films elo exist in some cases. The difficulty 
lies in those more numerous cases where t11e film is presumably so prote~
tive that its thickness is too small to determine. Some irrrestigator5 believe 
it may be something between adsorbed oxygen and an actual chel1lically 
combined oxide. 

Oxidation passivity has an interesting analogy or connection with the 
cathodic depolarization of electrolytic cells. In the operation of these cells 
(see Chapter II) the presence of an oxidizing agent at the cathode is an 
active accelerator of corrosion at the anode. Thus, while the oxidizing 
agent accelerates the total corrosion, the actual soll1tion of the metal is 
induced at a point less concentrated in oxirlizing ag-ent. 111 other words, 
the area in contact with the oxidizing agent is passive. 011 metals with 
sufficient tendency to oxidation passivity the \\"hole area heCOInes cathodic 
or passive and in spite of a high tendency toward corrosion the tendency 
toward the oxidizing or cathodic part of corrosion prevents any action. As 
a natural consequence of this effect an)' anodic area which does form on 
metals protected by oxidation passivity corrodes at a higher rate due to its 
proximity to large purely cathodic areas. Since the prevention of this 
anoelic attack is desired l1111ch sturly has been given to films formerl on anodes 
with impressed e.m.f. 

Again there is a certain relationship between this passh·ity and the 
inability of certain strong oxidizing agents to produce corrosion as rapidly 
as analogous weaker oxidizing agents. The resistance of iron and nickel 
to strong nitric acid solutions is an outstanding case of oxidation passivity 
and this property is lost in weaker solutions and especially in nitrous acid, 
which has less actual oxidizing energy. 

The numerous cases in which protective oxide, and in some cases other 
composition, films exist have been reviewed by Hedges. He shows proof 
of the presence of economically protective films on aluminum, chromium 
iron and in some instances copper, including some of the alloys of aluminum 
and the stainless steels. In addition to the actual isolation of films by Evans, 
he quotes many laboratory experiments of his own and others which give 
direct and indirect evidence of the existence and properties of these films. 
W. J. Muller, in a tlwnber of papers has discussed "anodic" passivity. His 
data agree with those of Hedges, but he explains the mechanism differently. 
Dr. Sven Brennert has published a complete research on the formation of 
black spots on tin in which he postulates passive films as vital to the action. 

In spite of the experimental difficulties involved, rapid progress is now 
being made in the understanding of tbis most vital property of metal elec~ 
trodes. The writers believe that this progress will be even more rapid as 
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the complementary properties of the film cell and of the solution cell are 
better understood. 

CORROSION PRODUCT PROPERTIES 

1nso far as the properties of corrosion products are typical of the metal, 
the metal is responsible for the progress of corrosion. The corrosion prod
ucts are produced at the point of corrosion and their tendency to diffuse or 
to be carried away, to prevent or encourage contact of the corrosive with 
the metal, to conduct or to resist electricity and to act as selective mem
branes for the passage of ions or electrons is most vital. Possibly the most 
obviously effective property is the solubility of these products. It is per
haps unfair for other reasons to compare the corrodibility of sodium and 
potassium on the one hand, having their range of highly soluble compounds, 
with the resistance of silver and lead which have low solubility in most com
pounds and many insoluble salts. But this relation also holds in many other 
cases where the effects are less exaggerated. 

Corrosion rates of a reacting substance on a metal would be high beyond 
usefulness except for the resistance set up by the reaction layer. Pure 
reaction itself is infinitely rapid, put at any instant only a surface of metal 
and a surface of corrodent are free to react. The reaction taking place 
within the instant exhausts the available metal surface and the available 
reactant. A fresh supply of reactant mllst find its way to the fresh Sllr
face of metal before further action can take place, and this can take place 
only by diffusion through the reaction layer. The products of the initial 
corrosion must diffuse out from the metal and fresh solution in towards 
the metal. 

The products of corrosion enter as a factor in setting up a resistance 
to this diffusion. The initial corrosion may have led to the formatlOll ot 
a solid, as frequently happens. Lead sulfate in sulfuric acid or chromic 
oxide in an oxidizing solution are examples. With these, diffusion is sup
pressed, the solid offering a serious obstacle, and the corrosion rate will 
correspond in the purest case to the solubility of the solid corrosion product. 

On the other hand, the corrosion product may be a soluble salt, like 
copper ohloride. The initial reaction leads to a solution layer that is highly 
concentrated in copper chloride and free of the reactant. There must be 
diffusion within this layer before corrosion can continue. In a case of this 
sort the equilibrium corrosion rate obviously will be l11uch more rapid than 
where a solid layer intervenes. 

Again, hydrogen gas may be a corrosion product. If the gas clings to 
the metal in a blanket-as with tin in air-free acid-further corrosion must 
await the removal of the gas by diffusion, which is extremely slow because 
of the low solubility of hydrogen. If instead of tin the metal is iron, then 
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[he hydrogen will not cling to the mc.tal hut will evolve mechanically. In 
a case of this sort corrosion is rapid, ~illce the evolving gas aids diffllSioll. 

Corrosion rates therefore, come to depend on tbe nature of the diffusion 
layer, particularly in respect to corrosion products, 

Most metals acquire an oxide layer in ordinary atmospheric exposure. 
Aluminum is a particularly good example, since it is only the persistence 
of the oxide that gives it useful resistance. This is true likewise of chro
mium alloys. Zinc and lead acquire similar protective coats and iron also, 
though less protective. Copper and nickel are superficially oxidized in the 
same way, not to mention other metals. The mechanism of these effects 
is considered under "Oxidation Passivity." 

Iron offers a good illustration of the dependency of corrosion rates on 
the products of corrosion. In neutral solutions ferrous hydroxide is the 
important corrosion product because, being sufficiently soluble to be present 
in appreciable quantities, it maintains control over the reaction layer. If 
the solution is made basic the solubility of ferrous hydroxide is lowered 
and in consequence attack becomes correspondingly less. On the other 
hand, as the solution becomes more acid the solubility of the hydroxide 
becomes greater until finally it no longer offers an important obstacle to 
the replenishment of fresh solution at the metal surface, and the acid is 
free to attack at will. At this point, the corrosion product offers a minimum 
resistance, since the salt that is the principal corrosion product in the acid 
is highly soluble and hydrogen evolution aids replenishment of fresh solu
tion. Yet, with iron in sulfuric acid, ferrous sulfate becomes decreasingly 
soluble as the acid becomes more concentrated, to the point that in high con
centrations the salt precipitates out and protects the metal to make its use 
commercial. 

The corrosion products forming on copper alloys in sea water steam
condenser tube service are an excellent example of the control these prod
ucts may exert over corrosion rates. Varieties of products develop on such 
tubes, including oxides, hydroxides, oxychlorides, various salts in various 
degrees of hydration. Corrosion rates vary from virtually zero to about 
1000 mg. per sq. dm. per day. If certain products form, corrosion is slight, 
if these do not form corrosion is rapid. The complexity of reactions and 
products is such that what goes on is only very vaguely understood. 

In the atmosphere, as stated elsewhere, the attack of metals is very 
largely dependent on corrosion products. These build up more heavily than 
in submerged corrosion and action proceeds only to the extent that fresh 
cor rodent penetrates the products. 

In high temperature gases the suppressing effect of the product is evi
dent in its pure form. Corrosion rates often vary exactly as the squar(' 
root of the time-the pure protective film effect. 
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CORROSION CRACKING 

The cold drawn alloy tube all left is cracked completely 

through in a bad case of combined corrosion and internal 

"tress. 

The cartridge case below shows incipient cracking from 

same cause. 

This may occur with little or no other visible sign of 

corrosion. 

Photographs reproduced by permission from paper by 

Moore, Becldnsale and Mallinson, ", J. Inst. Met., 25, 
(1921) 37. 
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CORROSION FA TIGUE 

Typical cracking on steel stlrface by combinecl action of corro
sion and alternating stress. X 100. 

Reproduced by permission from article by D. J. McAdam, 1'I'aIlS. 
Am. Soc. Steel Treating, 11, (1927) 374. 
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COMPOSITION AND HOMOGENEITY 

If we consider this subject in the broadest sense, including all possible 
alloy combinations of metals it is possibly too complicated for practical 
conclusions at the present time. We can only make useful statements on 
some particular phases. 

The two classes of alloys useful on account of their corrosion resistance, 
are those whose combining affinity is too low to react, and those which 
readily form preventive films, when in contact with corrosive materials. 
In both classes there is wide latitude for composition variation. A noble 
metal may often be alloyed with considerable quantities of a metal of high 
combining tendencies with little change in its corrosion resistance. In fact 
the first change may be toward better corrosion resistance as the less noble 
metal is added in small increments. Many cases of sp'ecific resistance to 
corrosion are known wherein an alloy is more resistant t1\an any of its con
stituents. In the same way the film-protected type of cqrrosion resistance 
may exist with considerable variation in the film-fonning constituent. As 
long as it is present in sufficient quantity to produce a cont'~,nuous film under 
conditions of use variation is entirely permissible. 1 

Homogeneity, however, is almost always a promoter ~f high corrosion 
resistance, and therefore highly corrosion-resistant alloys :~re largely solid 
solutions. The presence of mOre than one phase may set up galvanic cells 
in the noble type of alloys and may cause film discolltinl1iiyr in those pro
tected by films. Even a small percentage of a second phas't may be quite 
destructive to protective films, but small amounts of a less ~noble phase in 
a noble alloy will have little 01' no effect in final corrosion .resistance. In 
the latter case it seems necessary to have a quantity sufficient to give a con
tinuous network to be seriously destructive. Easily corroded \materials are 
of course very deleterious when present in grain boundarid since when 
they are present a small amount of actual corrosive reaction will destroy 
the soundness of a relatively large quantity o-f metal. • 

One method of being certain of homogeneity is making a l11~tal so pure 
that there is no foreign material which can possibly separate from the parent 
mass. This procedure has in cases produced metals with corrosion resis
tance very much higher than would be expected from the properties of 
ordinary commercial forms. This is 110t universally the case, however. 

It seems, then, that while homogeneity of composition is desirable and 
is in 110 case c]isaclvantageotlS in a corrosive sense, it cannot be said that varia
tion in composition will necessarily canse corrosion troubles. In many 
cases lack of homogeneity prouuces improvement in other properties of 
much greater importance than the slight effect 011 corrosion resistance. 
While heterogeneity may always be looked on with suspicion it is not per se 
indicative of corrosion failure. 
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STRAINS 

Metal deformation bas beell connected \\-ith corro:-iUIl fail nre in lllllllller
less instances. But like many other phenomena connected with corrosioll 
it is easy to attribute 1110re failure to this one cause than is really justified. 
For instance, the very COlllmon presence of local corrosion at a point where 
two metals bear 011 each other mechanically can be attributed to strain, to 
galvanic contact or to electrolytic concentration cells depending all which 
of these magic corroders is om favorite hobby. Certain it is that all three 
will exist in such a case and anyone of them may cause serious effects. 
It is also certain that in the atmosphere sllch a mechanical bearing can hold 
corrosive dampness while exposed surfaces ill the neighborhood are dry, 
but such an explanation is too simple to have the proper appeal. 

There can be no question of the part which strain plays in corrosion 
cracking and corrosion fatigue (which see) and likewise strain probably 
causes some increase in corrosion whenever it exists. These effects on gen
eral corrosion however are likely to be less in magnitude than other variables 
which are usually present and which may be so connected in their origin 
with the existing strain as to be difficultly distinguished. Where a great 
tendency toward local corrosion exists local strains may be sufficient to allo
cate the corrosion. If two portions of metal otherwise entirely alike are 
in electrical connection in a homogeneotls solution the probability is that 
the one which is more strained will corrode to a greater extent and the less 
strained material will act to a certain extent as a cathode. But many of 
the other factors discussed above are sufficiently strong to upset this effect 
if they happen to be so directed. 

Metal is said to be "over strained" when it has heen so deformed that 
ordinary heat treatment and proper work does not bring it back to its nor
mal physical properties. In this condition certain corrosive effects are very 
much more destructive than on normal metal. In this condition a relatively 
mild corosive wiIl often attack a resistant metal locally and cause rapid 
failure. This condition always exists 011 raw sheared edges. Often a finish 
shaping operation such as an indenture in a sheet will cause overstraining 
which would not otherwise be discernible but which will cause local failure 
under mild corrosive action. 

SURFACE 

The initial state of a metal surface in corrosion will have considerable 
effect on the initial potential and corrosion rate and under some circum
stances this initial effect will be so continued as to change the whole cor
rosive action. While these facts are rather widely recognized there is. rela
tively little quantitative data on the effect of different types of surface. 
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While it might be expected that the rapidly corrodible parts of a surface 
would be removed and action then settle down to a rate depending on the 
unchanged interior this is not always the case. The initial corrosion, espe
cially if it be somewhat localized, leaves its mark in either further surface 
irregularities or in corrosion products. These, in their turn, may have a 
large effect on the progress of corrosion and thus the initial effect is con
tinued over extended periods. Effects are of course dependent on the par
ticular metal and its environment and any general rules will have many 
exceptions. 

On metals which would otherwise form a continuous prote.ctive film 
in a given corrosive, some initial surface irregularity will produce irregu
larity in this film so that it never reached its proper protecting value before 
failure occurs. A rapid initial corrosion rate may produce a mass of cor
rosion product abnormal in its composition and thus interfere with the nor
mal production of a protective film. On metals which do not form pro
tective films composition differences or other irregularities may cause the 
beginning of pits whose action may extend to some depth. Adhering scale, 
surface inclusions, laps or blisters are liable to set up galvanic or concen
tration cells which will accelerate or localize corrosion to an indeterminate 
extent. 

While these surface effects are of considerable importance there is little 
reliable data on either general or specific conditions and the engineer must 
at present exercise judgment in estimating how extensive these surface 
effects are liable to be under the conditions in which he is interested. 
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INTERGRANULAR CORROSION 
Rigltt.-Shows corrosion in valve casting. 
Left, Upper.-Edge of corroded area (X 100) showing the corrosion 

following grain boundaries. 
Left, Lower.-Uncorroded area (X 1000) showing the grain boundary 

precipitation which invites attack as above. 
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PART II 

Corrosion Behavior of Specific 
Metal and Alloy Groups 





Introductory 

Useful generalizations on corrosion behavior are difticult of expression. 
The reason lies, of course, in the extremely complex nature of corrosion, 
each corrosion rate representing only the final result of the interplay of a 
great many physico-chemical responses. 

Until recent years, a corrosion rate was considered more or less all 
absolute value, as applying to a given metal in a given solution. Now the 
investigator appreciates that the conditions of cxposttre should be known 
in detail for the rate to be interpreted properly. Ideally, he wants to know 
whether or not he must c.onsider impurities in the ~o1utiol1. the degree of 
aeration, the temperature, the motion, the surface condition of the metal 
before exposure, reproducibility, and a number of othel' factors; and he 
\vants to know how closely controlled these conditions have been during test. 

Most corrosion tests are made with insufficient control of conditions. 
This is an unfortunate fact, but it cloes not mean that the data are valueless. 
Very fe\',' data are entirely without value. Once it is recognized that the 
conditions of a test were not closely controlled, the data may he given a 
broader intel·pretation. If a rate of 37.5 mg. per sq. elm. per day is obtained 
in a simple immersion heaker test-not a closely controlled type of test
this may be interpreted to mean that a rate somewhere between 25 and 50 
mg. per sq. dm. per day might be expected in quiet totally suhmerged 
exposure in solution of low degree of aeration. The test has not been 
entirely valueless even though not closely controlled as to conditions. It is 
worth knowing that the action is more intense than 1 mg. per sq. dm. per day 
and that it is not 100-200 mg. per sq. elm. per day. In other words the test 
has served as an orientation. 

The mistake is often made of giving corrosion rate data too literal an 
interpretation. 'Where conditions have not been closely controlled and are 
not clearly expressed the rates should be considered approximations. 

Generalizations have been freely attempted in the following pages. In 
some cases the qualifying remarks may not be as complete as desired, yet 
if these were to be complete in every case the book would be interminably 
long and repetitious. It is presumed that the reader will acquire sufficient 
understanding of corrosion factors to give proper interpretation to the rates 
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INTRODUCTORY 101 

and to fill in "between the lines" when noting generalizations. This back
ground can be acquired from a study of the pages of Part 1. 

In presenting corrosion data the authors felt it better to use each metal 
or metal group as the unit on which to build, rather than each corrodent. 
This system of presentation has the shortcoming, it is true, that the answer 
to the question "what metal is the best to use?" or "is copper better than 
lead for sulfuric acid?" may not be so readily apparent. On the other hand, 
error and misinterpretation are far less likelv to enter if the reader, in seek
ing an answer to questions such as these, sl;oulcl first determine the two or 
three types of metals that would seem to have virtue with the corrodent he 
needs to handle-perhaps using Tahle 3 as an indicatioll,-then to study 
the paragraphs and data for this corrorient in the appropriate chapters. 
There are far too many cases where comparative rates for various metals 
under a single set of conditions invite misinterpretation. It is seldom that 
rates in a single set of closely controlled conditions alone give the hest indi
cation of behavior in a projected cOl11l1lercialllse. The exposure conditions 
in use are normally quite unlike those in a controlled test. Seldom is a single 
rate derived under the more or less ideal conditions of a laboratory test suf
ficiently informing in itself when considering tlse. The correct interpreta
tion of the rate requires consideration of other rates derived from tests 
under somewhat altered conditions. 

A specific example will be llSefUI. It is desired to know whether cop
per or 18-8 stainless steel would ue hetter as a construction material for 
a tank to hold a quiet acid solution. It is found in a quiet beaker test, the 
specimens being totally submerged, that the rate for copper is 10 mg. per 
sq. elm. per day and that for 18-8 less than 1 mg. per sq. elm. per day. Both 
rates are low and consistent with long life. Since a copper tank of the type 
desired is cheaper, stich a tank is installed. Much to the dismay of those 
responsible, the tank suffers premature failure at the s01ution level, the 
rate of penetration being about 25 times more rapid than calculated frol11 
the results of the beaker test. Presumably the tank should have been made 
of 18-8, and therefore a new 18-8 tank is installed. At imbile dictu, this tank 
fails at the bottom by isoJatc(l pitting, in cvcn more rapid timc than the 
copper. 

The beaker test had indicatcd truly enong-h the behavior of the two metals 
in quiet, partially aerated submersion. The unexpectedly rapid corrosion of 
the copper was clue to the fact that the acid at the solution level was much 
mare highly aerated than that against the copper specimen, plus the fact 
that corrosion products built up on the metal at the soltltion level, and these 
led to accelerated conccntration cell attack. The pitting of the 18-8 on the 
other hand developed through local insufficiency of aeration and consequent 
failure of the protective film to be maintained. 
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It is evident therefore, that a single set of comparative corrosion rates 
is apt to lead to misinterpretation. Were rates comparing metals freely 
given in this book, the authors feel, confusion would result in far more 
cases than under the method of treatment actually followed, namely, cover
ing each metal or "family" of metals separately. 

The cross-section of corrosion rates, given in Table 3, serves a double 
purpose. First, the reader may find it useful as a generalized comparison 
of behavior among the metals. Second, he may find it very helpful in 
acquainting himself with the significance of the unit of corrosion rate used 
in the chapters following-mg. per sq. elm. per day. 

Several units are used in the literature in the expression of corrosion 
rates. In this book the unit "mg. per sq. dm. per day" has been chosen as 
being the most expressive. This unit, which comes readily and without 
much chance of error fr0111 service and laboratory measurements, gives an 
unusually convenient system for expression and memory. Decimal points 
are usually unnecessary. Zero mg. per sq. dm. per day is roughly the 
lower limit of measurement and represents "no practical corrosion." One 
to ten represents very slight attack From ten to one hundred the C01'1'O-

TADLE 4.-C01wersiolt of Corrosion Rates . 

. 001437 
(Mg. per sq. dm. per day X --= inch per year) 

density 

Metal Mg. per sq. Inch 
dm. per day per year 

Magnesium group .......•.......... 
Aluminum group .................. . 

z· me •.............................. 
Lead ......................•........ 
Cadmium ........•.................. 
Tin ............................... . 

Iron and steel ..................... . 
C~~t ir~l1 ......................... . 
SilIcon Iron ....................... . 

Stainless iron (14 Cr) ............ .. 
Stainless steel (18 Cr 8 Ni) ........ . 
60 Ni 15 Cr 25 Fe .................. . 
60 Ni 20 Mo 20 Fe ................. . 
80 Ni 14 Cr 6 Fe ................... . 

Nickel ............................ . 
Monel metal ....................... . 

Copper ............................ . 
Brass (65 eu 35 Zn) " ............ .. 
Bronze (3 Si 1 Mn) .............. .. 

100 
100 

100 
100 
100 
100 

100 
100 
100 

100 
100 
100 
100 
100 

100 
100 

100 
100 
100 

.081 

.053 

.020 

.013 

.016 

.020 

.018 

.020 

.020 

.019 

.018 

.018 

.016 

.017 

.016 

.016 

.016 

.017 

.017 

Crn. 
per year 

.206 

.135 

.050 

.032 

.041 

.050 

.047 

.051 

.052 

.048 

.()46 

.046 

.041 

.043 

.041 

.041 

.041 

.044 

.043 
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sion must be taken into consideration and rates near one hundred are 
liable to be serious. From 100 to 500 conditions are serious and rates 
above 500 usually represent corrosion failure. While it is obvious that 
such generalizations must be limited by the "form of corrosion"-Chapter 
II-the convenience of expression and calculation as indicated seem to 
justify the use of this unit and it goes without saying that a single unit 
is better than a mixture. 

Rates so expressed may be converted into "inch per year" and "cen
timeter per year" by the factors given ill Table 4. 

A T ADLE OF STRENGTH AND DUCTILITY OF METALS. 

Metal and Condition 

Magnesium ....................... . 
Magnesium alloy (4 Al 0.3 1\1n) 
Aluminum ........................ . 
Aluminum (1.5 Mn) .............. .. 
Duralumin ....................... . 

Zinc· ............................. . 
Lead ............................. . 
Le«d alloy (4 Sb) ................ .. 
Tin .............................. . 

Wrought iron ..................... . 
Mild steel ........................ . 
High carbon and alloy steels ....... . 

Cast iron ......................... . 
Alloy cast iron (14 Ni 6 Cll 3 Cr) ... . 
Silicon iron (14 Si) ............... .. 

Stainless iron (14 Cr) ............ .. 
Stainless steel (18 Cr 8 Ni) ........ . 
Nickel-iron alloy (36 Ni) .......... . 
Heat-resistant alloy 

(60 Ni 15 Cr 25 Fe) .......... . 

Nickel ..........................•. 
Monel metal .....................•. 

Copper ........................... . 
Brass (65 Cu 35 Zn) ............. .. 
Bronze (4 Sn) ................... . 
Bronze (3 Si 1 Mn) ................ . 
Bronze (5 Sn 5 Zn 5 Pb) ......... .. 
Nickel silver (17 Zn 18 Ni) ....... . 

1 Can be strengthened with cold·work. 
• Can be strengthened by heat·treatment. 

Wrought, Soft 1 
Wrought, Soft 1 
Wrought, Soit 1 
Wrought, Soft 1 
Wrought, Soft 1.2 

Wrought, Soft 
Wrought, Soft 
Wrought, Soft 
Wrought, Soft 

Wrought, Soit 1 
\Vrought, Soft I.:! 
Wrought, Soft 1,!! 

Cast 
Cast 
Cast 

Wrought, Soft 1 
Wrought, Soft 1 
Wrought, Soft 1 

Wrought, Soft 1 

\Vrought, Soft 1 
Wrought, Soft 1 

Wrought, Soft 1 
Wrought, Soft 1 
Wrought, Soft 1 
Wrought, Soft 1 
Cast 
Wrought, Soft 1 

Tensile 
Strength 
Ills. per 
sq. in. 

25,000 
35,000 
12,000 
16,000 
30,000 

2-l,000 
1,750 
4,000 

5-6.000 

45.000 
70,000 
90,000 

Ductility 

Low 
Fair 
Good 
Good 
Good 

Good 
Good 
Good 
Good 

Good 
Good 
Good 

30,000 Low 
30,000 Low 
10,000 Very low 

80,000 
85,000 
65.000 

90,000 

60,000 
65,000 

30.000 
45,000 
50,000 
50,000 
26,000 
50,000 

Good 
Good 
Good 

Good 

Good 
Good 

Good 
Good 
Good 
Good 
Fair 
Good 
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Chapter V 

Magnesium and Its Alloys 

The lightness of magnesium is a remarkable property. Its specific grav
ity is 1.74 as compared with 2.7 for aluminum and i.S for iron. Lightness 
is practically always a virtue, in the use of metals. Fortunately this prop
erty is made available, in magnesium, through the fact that magnesium 
alloys have a good degree of strength-entering the range covered by the 
aluminum group of metals-and a very serviceable corrosion resistance in 
atmospheric exposure. 

The present-day commercial application of magnesium alloys include, 
equipment and parts in the fields of aeronautics, automotive transportation, 
portable tools, general machinery, office eqt1ipment. In uscs of this nature 
the alloys are often painted, both for the purpose of improving atmospheric 
resistance and to give desirable artistic finishes. 

The alloys most widely used in this country are the group carrying 4 
to 10% aluminum ane! 0.2 to 0.4% manganese, ,,,ith or without 0.5 to 
3% zinc. The higher range of aluminum, or aluminum plus zinc, is gener
ally recommended for castings and the lower for wrought metal. These 
alloys are far stronger than pure magnesium. Binary alloys carrying 1.25 
to 2.0% manganese are used less widely, 'because of less strength, but have 
better resistance to sea water. 

It has been found* that the corrosion resistance of the alloys is influ
enced to a rather marked extent by the alloying elements. Manganese, as 
already stated, is added to improve resistance to sea water. The heavy met
als, such as copper and nickel, are defl!1itely damaging when present even 
to the extent of 0.1 %. 

In corrosion resistance the magnesium alloys up to the present time are 
definitely less versatile than the aluminum alloys. On the other hand they 
just as definitely have their virtue. Thus in atmospheric exposure mag
nesium develops an oxide film that is highly protective. In rural and indus
trial atmospheres magnesium is usefully resistant, although the resistance 
tends to break down where the atmospheres carry salt and particularly salt 

• J. A. Gann. private comment. 
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spray. In waters, generally speaking, the magnesium metals are not useful 
in their present stage of development. In acids, with .the exception of 
hydrofluoric acid solutions, and possibly one or two others, magnesium has 
no important degree of resistance. In hydrofluoric acid, curiously enough, 
the film that forms on the alloy is very highly protective. Hydrochloric 
acid on the other hand finds the resistance of magnesium very low. Again, 
in caustic solutions magnesium develops a highly protective film, its resis
tance being far greater than that of the aluminum metals. 

It is stated by Gann 4 that there is no loss in strength or ductility of 
magnesium alloys, fro111 exposure, that can be attributed to intercrystalline 
corrosion. 

THE PROTECTIVE OXIDE 

Metallic magnesium has a strong affinity for oxygen. In the degree of 
power of its tendency to combine with oxygen, it falls between silicon and 
aluminum. Like that on aluminum and unlike that on silicon the oxide is 
protective, and the progress of oxidation of freshly surfaced metal is rap
idly stopped. The behavior of magnesium in any medium consequently 
depends on what happens to the oxide-whether the oxide is penetrated, is 
dissolved, is damaged, or is prevented from forming. 

The behavior of the film in salt solutions has been studied by Boyer.2 
He found that pure magnesium immersed in sodium chloride evolved hydro
gen rapidly at first, visible evolution of hydrogen ceasing only after about 
26 hours. It may be considered that the slowing down of the evolution was 
due to the slowing down of the rate of supply of reactants through the film 
to the surface of the metal itself. Metal in this corroded condition was 
found capable of acting cathodically to metal previously unexposed, and 
anodically to platinum. When magnesium was coupled with platinum, 
hydrogen was immediately evolved with vigor at both electrodes. Boyer 
concluded that the overvoltage of magnesitlm together with ennobling from 
the corrosion product film was sufficient to put a stop to hydrogen evolution. 
Undoubtedly the nature of the solution at the unattacked metal changes as 
the oxide film develops; Boyer's experiments indicate that the nature of 
the film is such that it is seemingly more capable of supporting the anodic 
than the cathodic reaction. The effect of the oxide is to slow down dif
fusion rates and so aid in the change in nature of the solution. 

Two-METAL GALVANIC BEHAVIOR 

Magnesium is the least noble of the useful metals listed in the usual elec
trochemical series. As a consequence, in galvanic couple magnesium tends 
to suffer, whether the metal coupled with it be aluminum or anyone of the 
more noble metals. It is for this reason that magnesium metals may not 
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with safety be used coupled eYen with aluminum in the presence of mois
ture. The problem of galvanic attack often can be overcome through prop
erly insulating magnesium frol11 the more noble metal. Paints, such as rein
forced red lead and bitumastic materials are satisfactory insulations.* 

Coupling with a more noble metal, such as aluminum, leads to a change 
in the protective film on magnesium of snch a sort that the cathodic reac
tion is accelerated on the magnesium as well as taking place on the more 
cathodic metal, the combined attack becoming great. At least, this phenom
enon has been observed in exposure to salt water. In three-hour tests 6 in 
3% sodium chloride hydrogen gas evolved as ShOWll in Tahle 5 from the 
coupled metals. 

TABLE 5.-MagllesiulIl COllf>/es ill Sodilllll Cfdoride. 

Other metal 

Platinum .................. , 
Aluminum ................. . 
Iron ...................... . 
Nickel .... , .... '" ........ . 
Copper ..•.................. 
Lead ...................... . 
Manganese ................ . 
Zinc ..................... . 

MagnesiulII alone .......... . 

Cu. CIll. Hydrogen Evolved 

At otlll'r 
metal 

142 
126 
58 
4S 
28 
22 
13 
(j 

:\ t Mag'llcsium 

110 
80 
70 
55 
43 
34 
22 
15 
13 

The total hydrogen evolved from the alul11inum:magnesiutn couple was 
sixteen times that from uncoupled magnesium. The ciamaging effect oi 
zinc seems to be slight, a fact that may reasonably lead to the successful 
coupling, commercially, of galvanized iron and magnesit1l11 in atmospheric 

exposure. 
Coupling with mercury leads to 110 anodic attack of magnesium,'.!.,6. 

insofar as appreciable hydrogen evolution is an indication. The reason for 
this lies ill the fact that the high overvoltage of mercury prevents the flow 

of current. 

PITTING 

The magnesium alloys normally pit in salt solutions. Boyer Z has 
observed that the pitting is not related to a heterogeneous structure. He 
has noticed that in the progress of pitting hydrogen is evolved from the pit 
itself, and has suggested that the magnesium chloride formed in a deepening 
pit sets up an add condition that is favorable to continued penetration • 

.. J. A. Gann, private COlUment. 
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ATl\IOSPHERE 

The behavior of the magnesium alloys in atmospheric exposure is, 
naturally enough, the most important feature of their corrosion resistance. 
There is not available as yet a body of quantitative data to outline fully 
what may be expected of them. Bengough and 'Whitby 1 have made tests 
of three-years duration, in which various magnesium alloys were exposed 
outdoors, unprotected from the rain, at Teddington, in the environs of Lon
don. They found the particularly interesting fact that corrosion, though 
very slight, remained progressive over the three-year period. 

A slow increase in weight was noticed, even in dry periods. The increase 
was followed, in rainy periods, by a decrease. The actual weight-loss cor
rosion rates over the period ran less than 1 mg. per sq. dm. pel' day, which 
is on the order of rates for metals like zinc under similar circumstances. 
This rate conesponds to .0008 inch per year. The magnesium alloys in 
the present tests were finely pitted. 

According also to Bengough and Whitby,! dry air at laboratory tem
perature had little or no action on mag-nesium, the rate of attack increasing 
with humidity to the point where, at 90% of saturation, the attack was rapid. 
The corrosion product layer that first formed, under the more humid con
ditions, was granular and not at once protective. They found the corrosion 
product, after 400 days in indoor exposure, carried carbonate and sulfate 
as well as hydroxide. 

Magnesium alloys normally turn a dark gray in atmospheric exposure. 
In the use of the magnesium alloys it is well 110t to allow rain or atmos

pheric moisture to he trapped at any point, since this leads to greatly exag
gerated corrosion. 

The acid formed in 1110ist industrial atmospheres appears to be damag
ing to magnesium, as mentioned by HOl'l1.5 Certainly the salt moisture of 
sea air is damaging. Sutton and LeBrocq 7 tested magnesium alloy speci
mens, previously treated in a bath of hot potassium dichromate, potash 
alum, and caustic soda, followed by a lanoline coat, and these remained 
in good condition over a fifteen-month pcl'iOfl 011 the instrument .board of a 
seaplane. Other specimens, fastened all thc lail section, were hu(l1y pittcll 
in less than two 1llonths, particularly where in contact with fabric. 

PROTECTION 

Methods of protecting magnesium alloys have been rather widely inves
tigated. The 1110St stlccessful method seems to be a chemical treatment 
followed by coatings of paints. Metallic coatings do not seem to have virtue. 
From the standpoint of two-metal galvanic relations, zinc"':""and possibly 
cadmium-alone might have virtue, if they could be satisfactorily deposited 



MAGNESIUM AND ITS ALLOl'S 109 

though even this is somewhat doubtful. There are tedmical ohstacles, seem
ingly impossible to avoid, ill coating magnesium (·lectrolytically. N or has 
anodic oxi,latioll been fOllnd to he of any lise \viih magnesil1ll1 alloys. 

Chemical treatment is for the purpose of preparing the surface tu take 
the subsequent lay~r of paint or other protective coat. The treatment used 
largely in this country and abroad is known as the "chrome pickle," and 
consists of a 1- to 2-minute dip in a solution of sodium bichromate (1 ~ Ibs.) J 

concentrated nitric (l i pts., of spec. gray. 1.42) and water (to make 1 gaL). * 
Another method advocated in England, is immersion in a hot aqueous 

solution of potassium dichromate, potash alum and caustic soda.5 • 7 

The application of paints, following chemical treatment, is Cttstomary 
practice. Bengough and Whitby 1 state that chemical treatment followed 
by paint or lanoline has given twenty-fold or more increase in resistance, 
(presumably in accelerated tests). Actually all types of paints, varnishes, 
lacquers, and enamels are serviceable, although the performance varies tre
mendously within each group. The selection of a protective coating should 
follow careful preliminary tests. 

SALT \VATER 

The protection of magnesium alloys hy these means provides for 
improved resistance against the atmosphere, even when of the more cor
rosive types. In fact the service performance of the alloys when properly 
painted is strictly commercial. Against salt spray or in submerged salt 
water the protection is considerable yet not sufficient to warrant continuous 
exposure. Coatings or paints are always penetrable, and salt moisture is 
rapidly damaging to magnesium. Sutton and LeBrocq 7 have reported a 
corrosion rate, in 5-weeks exposure to sea watcr spray, of 20 mg. per sq. 
dm. per day (.016 in. per year) or greater for an uncoated alloy carrying 
1.85% manganese, and 3 times this rate for pure magnesiul11. This of 
course is a very damaging attack. Boyer 2 has given rates ranging fro111 
300 to 18,000 mg. per sq. dm. per day for various magnesium alloys in inter
mittent exposure for 48 hours in a. 2% sodium chloride solution. Boyer's 
results have shown that, uncler this exposure condition, increasing the alu
minum content of the alloys frol11 2 to 8% has led to much greater attack. 
And he brought out particularly the beneficia.l effect of manganese. He 
tested specimens of a 4% aluminum magnesium alloy both with and with
out 0.3% manganese and obtained the results in Table 6. 

TABLE 6.-Magnesillnt-AI!lminlim Alloys ~'S. Salt Water. 
Mg. per sq. dm. per day 

Without manganese ................. 6,100 - 12,000 
With manganese ................... 340 - 560 

• J. A. roann. private comment. 
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The same base alloy with varying contents of manganese exposed 5 days 
in 2% sodium chloride gave the results in Table 7. 

TABLE 7.-1vfaglll'silllH-AI1llIlillltm Alloys vs. Salt Water. 

Percent Manganese 

.10 
.15 
.19 
.23 
.28 
.32 
.38 
.40 

Mg. per sq. dm. per day 

8,600 
8,500 
5,100 
4,000 
1,400 

990 
760 
850 

Gann 4 has stated that 0.3 to 0.570 manganese is the equilibrium con
centration in alloys carrying 4 to 8% aluminum. According to Boyer,2 the 
effect manganese has is to raise the hydrogen over voltage of the alloy. 
This of course suppresses corrosion of the hydrogen evolution type. 

FRESH WATER 

Fresh waters are far less corrosive than sea water to the alloys, although 
there hardly is enough data to indicate just what behavior to expect. A 
four-months test on commercial alloys of the magnesium-aluminum-man
ganese type in distilled water has given a rate of about 1 mg. per sq. elm. 
per day, and a test in tap water carrying 100 parts per million sodium 
chloride gave a rate of about 3 mg. per sq. elm. per day.* 

ACIDS 

Acids, as already stated, normally attack magnesium. Action may be 
so strong as to be described as violent, in hydrochloric and nitric. Yet the 
resistance is so good against hydrofluoric acid that magnesium is usec). com
mercially for containers handling this. It seems that the attack is appre
ciable in the more dilute concentrations-less than 17o-yet practically 
negligible in solutions with more than 5%.* Solutions of 10% to perhaps 
40% have been found to lead to corrosion of immersed magnesium alloys 
immediately above the level of the solution. No corrosion rates for hydro
fluoric acid are available, unfortunately. 

Magnesium is resistant to acid phosphates, chromates, bichromates, and 
dilute solutions of chromic acid, according to Gann.4 

• J. A. Gnllo, private comment. 
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Chapter VI 

Aluminum and Its Alloys* 

Resistance to corrosion, light weight, and good electrical and thermal 
conductivity are the characteristics accounting for the greater part of the 
uses of aluminum. The relatively low strength, and softness of the pure 
metal, undesirable qualities for many engineering purposes, are desirable 
where ease of forming is wanted. The large scale development of aluminum 
alloys has supplied the requirements of strength with light weight. 

Commercially pure aluminum** carries less than 1 % impurity; this 
grade is used in applications where good corrosion resistance is required 
and high strength is not necessary. A manganese content of 1-1% improves 
the strength with no loss in general in corrosion resistance; to this, silicon 
is sometimes added for further strengthening. Of the light alloys charac
terized by high strength, duralumin is the most important, carrying 4% 
copper with 0.5% manganese and 0.5;1'0 magnesium. A second type of 
alloy whose strength is developed by heat treatment carries 4.470 copper, 
0.8% silicon and 0.75;1'0 manganese. Still a third carries no copper, 1.0% 
silicon and 0.6% magnesium. Other strong aluminu111 alloys, wrought and 
cast, carry various c0111binations of copper, silicon, zinc, and magnesium. 
Duralumin carrying, for corrosion purposes, surface layers of pure alu
minum is a common product in this country; it is known as Alclad. 

From the standpoint of resistance, aside from commercially pure alu
minum, the manganese alloy for wrought and the 5% or the 13% silicon 
alloy for castings seem to be the best. 

Inherently one of the less noble metals, aluminum plays the role of a 
highly corrosion resistant metal by reason of the presence on its surface 
of a protective, tightly adherent, invisible and almost impervious coating of 
aluminum oxide. Aluminum oxide occupies a greater volume than alu
minu111,32 which would seem to be an important factor in its protective 
value. The oxygen or oxidizing substances in most solutions, and in the 
atmosphere, is sufficient to develop this protective film. Corrosion pro
gresses by diffusion of oxygen or aqueous solutions through this film or 
by the dissolving away of the film. In strong alkaline and in strong acid 
solutions the oxide is soluble and the attack of aluminum pronounced. Some 

* An excellent book on the subject is that of Edwards, Frary und Jeffries.'" 
•• Alnolinum of 99.99% purity has been produced." 
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acids, notably concentrated nitric and all concentrations of acetic: are very 
successfully handled with aluminum, since against these the oxide is stahle 
and highly protective. In the neutral range of solution-waters, atmos
pheres, salts, etc.-resistance is generally good. 

The oxide filll1 on aluminum has heen studied by a number of workers.ll. 

84, 72, 80, 00, on, 100. 104 The thickness of film developing in air on freshly 
surfaced altunintlll1 was fonnd to be on the order of .000001 C111. lOO 

The potentials developed by aluminum in aqueous solutions, and varia
tions in potentials with time, pre-treatment of the metal, and exposure con
ditions have been studied hy various workers.G, 17. 18, no, ail, M Callelldar 17, 1R 

measured the boundary resistance of specimens that bad been resurfaced 
and exposed to air for various periods, the houndary resistance characteris
tic of different surfacing treatment ane! oxidizing treatment at elevate(l 
temperatures, and the change in boundary resistance with time. These 
resistances he attributed to oxide films and possibly gas films. Potential 
differences were obtained between freshly surfaced aluminum and aluminum 
previously exposed to the air. Kahlenherg and French 54 found an altera
tion in potential depending 011 whether oxygen, hydrogen, or nitrogen was 
passed into the solution, amI believed the characteristic drop in potential 
of aluminum on immersion in solution carrying oxygen to be clue to absorhed 
gas rather than to development of oxide. 

TEST METHOD CONSIDERATIONS 

The corrosion testing of aluminum has become rather complicated due 
to the variolls modes of attack it may suffer. \Veight loss rates arc satis
factory as an indication only so long as the corrosion is reasonably even 
in distribution, so long as there is no intercrystalline action. and so long 
as the oxide film as a factor in the weight change is not overlooked. Alu
minul11 and its alloys often become pitted, and in this circumstance weight 
loss rates tell but a part of the story. Another fact limiting the import of 
the weight loss rate for aluminum is that in many cases the rate slows down 
with time. This decreasing rate is characteristic of aluminul11 in all types 
of exposure where the metal is llseful and often in exposure where the 
action may he too great for it to be useful. A munher of cases will be given 
later on. 

Another method of expressing attack is in terms of rate of hydrogen 
evolution. This method is an expression of average attack and is used to 
compare hehavior of different specimens.-the effect of impurities, alloYH 
ing, heat-treatment,-rather than to give straightforward information Oll 

life-to-failure. 
Duralumin that has been given improper heat treatment is subject to 

intercrystalline deterioration. Tensile tests before and after exposure have 
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been found the best means of measuring the damage from this source. In 
Table 8 is given a comparison of different criteria of attack of a single 
duralumin composition that has been aged at different temperatures.08 

The specimens were exposed three months in sea water and air just above 
half-tide level. The alloy carried 4.4% copper, 0.6% manganese, 0.5% 
magnesium, 0.8% silicon, and was quenched from a temperature of 932 0 F. 
and subsequently aged for 20 hours at room temperature, 212 0 F. and 
284 0 F. respectively. The specimens were .078 inch in thickness. 

TARLE 8.-DuraI2lmin VS. Sea Wat~1" alld Air. 

Weight change, g. per sq. Ill ........•. 

Drop in tensile strength, % ......... . 
Drop in elongation, % ............. . 
Plttmp; •....•..•..•................ 
IntercrystaIline attack ............. . 

Aged at 
Room 
Temll. 
-6.5 

6 
47 
Yes 
No 

Aged at 
212 0 F. 

-6.5 
6 

39 
Yes 
Yes 

Aged at 
284 0 F. 

+16 
57 
95 
Yes 
Yes 

An even more sensitive test of damage than change in tensile properties 
is change in fatigue limit. Moore 70 has stated that fatigne strength drops 
10 to 20 times as rapidly as tensile strength. Fatigue testing, however, is 
extremely inconvenient as a method of studying corrosion. 

Different corrosive solutions and exposure conditions are used in testing 
the light metals-salt spray, simple immersion, intermittent immersion, arti
ficial sea water, mixtures of salt and peroxide. Peroxide-salt solutions 
are strongly corrosive and can scarcely be expected to furnish same 
sequences of behavior among the alloys and the various heat-treatments as 
tests under conditions that are less corrosive, sl)ch as sea water and the 
atmosphere. Salt spray tests are particularly useful in searching for inter
crystalline attack. Rawdon 78, 79 has reported an encouragingly close paral
lelism between the results of laboratory salt water wet-and-dry tests and 
those of atmospheric exposure. He also has found 76 the spray test and 
continuous immersion test less drastic than the repeated immersion test. 

INFLUENCE OF ALLOYING ELEMENTS 

It is often considered that the purer grades of metal are the more 
resistant. a belief based On the theory that corrosion intensity is dependent 
largely on the number of galvanic couples. There is a great deal of data 
to show that this factor very often is unimportant. The reason for this 
may be understood when the light metals are visualized as carrying the 
protective oxide film, and the progress of corrosion as being determined by 
the behavior of the oxide, rather than the metal itself, in the corrosive agent. 
Under exposure conditions where the rate of attack is slow-as in ordinary 
atmosphere-the oxide is highly protective of course. Attack over as long 
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a period as 23 years in city air has been found 103 to be extremely slight, 
whether of pure aluminum or alloys with various more noble elements, One 
case where alloying becomes deleterious in as slow a corrodent as atmos
phere is that of improperly treated duralumin. \Vith this there seems to 
be sufficient penetration of active agent through the oxide to cause an inter
granular penetration. But it is important to note that the aUoy must be 
made susceptible to attack in the first place, by defective pre-treatment. 
The oxide on properly treated clumlul11in may be equally pcnetrahle, hnt 
the damage does not take place, since the alloy is not receptive. Further
more, it is not to be presumed that disintegration of duralumin necessarily 
is related to galvanic couples within the metal. It is sufficient to consider 
that the intergranular substance-of whatever its nature-alone is involved. 

On the other hand, solutions that are rapi(lly damaging to the oxide film, 
either by dissolving it as in the case of caustic solutions or hydrochloric acid, 
or by penetrating it as in the case of chloride salt solutions, hring about 
a different situation. The solution comes more or less freely in contact 
with the metal itself rather than the oxide and if the metal is heterogeneons 
in structure corrosion intensity and distribution will he in part related to 
the minute galvanic couples. Here again, how eyer, it is well to recognize 
that the purest aluminum conceivably would corrode rapidly-in general as 
rapidly as an impure aluminum-in any substance that dissolved or dam
aged or prevente(l formation of the oxide film. 

The problem of the effect of alloying elements in aluminum has another 
feature that is important-\vith some alloying elements the protective film 
under a corrosion condition may hccol11e more fully developed than with 
others. The ordinary atmosphere does not seem to be stich a corrosion con
dition, yet chloride salt solutions do. It might 11(' considered that some 
alloying elements "dilute" the film-forming capacity of aluminum. This 
seems to be characteristic of copper, whereas silicon and manganese do not 
seem to have a damaging effect. Furthermore copper is far more damaging 
when it exists other than as a solid solution in the aluminum. It is conceiv
able enough that a protective oxide is developed with greater difficulty on 
eu Ab than on the aluminum solid solution. 

How then, practically, may the aluminum metals he expected to differ 
among themselves in corrosion resistance? Briefly, in the least corrosive 
mediums-such as rural and average urban atmosphere-the clifferences 
are slight, if recognizable at all, aside from changes in superficial appear
ance. In the more corrosive conditions of practical use-sea water, for 
instance-differences in behavior vary widely, the multi phase alloys, par
ticularly when carrying copper or zinc, being poorer and the silicon or man· 
ganese alloys and pure aluminum being better. For handling acids ordinary 
aluminum and the manganese alloys alone are really suitable. 
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A great many investigations have been made on the effect of alloying 
elements and impurities on the corrosion of alul11inul11.2• 7, HI, 20, 2". 28, 31,4:1, 

44,50, 67,7:1,78,81,02,113 It would seem hardly worthwhile or llseful to attempt 
a correlation of the data for this chapter, since it seems to the present authors 
that most of the data is rather remote from the question Ot where and where 
not the light metals can be llsed and what is the behavior to be expected. 
An exception is the data on intercrystaI1ine corrosion of duralumin, to 
which attention will now he directed. 

INTERCRYSTALLINE CORROSION 

The danger of intercrystalline attack of duralumin,tB' 14, 25, 50, 56; 68, 74-80, 

94. 103 thanks to the work of Rawdon 74-80 and others in recognizing the 
causes and to Dix 25 and others in developiilg preventive methods, is, at 
the present time, largely overcome. Rawdon 74 has said "it is now no longer 
a question whether or not the intercrystalline attack can be prevented, but 
merely which one of several effective methods should be chosen in a par
ticular case." He also has stated "a great deal of the duralumin sheet 
examined after long service under rather corrosive conditions has 110t been 
found to be harmed, that is, in an intercrystalline manner, by time, exposure 
or use." 

Dix 20 in two-year and five-year atmospheric tests, and in tests lasting 
two and one-half years in sea salt solution reported some damage from pit
ting. Presumably no intercrystalline attack took place. The damage was 
of a self-stopping nature, that occurring in 2 years or 2t years being no 
greater, materially, tl1an that in 1 year, and that in 5 years no greater than 
that in 2 years. Others have noted the same thing,81, 98 

An indication of the good behavior of properly treated duralumin in a 
more corrosive environment than the atmosphere is given by salt spray 
test results.14 The tests ran up to seven months. Both ordinary duralu
min and a modification with higher silicon and free of magnesium were 
quenched from 932 0 F.; the duralumin was aged at room temperature, the 
modification aged at a higher temperature. The treatment in each case was 
good normal procedure. Specimens were tested in three conditions: 
(1) after being plastically stressed, (2) stressed elastically during. test, 
(3) a combination of the two. No intercrystalline failure of the duralumin 
was found on microscopic examination to have occurred. The modification 
failed under elastic stress, even when of slight amount (5500 lbs. per sq. in.). 
Plastic stress of the modified alloy did not in the absence of elastic stress 
cause failure, yet it hastened failure of specimens elastically stressed at the 
same time. Rawdon 78 also found that the cold working of properly treated 
duralumin had no appreciable influence towards making the alloy suscep-
tible to intercrystalline embrittlement. . 



ALUMINUM ..IND ITS ALLOYS II7 

Specimens of a duralul11in alloy carrying 0.850 silicon were exposed 
three months at half-tide level on the North Sea.os The metal was prepared 
by quenching from 9300 F. in cold water. Specimens aged at room tem
perature, though pitted, suffered no intercrystalline attack. Specimens 
aged at elevated temperature suffered intercrystallinc attack. 

These results of exposure in the atmosphere and in salt solutions illus
trate the normal good behavior to be expected at properly treated duralumin. 

The mechanism of intercrystalline embrittlement of dtlralul11in is not 
as yet clear, the agency that makes an alloy susceptible heing, it is believed, 
sub-microscopic. The copper in duralumin passes into solid solution at over 
9300 F. Quenching from this temperature range followed by room tem
perature ageing supplies in ordinary dmalumin both desirahle mechanical 
properties and resistance to intercrystalline cmhrittlcment on subsequent 
exposure. Delayed cooling to room temperature or subsequent ageing at an 
elevated temperature destroys the resistance to embrittlement. It seems 
to he generally assumed that the active substance is Cll A12 and that pre
cipitation of this substance must be suppressed within some limit for the 
alloy to be resistant. The role that other elements-silicon, manganese, iron, 
magnesium-may play in the problem is still largely undetermined. 

Thc cast alloys do not usually secm to he susceptible to intercrystalJine 
emhrittlemcnt, although cases have heen ohserved (14; alloys with 4% cop
per and 2% silicon, and those with 4 to 5% copper and 17~ silicon are stated 
to be inferior fro111 the intercrystalHne standpoint. Pure alutnintltll and 
manganese alul11inum,25 and the copper-free alloy with 19'0 silicon and 0.60/0 
magnesiulll are immune. 

LOCALIZED ACTION 

Pitting is a common occurrence with aluminum 43 and particularly with 
its alloys. Although the cause may be attributed to several factors-impuri
ties, minute cavities, differential oxygen cells, adherent dust and dirt par
ticles, air bubbles, emery particles-these all act through local breakdown 
of the oxide skin or local failure of the skin to develop in full protective 
degree. Callendar 18 has demonstrated that a potential difference may exist 
between aluminum surfaces on which the oxide skin is developed in dif
ferent thickness, and that the film forms slowly in air and alters slowly 
on immersion. These features lead to the reasoning that local obstruction 
to film development in air 01' On immersion may lead to the setting up of 
such potential differences and cOl1seqtlent flow of current. An even dis
tribution of the film, Callendar suggests, may be prevented by settling of 
dust, grease, moisture, and by irregularities in the surface itself, the anodic 
areas being those of relative inaccessibility. Evans 113 has shown that alu
minum, like other metals, is sensitive to differential aeration cel1 action; 
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cavities and foreign particles and even air bubbles 33,37,80 are sufficient at 
times to lead to such cells. Points at which corrosion is taking place may 
remain of microscopic size,3s and their location may be determined by blem
ish marks, cut edges, groove lines on abraded surfaces.s7 Aeration con
ditions favor more rapid attack at the water-line zone. 

Pitting is most frequently associated with chloride salt exposure condi
tions, such as sea water and marine atmospheres; yet pitting of aluminum 
has been observed in tap water after a day or two exposure.89 In atmos
pheric exposure, pits were in evidence on 99.9% aluminum after six months 
(marine and inland) and on properly heat-treated dl1ralumin after 1 ~ 
months (marine) .78 Little information exists on the change in pitting rate 
with time; in aerated tap water the rate in one test series slowed down with 
time over periods of 60 to 100 days, the pitting intensity being more marked 
with duralumin than with the n'?'o manganese alloy.62, M Good evidence 
exists of the slowing down of pitting rates in atmospheric exposure.2G,78 
The strong alloys are stated to he more sensitive to pitting than the purer 
grades.25, 31, 78 

Pitting seems to he associated often with cavities and fissures in altt
minmu. Gueltler 4i1 and Rohrig 83 have called attention to the possibility 
of cavities being formed on aluminum surfaces by the fractming of the sili
con, iron-aluminum, and non~1l1etallic constituents. Guertler has observed 
a dependence of corrosion on large silicon crystals and has suggested heat
treatment of commercial aluminum to put the silicon into the form of small 
grains (annealing over 7500 F. with rapid cooling). It may be that cavities 
of this source become seats of the pitting attack so often observed in water
line areas. 10, 2~, 43 Seligman and Williams 89 were able to produce pitting 
in hard industrial waters at small artificial impressions closed over by 
hammering. 

EFFECT OF STRESS 

A sensitive criterion of corrosion damage is the drop in fatigue limit, 
since both corrosion and fatigue are essentially surface effects. With fatigue 
strength as a gage, damage to metal in both the unstressed and the stressed 
conditions has been determined.50- Gu , 70, 80 Important results are given here: 

1. Significant damage to commercial aluminum, lira manganese 
aluminum, duralu111in, and other light alloys tested, results from 
an exposure in an unstressed condition to water of either low 
chloride content (tap water) or high (sea water), in a relatively 
short time. The drop in fatigue limit from tap water exposure 
for commercial aluminum is shown in Table 9 and for duralumin 
and manganese-aluminum in Figure 9. 
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FIGURE 9. Duraluluin and 
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The rate of damage under these test conditions decreased stead
ily with time, becoming negligible after 100 days, more or less. 

2. Exposure, simultaneously, to fatigue stresses and corrosion 
results in a lowering of the fatigue (stress-cycle) curve. Curves 
are given in Figure 10. 

3. Stress accelerates the rate of corrosion damage, the effect being 
more pronot111ced with higher stress and with higher cycle fre
quencies. Furthermore, the rate of accelerated damage due to 
stress increases with time. Combinations of stress (in corro
sion exposure), time, and cycle frequency to produce 15% dam
age beyond that resulting from stressless corrosion are indicated 
in Figure 11; these data apply to duralumin under tapwater 
conditions. 
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4. Static stress has been found to increase damage slightly to prop
erly treated durahnnin in 13 days in a "wet-and-dry" salt water 
test, as judged by change in tensile properties. In this case the 
stress applied in exposure was 25,000 lbs. per sq. in. There was 
no similar effect with Alclad.80 Damage to Alclad was plainly 
evident when the specimens were stressed in an alternating bend 
test rather than in the static test. 

Two-METAL GALVANIC BEHAVIOR 

Aluminum, as we have seen, is one of the least noble metals, yet in spite 
of this characteristic, it has under many conditions an excellent degree of 
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corrosion resistance due to the protecti vc oxide. N ow the question arises 
as to what the effect on this protection may he of coupling with more noble 
metals. 

Accelerated attack of a metal through coupling with a more noble metal 
arises mainly through the fact that there is an increased area of metal on 
which the cathodic reaction may take pla.ce. The increase ill anodic attack 
corresponds roughly with this increase in cathode surface. Actually, in 
the case of aluminulll, another factor enters in by \\'hich a solution may 
have practically 110 progressive action on the uncoupled metal, yet when 
coupled with a more noble metal the corrosion is increased out of all pro
portion to the increase in cathode surface. It would seem that the coupling 
breaks down the protectiveness of the oxide, so that both the aluminum 
and the noble metal function as cathodes, the corrusion taking place 
entirely on the aluminum. It has been shown that with magnesium: noble 
metal couples exactly this happens.57 Under salt water conditions that 
evolved 13 cc. hydrogen from uncoupled magnesiulll, from a magnesium: 
platinum couple 110 cc. gas were evolved at the magnesium and 142 cc. at 
the platinum. 

This same principle seems to apply to aluminum : noble metal couples 
and it is for this reason, among others, that particular consi(1cration mast 
be given to the possibility of galvanic attack of aluminum. 

Broadly speaking, aluminum coupled with a more noble metal-copper, 
copper alloys, nickel, lead-is ordinarily safe and satisfactory in the less 
corrosive atmospheres and, for the most part, in non-electrolytes like dis
tilled water and possibly tapwater. In marine atmospheres corrosion of 
the aluminum at the contact becomes noticeable. In any strong electrolyte, 
such as acids or salt solutions, corrosion is likely to be too pronounced to 
make the couples useful. In sea water or brines, for instance, attack is rapid. 

Couples exposed for a year to various atmospheres 40 have given inter
esting qualitative results. In the most corrosive atmosphere, humid sea
coast air, aluminum suffered accelerated attack in contact with copper, 
nickel and tin; with zinc the alumintul1 was perhaps faintly protected, and 
with iron attack on both the aluminum and the iron was accelerated. In 
other marine and in industrial atmospheres the galvanic action was less 
or non-existent, and in rural atmospheres it was !lon-existent. These results 
may be taken only as tendencies, in the absence of good quantitative data. 

The determinations in Table 10 were made on duralumin :Monel metal 
couples, the cluralumin persisting anodic both in the tap 'water and in the 
salt solution.l'2 

The corrosion rates in Table 11 were obtained on duralumin sheet hav
ing 1.19 sq. elm. exposed area and carrying in the center a t in. Monel metal 
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TABLE 1O.-DuralumiH:Monel Metal COllples vs. Water. 

HI's. Min. Operation Open Cifcuit Short Circuit 
Volts Amperes 

Aerated Tap Water 

0 00 Immerse electrodes .38 
0 45 .36 

0 46 Close circuit .0003 
a 50 .0002 
I 45 .0002 

19 35 .0002 

19 36 Open circuit .39 
26 05 .56 

26 06 Close circuit .0007 
26 07 .0003 
26 lS .0002 

Aerated 30/0 ",odium Chloridc 

0 00 Immerse electrodes 
0 02 .5297 
1 00 .5293 

I 01 Close circuit .0250 
I 03 .0150 
2 20 .0128 
5 40 .0108 
6 00 .0096 

22 20 .0043 
26 20 .0042 

26 25 Open circuit .4500 
28 50 .5427 
29 50 .4880 

29 51 Close circuit .0043 
46 20 * .0028 

• Anode had developed a thick gelatinous white product with heavy pits beneath. 

bolt with a 1 in. square head and a hexagon nut. The solutions were aerated 
and agitated: 

TABLE ll.-Dttralumin: Monel AI etal C o!tple vs. WaleI'. 

Tap water- 21 hr5 .. 
Sodium chloride-21 hr5. 

65 hrs. 
69 hr5 . 

• Marked pitting occurred on these specimens. 

Mg. per sq, drn. per day 
Uncoupled Coupled 

+ * + * 
+ 18 * 
+ * 24 * 
16.9 25.7 
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These tests would lead to the conclusioll that in sea water the coupling 
of duralumin with cathodic metals would lead to serious damage, even with 
small cathode area. In tap water (and similar low conductivity solutions) 
galvanic acceleration is much less marked anrl perhaps inconsequential. In 
one case copper rivets in aluminum in one month tap water exposure resulted 
in strong attack of the aluminum ahout the rivet head.s:! Gal\'unic cotlpling 
with brass10 caused strong anodic action on aluminum in sea water. Tests 
with brass and phosphor bronze screws in two casting alloys, in exposure 
in sea water and in sea air, gan: ullsatisfactory hdJa\'inr.·~ 

The cathodic and damagi1lg effect (If either nickd (11' ciIrUllliullJ plating 
on aluminum is generally recognized.~· 15. an, Oil 

The behavior of iron :alnminum couples seems to be various. Aln
minum coupled with iron sometimes has no tendency tnwards accelerated 
attack.30 In fact steel may sometimes be anodic to aluminum.lO,:to Steel 
specimens sprayed with aluminum have rusted, in carbonate water, at cracks 
in the coating, yet in sodiulJ1 chloride solution the alt1minmll protected the 
stee1.3G Sterner-Rainer 02 fotuvl steel aece1erated action on aluminulll 
alloys in sea water; Seligman and \Villiams 80 found the steel to suffer 
in tapwater, with the alul11illtull remaining unpitted ill over a month's 
exposure. Banerl11eister 8 found that iron screws in alumi.num alloy cast
ings were worse even than brass screws in causing corrosion of the castings, 
in sea water and sea air. 

The polarity of steel :alul11inull1 couples, therefore, is not constant, but 
depends on the exposure condition and possihly on the nature of the alu
minum alloy and its heat treatment. 

In Tahle 12 20 are given weight losses of aluminum and of annealed 
c1uralutnin (unfavorable condition), as obtained in 26-drty tests in sea water. 
The iron certainlv was cathodic in these. Further tc,ts were macle with 
various a!uminun{ alloY5.20 See Table 13. 

TABLE 12.-Ga/1'(IHic Cmlples ~·s. Sea IVatcr. 
\Vcight Chatlge of Alunlimlffi or Durattlmttl-Units 

Couple 
Copper .............. ·.·•· .• ·; . 
Nickel ....................•... 
IrOll •••••••••••••••••••••.•••• 
Cadmium .................... , 
Zinc ., ......... - .............• 

Aluminum Dnralumin 
- 390 -362 

36 - 46 
76 -150 
16 + 10 

+ 10 + 37 

Zinc as these data indicate, is anodic to aluminum and duralumin.
1

•
2

, 

30, 95 E::-::perience has shown that couples of light metals with zinc or gal
vanized steel may be used without particular tendency for either to corrode.

lI
<i 

Cadmium waS found anodic to duralmuin yet cathodic to aluminum in 
the tests quoted above, in which the couples were exposed 26 days in sea 
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TABLE l3.-Galvanic Couples vs. Sea Water. 

Alloying Element 
Silicon 1% 

Manganese 

Magnesium 

2% 
5% 

0.50/0 
2% 
10/1 
2% 

Weight Change of Aluminum Alloy-Units 
Copper Iron Nickel Zinc 
-112 - 48 + 25 
- 115 - 50 - 45 + 19 
- 77 - 22 - 39 + 20 
- 167 - 12 - 33 + 14 
- 184 - 5 - 10 + 17 
- 133 - 50 - 38 + 12 
- 72 - 70 - 31 + 26 

water.20 In other tests as well 2, 3 cadmium has been found to be protective, 
more prollot1ncedly so with duralumin than with aluminum, and yet cathodic 
to aluminum 00 over a long period of exposure (1 to 2 years) in sea water 
wet-and-dry and spray tests. Cadmium-plated steel is very commonly, and 
satisfactorily, used in contact with aluminum and duralumin in airplane 
construction. 

Magnesium is strongly anodic to aluminum. In fact, according to the 
quantity of hydrogen evolved from couples in exposure to 3% sodium 
chloride, aluminum is as fully a destructive cathode as copper.57 

Polarity relationships among the various light metals have been worked 
out by Edwards and Taylor.so They have cited a case of severe corrosion 
of a 5 % silicon casting alloy through contact in sea water with a copper 
content aluminum alloy. In their tests aluminum sheet, of 99.2 to 99.9570 
purity, was anodic in sodium chloride solutions to duralumin and in most 
cases to other strong alloys of the heat-treatable type. The potentials 
between aluminum and dural11l11in ranged from .041 to .221 volts. 

Aluminum is normally slightly anodic to dnralumin in dilute electrolytes, 
a fact of great practical importance. This relationship has led to the product 
known as Alc1ad,:.m,7S which, as already stated, is a bimetal consisting of 
duralumin with a thin layer of pure aluminum on both sides. With such a 
product the corrosion, such as it may be, is concentrated on the pure alu
minum. Alclad sheet carrying duralul11in rivets, and with unprotected cut 
edges, may be exposed in salt solutions without the danger of damage to 
the rivets or the duraltunin left uncovered at the edges. The bimetal has 
the Rtrength of the ouralumill and yet the hetter corrosion resistance nf 
pure aluminum. 

The same principle has been developed in Europe in the product known 
as Allautal,50 or Duralplat,60 both of which are duralumin with outer layers 
of a strong aluminum alloy that does not carry copper and that, therefore, 
has better resistance than the duralumin. In this product also the outer 
layers are anodic and protective to the duralumin. Meissner GO exposed 
specimens of Duralplat for two years in the North Sea. In the case only 
of thin specimens, .019 inch in thickness, was there attack of the interior-
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ordinary dtlralumin-sufficient to affect the tensile properties seriously, 
and with thin sections the entire onter coatings seemed to have been corroded 
away. In 18 months' exposure on specimens carrying rivets there was 
no case of rivet loosening. The tensile strength of specimens .039 to .078 
inch thick had not suffered and the elongation of .039 inch and .055 inch 
specimens was unaffected. 

PrWTECTIVE METHODS 

For many purposes the resistance of aluminum and its alloys is of a high 
order and there is no need of protection by paints or other means. In ordi~ 
nary atmospheres, or rather in atmospheres that are less corrosive than the 
more reactive industrial and marine atmospheres, protection is lInnecessary. 
Sometimes paints are applied for the sake of having a painted appearance. 
Examples of this are various aircraft. 

For metal, on the other hand, that is to be exposed to sea water or sea 
spray, as in the case of seaplanes or on shipboard, some mode of protection 
is desirable. It is for seaplane construction probably that Aldad was origi~ 
nally developed. This is a very effective method of protection, the principal 
advantage being that the strength of the construction amI the stability of the 
rivets remain essentially unchanged. Aldad is often painted, sometimes 
for the sake of appearance but in the more corrosive marine conditions for 
improving its resistance. 

A second method of protection is the anodic oxidation process 13. 7B. 115 

by which the thickness of oxide naturally present on aluminum or its alloys 
is increased perhaps one hundred fold,93 with improvement in its protective 
value. The first important solution used as a means of producing the coat 
was chromic acid, the metal being corroded anodically in the bath by an 
impressed current. The oxide so developed gives good protection, although 
the subsequent application of paints or lanoline is advantageous. 

In this country sulfuric acid 27 has lately been displacing chromic in the 
anodic oxidation process, and in Germany oxalic acid seems to be 'widely 
used. All these methods have as the common result, a more protective oxide. 
It has been stated that anodic coatings are now being applied to much out
side architectural work, so that maintenance is practically avoided.21 

In the application of paints to the light metals it is extremely important 
to prepare the surface properly for the priming coat. The anodic oxidation 
process has been found to be perhaps the best treatment preparatory to paint
ing, the adherence of the paint being better than with a sand-blasted sur
face or with a surface that has been cleaned, for instance, with benzol. 
Chemical treatment in a boiling solution of potassium dichromate and sodium 
carbonate, without anodic treatment, is sllccessful as a preparation for 
painting. 
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The common type of failure of painted surfaces is blistering 21 due to 
gas forming faster on the surface of the metal than it can escape through 
the pores of the paint. Sunlight, or rather ultraviolet light, is particularly 
damaging to painted surfaces. 

Priming coats to be good must be resistant to moisture penetration, they 
must adhere well and serve as a good base for adherence of subsequent coats, 
and ml1st carry corrosion-inhibitive pigments. Aluminum paint with a good 
vehicle may serve both as a priming and a finishing coat. Zinc chromate 
and certain iron oxide-zinc chromate primers made up in long oil varnish 
vehicle are widely used. For finishing coats any durable exterior paint or 
enamel may be used.27 

AT 110SP HERE 

The reaction between aluminum and oxygen to form the oxide takes 
place in atmospheric exposure; the coating develops after a shorter or longer 
time to a thickness and degree of continuity that slows down or, under some 
conditions, virtually arrests further oxidation. The curves in Figure 12100 
plot the weight increment of freshly surfaced aluminum in exposure in a 
basement atmosphere, 64° to 670 F. 
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The irregularities in the curves were believed to be associated with crack
ing of the oxide layer and subsequent healing. The thickness of the film 
before the first break in curve B was calculated to be on the order of one 
millionth of a centimeter. These results are particularly interesting in 
reflecting the growth of the protective oxide. 

The corrosion of aluminum and its alloys depends in part on the humid
ityand salinity of the atmosphere and the quantity and nature of the impuri
ties in the atmosphere. In dry, clean, inland atmosphere the metals are 
virtually unaffected; against a moist marine atmosphere they will corrode 
with a strong tendency to pit; in moist atmosphere carrying dust impurities, 
pitting may occur. The action may be slow even in conditions considered 



ALUMINUM AND ITS ALLOYS 127 

severe. Thus aluminum transmission lines installed in 1905 on the shore of 
the Gulf of Mexico, and in 1911 across s;tlt water ill California, remain 
today in good condition.a1 Likewise, wire .126 inch in diameter. of 99.S55~' 
aluminum exposed on a London rnof corroded at an average (weight loss) 
rate of .4 mg. per sq. dm. per day, o\,er a period of 2.1 years.l(l~ The drop 
oyer this period, in elastic limit corre~poncled to the loss in cross section 
area; the loss in ductility was from an original \'<llne of 1.8670 tl) 0.95'0 
(over 13.8 in. length). 

Perhaps the most illuminating set of data on the 1Jell<1.\'ior of duralUl11in 
in the atmosphere is that of Dix,~u in which the effect on the strength and 
ductility of sheet and channel sections is determined in exposure to three 
different atmospheres. On the basis of these tests it may fairly be said, as 
mentioned by Dix, that the corrosion of properly processed cluralumin ill 
the atmosphere is "self-stopping," in the sense that after the first year or 
two of exposure furtlIer damage is virtnalty halted. The damage that takes 
place in the first year or two, though it lllay become serious witll the thinner 
gages, e. g., under .064 inch, may be considered immaterial with heavier 
metal. The results are given in Table 14. 

The same self-stopping nature of the attack of duralumin is illustrated 
in Figure 13 from tests reported by Rawdon and Mutchler.Sl The curves 
show the change in elongation of 14 gage duralu11lin sheet, of proper pre
treatment. 
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FIGURE 13. Duralumin vs. ·Weather. 

All specimens were given a solution heat-treatment of 15 minutes at !!-Il 
degrees Fahrenheit. 

Still another example, the metal in this case being 99.55% aluminum 
wire, 0.125 in. in diameter. The wire was exposed outdoors for 23 years 
in London, with the following results 103 shown in Table 1 S. 
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TABLE 14.--Dllral111llil~ VS. AtIllOSj>hcl·C. 

Heavy section--O.220 in. 
Tensile strength ............... 
Yield strength ................. 
Elongation ...................... 

Thin section-.064 in. 
Tensile strength ............... 
Yield strength .................. 
Elongation ..................... 

PCI' Ccnt Drop in Valuc 

. Ind\1strial 
Illdustnal Marine Marine 

~----,,.-----A--.., ,--A-----.., 
1 yr. 2 yr. 5 vr. 1 vr. 2 yr. 1 VI'. 2 yr. 

2 I 2 
1 1 1 
6 6 3 

5 7 7 13 14 5 5 
4 7 7 0 5 6 I 

IS 13 15 55 55 30 21 

This characteristic that duralumin and aluminum have of resisting pro
O'ressive corrosion is extremely important to have in mind. It means that 
5 . 
the pitting which often is noted on the light metals after atmosphenc 
exposure is truly superficial and remains superficial with prolonged exposure. 

Year of 
Test 

1902 
1910 
1925 

TABLE 15.-AlI~lIIiml1n vs. Atmosphere. 

Breaking Strength 

Lbs. per sq. in. 

28,000 
24,750 
25,650 

Elastic Limit 

Lbs. per sq. in. 

19,200 
10,700 
11,250 

Elongation 

% in 13.7 in. 

1.8G 
.95 
.90 

What is the rate of corrosion of aluminum in the atmosphere? Vife 
have seen that the rate characteristically slows down with time, so that the 
rate over any limited exposure period can be considered greater than for a 
more prolonged period. Wilson's results 103 actually indicate that there is 
a slowing down of rates even after 15 to 20 years. His specific rates for 
aluminum and various aluminum alloys, based on average weight loss after 
23-years exposure to London atmosphere, were 0.4 mg. per sq. dm. per day 
and less. Friend 40 determined a rate of less than 0.1 mg. per sq. <1m. per 
day for 7 years in an urban atmosphere. 

Rawdon 78 has reported the change in strength and ductility of 14 gage 
duralumin and Alclad specimens exposed 12 to 18 months to temperate sea 
coast, tropical sea coast and temperate inland atmospheres. The inland 
atmosphere was least corrosive, the warm coastal 1110st. The Alc1ad speci
mens were not appreciably changed in strength 01' ductility although they 
were superficially pitted. The properly processed dttralumin specimens 
suffered negligible losses only in the inland exposure. In marine exposure 
the losses in strength and elongation ranged from negligible to a few per cent 
only. Even in the cases where there was definite datnage, the rate of dam-
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age generally slowed clown with ti111e, which hears out the findings of Dix, 
given above. In Rawdon's tests the dl1ralumin specimens as well as the 
Alclad were superficially pitted. The properly processed clurahtmin suf
fered no intercrystalline emhrittlement. 

Aluminum is in widespread use for exterior and interior architectural 
work. Outdoors the metal can he expected to last indetinitcly, in its cast 
and relatively heavy wrought and extruded shapes. yet its originally bright 
surface will not be maintained without periodical deaning. This latter is 
particularly true of urban atmospheres. with the accumulation of dust and 
dirt made more easy by the oxide layer that natnrally develops on the metal. 

\VATERS 

Aluminum tanks and piping for storing anci handling distilled water 
are practical; furthermore there is no undesirable contamination of the 
water derived from the alt1tlliml111. In one case 20 analysis of water drawu 
from an aluminum container and piping system yielded less than one part 
aluminum in one hundred million. The action of natural waters on alu
minulll is. on the average, 10w.1o• 48 A fine white deposit develops on alu
minum. yet this does not signi fy serious weight loss. Soft waters and 
particularly waters carrying high carhon dioxide appear tn be more cor
rosive than other types. Yet waters softened hy zeolite trea.tment and 
waters of temporary hanlness are mnm.1ly \\'itho\1t much action unless appre
ciable chlorides and sulfates are also present.:11 Attack by waters may be 
more pronoullced at the water line. Haase 4 .. has descrihed tests, for 
instance, in which various fresh waters pitted through all1minum containers 
after I8-days quiet exposure. The metal in this case seems to have carried 
about 1 % iron, probably a deleterious impurity. Bengough and Hudson 10 

found no special water line attack of alU111inllll1 resulting in several weeks 
exposure to di"tillecl \Yater, tap water. or sea water that had heen hailed to 
expel dissolved air. Alloys were somewhat attacked. 

Chlorides in solution, as already stated. are damaging to the protective 
oxide layer on alu111imll11. It is through this fact that sea water with its 
sodium chloride content of 3%, more or less, often leads to difficulty from 
corrosion. Sea water is a partict11urly searching corrosive with the light 
metals, and brings to light rather effectiyely the differences in behavior 
among the different types of aluminl1ll1 anc] its alloys. Generally speaking 
the purer grades of aluminllm, the manganese (up to 25'0) aluminum alloy 
and the silicon casting alloys are perhaps the best in uehaviol'. The copper
bearing and the zinc-bearing alloys are inferior. Dural1ll11in is less resistant 
than pure aluminu111, and less resistant than the type of wrought heat-treat
ing alloy that carries 1 % silicon and 0.6% magnesium. 
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Sea water normally pits the aluminum metals, the pits attaining greater 
depths than those appearing in atmospheric exposure. The rate of pitting 
attack does not seem to have been worked out for seawater as it has for 
the atmosphere, and it cannot be said with certainty that the rate slows 
down with time, although this may be a fact. 

In one test a bar of aluminum was exposed three years in water off a 
dock in Southampton, England. The weight loss was negligible-less than 
1 mg. per sq. dm. per clay. A layer of protective mud ancl oil built up on 
the bar, so that the test was 110t truly representative.41 

In another test a bar of aluminum was submerged for four years in 
Bristol, England, ChanneJ.3D The weight loss corrosion rate was 14 mg. 
per sq. dm. per day, whereas the pitting corrosion rate was aLout 100 mg. 
per sq. elm. per day (.05 inch per year). This illustrates how much mote 
corrosive to aluminum sea water is than the normal atmosphere, where 
average weight loss rates are down well below 1 mg. per sq. elm. per day. 
It is with these two exposure conditions that the aluminum metals are most 
concerned, and resistance-in ordinary parlance-is "good" in the atmos
phere, and inclined to be "poor" in sea water, relatively speaking, and inter
mediate in sea spray. 

In another set of tests,07 specimens uf a copper-Learing durahuuin, 
quenched from 932 0 F. and aged at room temperature, were exposed at 
part tide level in the North Sea for 3 months. The specimens were .078 
inch thick strip. The chop in tensile strength amounted to 60/0, and the drop 
in elongation about 45'10. The specimens were pitted, hut suffered no 
intercrystalline attack. Unfortunately the pitting rate was not determined. 

Aluminum and aluminum alloys partially immersed in sea water carry
ing air, for several weeks, in tests by Bengough and Hudson,lO were very 
strongly attacked at or just above the water line. Some pitting occurred 
below the water-line. Actual hydrogen evolution was evident under the 
microscope. The action was observed to take place as much as one inch 
above the water-line due to capillary attraction. 

SALT SOLUTIONS 

Aluminum has good resistance against most aqueous solutions. of salts 
in the neutral range-roughly pH of 7.2 to 6.4. Such salts as sulfates, 
nitrates, acetates. carbonates, chromates falling within this range have rela
tively slight action. Neutral chloride solutions are not included in this 
category for with these, as discussed already in connection with sea water, 
the protective layer that develops on the aluminum breaks clown, or is at 
least much less protective. As a result aluminum is less satisfactory for 
handling ca1cium, sodium, and magnesium brine solutions than for handling 
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some of the other salt solutions. The action that goes 011 is both general 
and of pitting nature, the latter being (lj course the 1110re serious. Chrcmmtc 
additions to calcium chloride brines slow down clJnsidcralJly the action OIl 

aluminum :n and make it possible and practical to use aluminum in refriger
ating and air-conditioning equipment. 

Trebler 07 has suspended aluminum specimens in calcium chloride refrig
erating brine in a dairy, the brine carrying customary chromate inhibitor. 
The rates for commercia1 aluminum, a 1.15'70 manganese alloy and a 5% 
silicon alloy ranged from 0 to 2 mg. per sq. dm. per day. with slight shallow 
pitting in all cases. \Vhether the pitting ,vas progressive or not was 110t 

noted, although Trebler concluded that the metal was safe to use in spite 

of the pitting. 

This relative corrosiveness of chlorides carries on into the alkaline range 

as well. The alkaline hypochlorites are readily reactive even in "cry dilute 
solutions, such for instance as a solution with .02~~ available chlorine. 

Callendar 17 has studied the boundary resistances developing 011 alum
inum in salt solutions and believes the protecti n: effect of chmll1ate and 
nitrate is clue to direct oxidation and that of carbonate tlnc to its efIect on 
precipitating hydroxide. His observations of the effect of nitrate con
centration and alloy composition are given lwlow and ill Figure 14. The 
specimens giving the resulb in TallIe 16 \\'(~re slll)[lwrgcd ill .01 ;;;) potassiulll 
nitrate in tap water. 

FIGUHE 14. Aluminum vs. 

Potassiulll Nitrate. 

TABLE 16.-Alllllli1l!1I11 Alloys ,IS. I'otassium Nitrate. 

Fe Si eu Zn Mg AI Appearance of 
Corrosion 

0.70 0.55 2.94 14.10 Remainder 55 days 
0.61 0.40 6.91 1.30 

.. 136 " 
0.75 0.49 11.90 65 " 
0.42 6.25 056 0.13 Little in 250 days 
0.11 0.11 

.. .. 250 " 
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A great deal of corrosion testing of the light metals has been done with 
a solution of sodium chloride and hydrogen peroxide. The presence of 
hydrogen peroxide in a salt solution is accelerating to corrosion. Since its 
action is unlike that of practical exposure conditions, and therefore its 
results perhaps of questionable parallelism with practical exposure con
ditions, only one set of data will be offered here. These tests 73 point out 
particularly the lower degree of attack of pure aluminum, acceleration or 
the attack of aluminum by coupling with c1uralllmill in the prodnct Alc1ad, 
the destructive nature of the attack on duralllmin, and the prevention of 
this attack by coupling with pure aluminum. 

Exposed 5 days in a ll1ixtur~ of 35'0 sodium chloride and .1 % hydrogen 
peroxide at 68° F. and under constant agitation, damage was experienced as 
shown in Table 17. In the case of the Alc1ad specimens the duraltlluin was 
exposed at cut edges. Corrosion of these specimens was confined to the outer 
layers of pure aluminum. The pre-treatment of the duralllmin was not 
described in the paper in which these results appeared. 

A similar study was made of the effect of a salt water spray test of 
56-days duration. This proved to ue far less damaging on the hasis of 
weight loss rates, yet was fully as damaging to the strength and ductility of 
the duralumin specimens. 

Following are given data on the effect of a 111tIllber of salt solutions 
of the neutral and relatively weakly corrosive type on aluminum. Included 
are data on chloride solutions. Reference was not made by the authors of 

TAIlLE 18.- -.·lIulI1illum vs. Solt So/utiolls. 

Method 

Total immersion 
Air-agitated .............. . 
Quiet .................... . 

Alternate immersion 
Continuous ............... . 
Intermittent .............. . 

Spray (30 days) ............ . 

Mg. per sq. dm. per day 

Sodium Chloride 
IN 

2.2 
4 

1.5 
.4 

.4 

Potassium Dichromate 
IN 

1 
1.5 

.7 
1.5 

.1 

the papers from which these data have been taken to possible pitting action. 
The rates in Table 18 were obtained at room temperature in 48 hours 

following previous 48-hottr exposure.42 

In the tests in Table 19 specimens were immersed in quiet salt solutions 
for 7 clays at 64° to 68° F.-the solution being renewed daily-and for 
28 clays, respectively.46 
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TABLE 19.-Alumill1t1l! VS. SaIt Solutions. 

Cone. % Mg. per sq. dm. per day 

Magnesium chloride .. . 
Calcium chloride ..... . 
Sodium chloride ...... . 
Sodium carbonate .... . 

.9 
1.1 
1.3 
1.0 

7 days 28 days 
23 4.6 
7 1 

<1 .3 
110 5 

Thirty day submersion at room temperature gave the data in Table 20.41 

TABLE 20.-AI1l1IliIl1l11l M elals vs. Salt Solutiolls 

Mg. per sq. dm. per day 
Aluminum Duralumin 

4 4 
.7 .7 

Ammonium chloride-5% ......... . 
Magnesium chloride-l % .......... . 

* * Sodium sulfate-10ro ............. . 
.3 .3 Magnesium sulfate-S% ........... . 

* No determinable weight loss. 

Immersion of aluminum for 14 days at 140° to 158° F. in 1 to 75% 
sodium sulfate solutions gave rates of 3.6 mg. per sq. dm. per day and 
less.4 Exposure to air-saturated 4% magnesium sulfate at 140° to 176° F. 
for 14 days gave a rate of less than 1 mg. per sq. dm. per day for aluminum. 

Aluminum exposed 1 SO hours to ammonia salt solutions, dilute to con
centrated, gave the data in Table 21. 

TABLE 21.-AIHminnm vs. Ammonium Salts. 

Mg. per sq. dm. per day 
680 F. 140°-158° F. 

Ammonium 
" 

<1 <I 
1.5-<1 5-1 

carbonate ....... . 
chloride ......... . 
sulfate .......... . <1 1.1-<1 
nitrate .......... . o 0 

Solutions of salts of heavy metals, such as ferric sulfate and chloride, 
stannic chloride, mercuric chloride, copper suHate, silver nitrate, are strongly 
corrosive to aluminum both because of acid character and oxidizing capacity. 
In no case is it feasible to use altllninum for handling these. 

Salt solutions reacting alkaline, such as the alkali carbonates, phosphates, 
hypochlorites are too readily reactive in the absence of inhibitor, to make 
the use of aluminum with these practical for 1110St purposes. As already 
stated, the addition of inhibitors to such solutions is beneficial, and makes 
the use of many cleaners carrying these substances practical. 

FOOD PRODUCTS 5 

Aluminum is very extensively used with foodstuffs, both as ordinary 
household cooking utensils and as equipment in the processing and handling 
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of foods in the clairy, the canning plant, and so on. The resistance of 
almninu111 to corrosion by foodstuffs is IIf a high order-with the more acid 
products less than with the neutral products-, and ailltnimun has the 
further advantage that its compounds are colorless. Finally. aluminum in 
the quantities normally picked up hy foodstuffs is non-toxic. 

Unsatisfactory features of aluminum at times are a tendency to pit, 
softness, the difficulty in some cases with whicll it is kept clean, poor resist
ance to alkaline solutions. Alkaline cleaning compotll1rls l11ust carry 
inhibitors in order that undue action (HI the aluminum may not take place. 

Actual corrosion rates of aluminum ill contact with food products, other 
than the more acid iruit juices, range for the 1110St part, expresserl as 
mg. per sq. dm. per day, from virtually zero to perhaps 5 or 10. Action as 
slight as this is of course negligible when viewed from any angle-life of 
the metal, toxicity, contamination of the prodllCt. Foudstnffs normally arc 
held for short periods of time only in metal proces~ing and handli1lg equip
ment. Consequently, with sttch low rates of attack. a content of dissolved 
metal has no time tn huild up in the product. 

A great many foodstuffs are cooked ill the household in the presence of 
salt. or sodium chloride. It has already been pointed nllt that this sub
stance. among the neutral solutions, is particularly corrosi\'e to aluminum. 
The fact is seldom if c\'er important when cOllsidering the suitability of 
aluminum cooking utensils. Even tho\1gh corrosion may be somewhat 
greater when cooking such a product. the time of contact is ';0 short and the 
actual corrosion rate still sl1ffjciently Im,,- that trouble is not experience!]. 
It is another matter, however, to c011sider aluminum suitahle for handling 
the brine solutions found in canneries. It is only where inhibitors may be 
added to hrines that aluminum may be used at all. 

With respect to the non-toxic qnality of all1lllintll1l. it really is sufficient to 
say-to lay the ghost of toxicity that has in the past been raised--that 

TAIlLE 22.-AlU1IIilllt111 Pich-up /J'j! Foods. 

Duration 
of cooking 

I'"oodstnff - Tlfinlltes 

Fried bacon ................ 5 
Boiled ham ................ 120 
Percolated coffee .......... 15 
Oatmeal ................... 150 
Stewed tomatoes ........... 10 
Creamed cabbage 

cooked with soda ....... 45 
cooked without soda .... 45 

Rhubarb ...•.............. 5 
Prunes .................... 40 
Apple butter .............. 390 

*Includes time to concentrate cider. 

Atumimlll1 content 
Glass Aluminum 
p.p.m. p.p.m. 

. 25 .68 

.64 .87 

.25 1.03 
1.43 8.28 
.11 4.20 

.34 90.8 

.37 2.76 
.95 13.45 

4.60 7.10 
5.28 118 

Increase in 
Aluminum 

p.p.m . 

,43 
.23 
.78 

6.85 
4.0R 

90.5 
2.39 

12.5 
2.5 

113* 



136 CORROSION RESISTANCE OF METALS AND ALLOYS 

aluminum is a normal constitutellt of foodstuffs, and that the further quanti
ties absorbed from the utensil in normal use are not significant. Some 
excellently illustrative data have been obtained in cooking tests using glass 
utensils in comparison with aluminum utensils.9 A selection from the 
data is given in Table 22. 

The question as to whether or not aluminum is damaging when taken 
into the human system has been considered by innumerable investigators. 
The considered opinion of scientific authority is in agreement that aluminum 
in the amounts absorbed with food products is perfectly harmless. Perhaps 
the best statement is that of the Bureau of Standards 3 : 

"The Bureau often receives inquiries relative to the toxic properties 
of aluminum, particularly in reference to its use as a cooking utensil. The 
following opinion was expressed by the Public Health Service concerning 
this matter: 'There is no evidence available which would indicate that 
aluminum cooking utensils represent a potential danger to health. There 
is no question that if strongly acid or alkaline foods are prepared in 
such containers a certain amount of the metal will be dissolved and will 
pass over into the food. It is very doubtful, however, whether a sufficient 
amount of metal will be found under such circumstances in food so as 
to produce a deleterious effect on the health of perSOllS consuming this 
food. It should be remembered that certain widely used baking powders 
contain considerable quantities of aluminum salts and while certan objec
tions have been raised to the use of these all1minum baking powders. the 
question of their injuriousness has 110t been definitely established. In the 
lise of aluminulll cooking utensils it may. perhaps, be advisable to avoid 
strongly acid foods. It may also be desirable not to ld food stand for 
many hours in the aluminum cooking utensils.' ,. 

Cold fruit juices are reasonably well rcsi,sted by aluminulll, though the 
action is inclined to be somewhat more rapid than that of less acid food 
proc1uctfo. Hot fruit juices on the other hand become rather seriously cor
rosive. Specimens of metal were exposed in retlux condensers to boiling 
juices 71 with the results shown in Table 23. 

TABLE 23.-Alnminum vs. Boiling Fruit Juices. 

Tomato juice-.486% acidity ................... . 
Apple juice-.28% acidity ........... , ....... . 
Red grape iuice-.75% acidity ... , ....... , ..... . 
Lemon juice-S.2% acidity .................... . 

Mg. per sq. dill. per day 
5 Hours 24 Hours 

18 
70 
45 

138 

54 
41 

140 

Blount and Bailey 12 have remarked that aluminum kettles and JUIce 
pans handling orange juice after a year's use required removing due to 
pitting. They made tests in boiling juice within a reflux condenser, over a 
24-hour period following 72-hours previous exposure. See Table 24. 

Aluminum 1s very successfully used handling milk products, in all 
varieties of equipment. The resistance of aluminum to milk is high, once 
the simple precaution is taken to avoid coupling the metal with other, mare 



ALUMINUM AND US .n_LOYS 

1',,"u: 2-1.--AIIl111i/lH11I t'S. {I"ilillfl Onl1l!/1' ]lli(t'. 

Mg'll~:l' ;q. 
dill. per day 

AluminUIll 
Aluminum '('i~'%' ·1;l~I;;~';I;~;~i·:::: :: ::: : : :: :::: 

13.7 

noble metals such as copper and the bronzes. A great deal of corrosion 
testing has been done; perhaps the best set of data is that given by Trebler.ll7 

He suspended strips of the various alulllinum metals at various 'f)laccs in 
operating pasteurizing equipment dming one day's rUn of 8 hou"rs. The 
corrosion rates in Table 25 resulted. 

TABl.E 25.-A1UlIIill111ll 'OJS. Jlill~. 

Location 

Regenerator, bottom inside ....... . 
" middle inside ...... . 

top illside .......... . 

Electropure outlet pipe ......... . 
" "" 

Regenerator, top outside ......... . 
" middle outside ..... . 
It bottonl outs1de .... . 

Cooler, outside .........•........ 

Mg. per sq. dm. ver day 
Aluminum 5% Silicoll 

Commercial with 1.15';'0 Casting 
Aluminum Mangallese Alloy 

5 19 12 
:-: 3 

;; 5 8 

+ + + 
+ + + 
40 

:1 
5 
5 

37 
5 
6 

:1 

Specimens of the same mctals werc suspended in buttermilk during onc 
cycle of operation. During the cycle freshly separated skimmed milk was 
run into the vat at 800 to 90° F. and the temperature then raised in about 
one hour to 1800 to 1900 F. and maintained at this temperatllre for 30 
minutes. The milk was cooled to 70° F. and the starter added and then 
left at this temperature for 15 hours. The curd was then broken and the 
buttermilk cooled to 400 F. The corrosion rates ranged from 6 to less than 
1 mg. pel' sq. dm. per day. 

These rates indicate very well the low order o[ attack to he expected. 

ACID SOLUTIONS 

Aluminum is used successfully for handling a good many acid conditions. 
In acid solutions the behavior of the metal depends on the behavior of the 
protective oxide. In concentrated nitric acid and in acetic acid of all con
centrations the resistance is good. In many exposures of the organic acids 
the metal is also used. Sulphuric, dilute nitric, phosphoric and particularly 
hydrochloric are corrosive. Increasing hydrogen-ion concentration favors 
corrosion, in the sense that solutions of higher hydrogen-ion concentration, 



138 CORROSION RESISTANCE OF METALS AND ALLOYS 

no matter what the acid, are corrosive, and solutions of lower hydrogen-ion 
concentration, no matter what the acid, are resisted fairly well or better. 
An exception to this generalization is that hydrochloric acid even in very 
dilute solutions is corrosive. 

The conflicting factors, therefore, seem to be hydrogen-ion concentra
tion as the agency promoting corrosion and oxide-forming capacity as the 
preventive. Acid that gains access to fresh un oxidized aluminum is rapidly 
reactive, the action heing accompanied by strong hydrogen evolution. This 
latter fact is not true of the acid attack of the more noble metals like copper 
and nickel which require the presence of oxygen as a depolarizer in order 
that corrosion may continue. The part that oxygen plays in the corrosion of 
aluminum, therefore, is quite unlike its role with copper, since in the 
case of aluminum the oxygen does not act appreciably as an accelerant by 
depolarizing hydrogen. Dissolved oxygen does not appear to be necessary 
for the formation and maintenance of the protective film. 

The pure grades of cOlllmercial aluminum, and the stronger manganese 
alloys ~re the types used for handling acids. Duralumin, and the various 
more highly alloyed casting compositions are little used with them. 

Acid solutions carrying other more noble metals in solution-such as 
copper or iron or tin or mercury-cannot be used with aluminum. Such 
substances are strongly corrosive. 

The test results of Whitman and Russell 101 indicate the relatively 
negligible effect of oxygen on the acid corrosion of aluminum. Slight 
acceleration with oxygen saturation occurred in some solutions, decelera
tion in others. The tests ran 5 hours at 68° F. It is presumed that the 
oxide film was present and maintained on the metal in the hydrogen-saturated 
acetic solutions. See Table 26. Acetic is seen to he only weakly corrosive, 
hydrochloric very strongly so and sulfuric intermediate. 

TABLE 26.-A TlllllillltJl! VS. A eids. 

Mg. per sq. dm. per day 
Hydrogen Sat'd Oxygen Sat'd 

Sulfuric 6% 18 62 
50% 126 111 
96.5% 250 210 

Hydrochloric 4% 19,800 60,000 
Nitric 3% 49 86 

30% 175 148 
70% 114 100 

Acetic 6% 3.7 9.5 
50% <1 5.6 

glacial 11 11 

The effect of aeration was likewise studied in the tests described 
below,!2 and incidentally, found to be less important than' with other 
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metals tested at the same time. The rates in acetic were low, and compar
able to those of \Vhitman and RusselI.1nl The tests ran 48 hours following 
previous 48-hours exposure, at 1'00111 temperature. See Table 27. 

TABLE 27.-.'llUl1lil!l!11l ,'So Acids. 

Mg. per sq. dm. per day 
Hydrochloric _-\cetic 

1 N 1 N 
Total immersion 

Quiet ........................... . 450 5,2 
Air-agitated ..................... . lOSO "') :l._ 

Alternate immersion 
Continuous ....................... . 2200 8.8 
Intermittent ..................... . 020 7.1 

Spray (30 days) ..................... . 80 20 

Duralumin (heat-treatment not known) was more c,orrodcd than 
aluminum in 1110st of the solutions of Hatfield's quiet submersion, room 
temperature tests.47 The sulfuric and nitric rates inr aluminum were 
moderate to light, the ratcs in the 30-tlay organic acid tests were low. See 
Table 28. 

T AHLE 28.-Alu11Iimllll .iI clals ·<,s. Acids 
Mg. per SfJ. dill. pcr day 

Aluminul1l Duralumin 
24-110111' duratioll 

H ydroch loric 3.()~:~ 2(;81) 651,0 
L'( 111~~. X410 43.590 

Nitric !>.3S:;1 40 270 
J2% 90 2S0 

Stllfuric 5% 20 60 
10% 20 40 

30-day duratioll 
Acetic 3,,~I't) 2 6 
Citric 5% ,.) J 
Vinegar 2 2.6 

Of the rates in Table 29 4!l those in 4-hollr exposure are llluch higher 
than those in longer exposure. It is the nature of metals t1mt develop pro
tective films to corrode at rates decreasing with time. \Vith nitric and 
sulfuric, a protectiYe coating oln'iotlsly develops on aluminum, with hydro
chloric it does not, insofar as these test ('OnditiollS apply. 

TABLE 29.-AlrtllliJllllll 1'S. Acids. 
% :Mg. per sq. elm. per day 

Cone. 4 Hours 7 Days* 28 Days 
Nitric ............. . 1.2 120 14 20 
Hydrochloric ...... . 
Sulfuric ........... . 

.72 60 50 60 

.98 300 13 10 

* Solution renewed daily. 
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The rates in Table 30 24 are low to moderate. The solutions were held at 
1100 to 1200 F., and the duration was 7 days. 

TABLE 30.-AI1l1l1iIlIl1l! VS. Acids. 
Mg. per sq. dm. per day 

Nitric-5% .................... 33 
Sulfuric-S% ................. 134 

The action of the warm to hot dilute organic acids in Table 31, over a 
period of 24 to 29 hours, was moderate.71 

TABLE 31.-A11l1llinu1Il vs. Acids. 
Temp. Mg. per sq. dOl. per day 

Citric .97% ..... . ISO· F. 24 
Tartaric - 1.12% ..... . 
Malic .97% ..... . 
Acetic .9% ..... . 

boiling 46 
boiling 22 
boiling 27 

In the tests described in Table 32, the action at room temperature of 
quiet organic acids was negligible to low; the very great accelerating effect 

TABLE 32.-Alllmimtm vs. Acids. 

Temp. Duration of. 
Mg. per sq. dm. 

per day 
Hydrochloric 1% ......... ~ . 
Sulfuric 1% ........... 
Acetic 1% ........... 
Butyric 1% ........... 
Lactic 1% .' •••• 0 •••• 

Citric 0.2% ........... 
Butyric 1% ........ ". 
Lactic 1% .'0 •••••••• 

70 5 davs 
70 5 clays 
70 5 days 
70 5 days 
70 5 days 
70 5 clays 

145 5hrs. 
145 5 hrs. 

223 
9.8 
.27 

1.2 
.22 

+ 
74 
50 

of higher temperatures in the case of butyric and lactic is notable.G1 The 
specimens were partially immersed in sealed containers. 

Hydrochloric. Hydrochloric acid, as the results that have already 
been given show, is very actively corrosive to aluminum. The failure of 
the oxide to be protective may be attributed to its solubility in hydro
chloric acid and to the penetrating capacity of the chloride ion. The 
action of hydrochloric on aluminum is accompanied by strong hydrogen 
evolution, which likewise is an obstacle to the formation of a protective 
layer. Maass and Wiederholt 66 exposed various light alloy compositions, 
ranging from 99 to 80% aluminum, to dilute hydrochloric for as-month 
period with the following results: 

Hydrochloric-O.S normal .................. . 
Hydrochioric-O.OS normal ................. . 

Mg. per sq. 
dm. per day 

30-110 
7-40 
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Edwards 2~ is alllliority for the staklllcllt that a specimen (If aitulliml1l1 
of very high purity shnwed 11(1 appreciahle ('I'ITn:;inll afffT i)·\\'!·ek:; exposure 
in fai r1y dilute hydrochloric. 

From the practical standpoint, alnmi1ll1!ll catlnot he lIsc(1 with hydro
chloric acid solutions of any concentration. 

Sulfuric. In sulfuric acid aluminum is corroded at rates ranging frum 
low, in quiet long-time exposure in dilute solutions, to moderate and high 
at elevated temperatures and ii1 stronger acid concentrations. The bounds 
within which a low degree of attack may be expected are not clearly 
marked. In additioll to the dctta On sulfuric already quoted, the data ill 
Table 33 are given to ontline the effect of temperature and of con
centratiol1yn The duration \nl~ 5 h(Jllrs. 

TAnLE 33.-A/lllllilllllll vs. Sui/uric Acid. 

Cone. Temp. Mg. per sq. dm. per clay 
% 0 F. Hydrogen Stream Oxygen Stream 
(j 68 18 62 

95 34 110 
122 195 346 

50 68 116 110 
95 364 430 

122 1,230 1,660 
9G.5 (18 250 210 

% ~O ~O 
122 3,300 3,300 

The rates of attack in room temperature 25-hollr tests by Calcott and 
Whetzel 16 were severe. (See Table 34.) 

Cone. 
% 
5 

10 
20 

TABLE 34.-AIHlltimllll ~'S. Sltlflll'ic Acid. 
Mg. per sq. Cone. 
elm. per day % 

158 30 
292 40 
225 50 

Mg. per SQ. 

dm.perday 
380 
450 
880 

Ferric iron ill sulfuric acid is corrosive, even with relatively low con
tents of acid and iron. In the tests below the attack in every case was 
of a pitting nature.91 The specimens were exposed to flowing mine 
water for from 16 to 120 days. 

TABLE 35.-.·1l1lIllillrtlll 1' •. Sulfuric .·lcill 'willl Ferric Salt. 

Sulfuric acid-%.14 .22 .04 
Ferric iron -%.006 .09 .014 

Aluminum .....................•............ 
95% Aluminum 5% silicon, cast ............•. 
98% Aluminum 2% manganese, cast ...•...... 
Aluminum alloY, rolled .................... . 
Aluminum-manganese alloy, rolled ......•..... 

Mg. per sq. dm. per day 
84 155 42 

242 220 43 
84 223 39 
59 176 38 

159 203 4S 
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Nitric. Aluminum has been used 011 a wide scale in handling nitric 
acid solutions 86 for such purposes as containers and pipe lines and, in the 
case of concentrated acid, for shipping drums. In fact, it is the only 
metal approved by the Interstate Commerce Commission for shipment 
containers of nitric acid over 80% in strength. 

Chlorides and sulfates present in nitric increase corrosion very 
materially. It is only where these are absent or of very low concentration 
that aluminum equipment will have satisfactory behavior. 

Supplementary data on the effect of nitric acid are given in Table 36. 

TABLE 36.-AI1!1J!iIlH11! 1'S. Nitric Acid. 

Cone. Temp. Mg. per sq. 
% of. dm. per day 
15 68 340 

162 2,400 

50 68 220 
122 1,900 
162 3,200 

The tests 4 in Table 37 were made with nitric, and nitric and sulfuric 
mixtures. 

TABLE 37.-Alumillum vs. Nitric-Sulfuric Acid. 

Nitric-7 parts to 3 of water 
680 F. 
1400 _158° F. 

- 96 hours 
- 96 hours 

Nitric-1 part to 2 parts sulfuric 
68° F. - 50 hours 
167 0 F. - 1 hour 

Nitric-2 parts to 1 part sulfuric 
68° F. - 50 hOl1rs 
16?- F. - 1 hour 

Mg. per sq. 
dm. per day 

82 
1,320 

290 
38,000 

180 
24,000 

Sulfurous. Tho.ugh aluminum is generally a good resistant to sul
fielizing conditions, the attack of sulfurous acid is rather strong. Simple 
immersion exposure for instance will result in evident corrosion, Moist 
sulfl1r dioxide gases at elevated temperatures sometimes may be handled 
with aluminum. The only available sulfnrotls corrosion rate is that from 
tests 58 in a solution carrying calcium bisulfite and 4.5% free sulfurous 
acid. The tests were made at 275 0 F., with an average pressure of 130 
Ibs., for 7 hours. The average corrosion rate for 14 specimens was 5,300 
mg. per sq. elm. per day. This of course has 110. relation whatsoever to 
behavior at ordinary temperatures. 
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Chromic. Aluminum is only moderately corroded by chromic acid, 
as the rates given in Table 38 will testi fy:! The tests ran 150 boun. 

COllC. 

% 

5 
10 

Cone. 

TARLE 38.-.·l!llllliIlUiJl z's. Chromic ,·lcid. 

Mg. per o.q. dill. JI~l' day 
G8° F. I..JO° -158" F. 

4 
15 
21 
68 

5 
21 
44 

260 

Phosphoric. Phosphoric acid solutions attack aluminum moder
ately 1; the rates in Table 39 were obtained in 14-day tests. Kosting and 
Heins 55 have given rates of several thousand mg. per sq. elm. per day in 
moderately high concentrations, at ordinary tel11peratures and hot. 

COliC. 
% 
1 
5 

10 
20 

TAnLE 39.-A/U11lillll111 ~'S. Phosphoric .·Icill. 

Mg. pcr 'q. dm. per day 
680 F. 140 0 _158" F. 

4 6 
18 46 
38 93 
63 100 

Acetic. Acetic acid is very widely handled with aluminum. Cor
rosion rates of 4 to 2S mg. per sq. rIm. per day seem characteristic for con
centrations of 1 to 10 per cent in the cold, stronger and weaker solutions 
being no more corrosive, usually less. The presence of certain impurities, 
as chlorides, hastens attack. Higher temperatures are rather strongly 
accelerating. 

The rates ill Table 40 were obtained in 24-hour, room temperature tests 
in air-saturated acetic."2 These rates are without doubt higher than rates 

TABLE 40.-AlltmilllllI1 'Us. Acetic Acid. 

Cone. 
0/0 
I 
5 

10 
20 
50 

glacial 

Mg. per sq. 
rim. per day 

36 
84 
29 
32 
4(j 
10.7 

that might have obtained if the tests had fUll for a longer period. Anum" 
her of sets of data have already been g-iven, showing much lower rates in 
acetic; these are believed more accurate indications. 
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The rates in acid at room temperature are negligible; in boiling dilute 
acid the rates are high.4 (See Table 41.) 

TAJlLE 41.-A1UlIlillltln vs. Acetic Acid. 

COlle. Mg. per sq. dm. per day 
% 68° F.~ Wks. Boiling-24 Hrs. 

1 < 1 1,200 
~ <1 3~ 
85 < 1 150 
90 < 1 75 
95 < 1 39 

The rates in Table 42 l\S in boiling acid are likewise high in the dilute 
concentrations. The lessening of rates with higher concentrations is 
important to note, for with hot concentrated acid aluminum is used rather 
widely. These tests also ran 24 hours: 

TABLE 42.-AlumiHItII! VS. Boiling Acetic Acid. 

c~ ~F~ ~~ ~~~ 
% ~~~ % ~~~ 
1 589 60 205 
3 750 70 120 
5 420 85 80 

10 340 glacial 14 
50 340 

Seligman and Williams B7 found acetic at room temperature, in con
centrations fr0111 99 to less than one per cent, to range around 1 mg. per sq. 
elm. per day in quiet exposure; but 85 boiling acid was found to be much 
more corrosive. The boiling acid tests giving the rates in Table 43 ran 4 

TABLE 43.-Alu11lill1lt1l VS. BoiNlIg Acetic Acid. 

Cone. Mg. per sq. 
% dIn. per day 

SO 315 
60 285 
70 240 
80 210 
90 100 
~ ~ 
~9 3 

hours. These investigators fonnd also that dehydrated hot acetic acid was 
extremely corrosive to aluminum. They have summarized their observa
tions: "For acetic, propionic, and bt1tyric acids of high concentration, 
aluminum plant should have a reasonable life so long as there is no possi
bility of the formation of the anhydrous acids. Wherever these can be pro
duced, as for instance by heating aeetic acid with acetic anhydride or where 
efficient dephlegmating arrangements are in use, the vessels are likely to be 
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very seriously attacked, U1lless small quantities of water can be introduced 
at the threatened points. Aluminum plant is 110t likely to have a prolonged 
life where it is in contact with hot acids of lower concentration." 

Tests made on aluminum in actual processing solutions in a chemical 
plant have given the following results ,,2: 

Crude 80% acetic, specimens submerged near the bottom oi a storage tank for 
4 days-l2. mg. per sq. dm. per day. 

Commercially pure 800/0 acetic, specimens submerged at the bottom of a stor
age tank. for 14 days at room tetlll1crature-16 mg. pCI' sq. dm. pCI' day. 

Commercially pure 80% acetic, specimens partially immersed in a storage tank 
for 6 days at room temperature-WOO mg. per sq. elm. per day. 

The strong attack of the partially immersed specimens is remarkable. 
Other organic acids. Other organic: acids-citric, malic. lactic, tar

taric, oxalic, etc.-seem to he somewhat more corrosive to aluminum 
than acctic, yet, jUdging by the data already quoted, these may be reason
ably well resisted in the cold. The hot acids are moderately to strongly 
corrosive. The tests in Table 44 ran 7 to 14 days 4: 

TABLE 44.-Ahwzill!!1/Z ~·S. Acids. 

Oxalic .4% 
.5 

2 
5 

10 

Lactic 1 
5 

10 

Salicylic 1 

Phenols 

2 

3 
10 
50 
75 
75 

Mg. per sq. dm. per day 
Room Temp. Hot (140' -li6° F.) 

4 
4 5 
I) 31 
S 86 
9 98 

5 33 
5 20 
5 21 

6 
13 

<1 
<1 
<1 

1 
<1 

20* 

Rates obtained in plant tests in process solutions G2 were as follows. 
These are to be compared \'lith rates already given for acetic acid under 
rather similar conditions. 

Formic acid 
Exposed in a still treating 90% acid at 212 0 F., for 8 days-530 mg. per 
sq. dm. per day. 
Exposed in the vapor of the still, for 27 days-200 mg. pet sq. dm. 
per day. 



146 CORROSION RESISTANCE OF METALS AND ALLOYS 

At bottom of storage tank holding 90% acid at rool11 temperature, for 
138 days-76 mg. per sq. dm. per day. 
For 6 days partially immersed in 90% acid at room temperature-2000 
mg. per sq. dm. per day. 

Lactic acid 
Immersed 17 days in tank receiving condensate (spent liquor) from still 
handling impure 300/0 lactic at 80°-150° F.-lSO mg. per sq. dm. per day. 
Partially immersed for 8 days in the same-SaO mg. per sq. dm. per day. 
In a still concentrating lactic from 5 to 48% under vacuum-280 mg. 
per sq. dm. per day. 

Boiling propionic and butyric acids, and other acids of the series, 
were found to be extremely corrosive when dehydrated.so As an illustration 
the data in Table 45 are quoted for boiling propionic. 

TAULE 4S.-AI1I'11!inml! 'VS. Boiling Propionic Acid. 

Conc. 
% 
80 

98-99 
Dehydrated 

Time 

4 Ius. 
S hrs. 

30 min. 

Mg, per sq. 
dm. per day 

265 
5 

200,000 

ALKALINE SOLUTIONS 

Since aluminu111 oxide is soluble in caustic alkaline solutions, these readily 
attack aluminum. Thus sodium and potassium hydroxide, sodium car
bonate and bicarbonate, tri-sodittm phosphate, and other products, with
out inhibitor addition 22 cannot be hanelled with aluminum. Even the alkali 
present in ordinary household cleaning mixtures is sufficient to have serious 
effect unless these carry an inhibitor. Hard soaps do not corrode, soft 
soaps corrode vigorously.al 

It has been found that the presence of sodium silicate in caustic solutions 
decreases and in some cases actually prevents this attack. Certain minimum 
ratios of silicate to caustic are necessary for protection, The addition of 
1 % silicate to a 5% sodium carbonate solution was effective in one case. 
The silicate present in laundry soaps prevents the relatively rapid destruc
tion of household washing machines by thc alkali of the soaps. Other 
inhibitors used are chromates and dichromates. Tests have been made by 
Rohrig 82 on the effectiveness of an addition of 0.750/0 sodium silicate, in 
30 minute exposure, an important comparison being given in Table 46. 

TABLE 46.-Alnminum ~'S. AUlalinc So/lttions. 

Sodium hydroxide 10%-68° F ... 
Sodium carbonate 100/0-149° D', • 

Mg, per sq. dm. per day 
Without With 
Silicate Silicate 

15,000 
4,600 

17,000 
<5 
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Ammonium hydroxide solutions 011 the other hand are generally well 
resisted by aluminum. Aluminulll is llsed in connection with ammonia 
refrigerating systems and ammonia recovery equipment. Rawdon 7G found 
ammonia and ammonium chloride mixtures tn he \·ery corrosive. whereas 
ammonium hydroxide alone was well resisted. 

Data 42 011 both caustic and aml110nia solution~ are gj-.,·en in Table 47. 
That the action of ammonia solutions may sometimes be moderately severe 
is indicated. The tests rail for 48 hottrs following a previous 48-hour 
exposure, at room temperature. 

TADLE 47.-Alulllilllj]lz Z'S. All:alillC Solutions. 

Mg. per sq. dm. per day 
MethoJ SndiUI11 Hydroxide :\IlIl11llninlll Hydroxi!le 

Total immersion 
Quiet ..................... . 
Air-agitated ............... . 

;\Iternate immersion 
Continuous ................ . 
Intermittent ............... . 

Spray (30 days) ............... . 

IN 

2(1.000 
26,000 

6.000 
l.JfI[) 

IS 

IN 

<.1; 60 
<.1; ~O 

8S 
17 

.7 

Under simple immersion conditions in 3,3~{, sodium hydroxide, ior 30 
days at room temperature, both aluminum and iluralumiu corroded at rate~ 
over 2,000 mg. per sq. elm. per elay.47 

In one-fifth normal solution under simple immersion conditiolls at 1'00111 

temperature the rates in Table 48 were ohtained.4.1i 

TARLE 48.-1'1 III 111 ill II 111 '<'S. Albz/illc Soilllit1lZs. 

Mg. per sq, dm. pel' day 
7 Days 28 Days 

Sodium hydroxide .......................... . 2,900 95 
Ammonium hydroxide ...................... . 50 .7 

The rates in Table 49 were obtained in 14-day tcstS.4 

TADLE 49.-AIIIUZillum vs. Aqlleous Ammonia. 

Conditions 

Submerged in freshly produced aqueous ammonia mixed 
with tar ........................... , ... , .......... . 

Submerged in solution carrying 1.7% ammonia ........... . 
Submerged in solution carrying 1 % ammonia ............. . 
Hung in vapor of fresh ammonia ....................... . 

)ofg. per sq. 
dm. perriay 

7 
4 

17 
< 1 
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Tests giving the results in Table 50 ran 50 hours at 68° 1".4 

TARLE SO.-AltlllliJl1l1l1 1'S. AqIlCUl(S AIlMllOltia. 

Cone. 
0/0 
1 
5 

10 
Cone. 

Mg. per sq. 
dill. per day 

1.5 
4.1 
4.8 
7.2 

HIGH TEMPERATURES 

The limitations in the high temperature utility of aluminum and the light 
alloys lie more in mechanical deficiency than in chemical. The oxide film 
developing under heat is highly protective.72 See Figure 15. The thick
ness of the :film in this case was calculated to be .00002 cm. (.000008 in.). 
assuming normal density. The appearance of the metal at the end of 890 
hours was "distinctly chalk white." 

4 0 

/ 

0/ 
/ 

V 
0 

o Va 
o .,0 80 /20 ';10 S80 BfjO 900 

HOURS 

FIGURE 15. Oxidation of Aluminum at 111Zo F. 

Aluminum furthermore does not deteriorate, as the copper and nickel 
metals do, in hot sulfur-bearing gases. This property is utilized to some 
extent in peh'oleum refineries where the strength of hot aluminum is suf-fi
dent and where chloride corrosion is not encountered. 

Aluminum metals also are limited in the handling of steam by their 
softness and low strength. The corrosive action of steam may be very slight. 
In one case 90 refined aluminum held in dry steam, under pressure, at 572 0 

F. for 215 hours was without change in appearance or weight. Sheet of 
ordil)ary aluminum helcll00 hours in super-heated steam at 932° F. acquired 
a few blisters. 

An interesting set of data 011 the effect of steam is given in Table 51. 
Super-heated steam was passed at 120 to 140 ft. per sec., parallel to the 
surface of the metal, for 34 days-9 hours each day-at 5700 to 660° F. 
The specimens were 1.2 in. square with a .32-inch diameter hole in the 
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center. The attack Oil the pure aluminum was not erosive, since it occurrul 
as well in quiet steam. 

Thickness 
In. 

.06 

.06 

.18 

.18 

.18 

.14 
18 

TARLE 51.-Almlli1l1111! AIloJ's I'S. Super-heated Steam. 

Alloy 

Very pure aluminum 99.87 AI 

I~olled aluminum 
Rolled aluminulll 
Cast aluminum 
S% Cu 
Cast duralumin 
Cast alpax 

.47 Si .72 Fe 
.37 Si .77 Fe 
.42 Si .83 Fe 
,45 Si .87 Fe 7.R eu 

4 Cu .5 Mg .5 1\111 
U Si _63 Fe 
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Chapter VII 

Zinc and Zinc Coatings 

The hasis of the greater nse of zinc as a corrosion-resistant metal is the 
cOlllparative stability both of zinc coatings on steel and of solid zinc sheet 
in exposure to the atmosphere and of zinc coatings to natural \vaters and 
sea \VatcL~' ::. ~l Zinc-coated shcet is commonly used in general building 
cOllstruction; zinc-coated pipe and pipe fittings in domestic and industrial 
water supply systell1S; zinc-coated wire for fencing and screening; and 
zinc-coated hanl\Yal'e practically univer:-:ally. Solid zinc sheet is a roofing 
material, one of ~e\'eral applications in which the good ductility and maIle
ability and the low strength of 7.ine allow forming into shapes. The strnc
tmal strength of solid zinc is ton low to make it a generally useful engineer
ing metal. 

TYPES OF ZINC COATINGS 

Zinc-couting 21: is accolllplishcci ),}' three methods, each with its distinc

tive limitations ancl utility. The oldest method-and that used largely at 
the present tillle~is the hot-dip galvanizing process. In this, iron or steel, 
cleaned hy aciel pickling, is passed through a flux and into a bath of molten 
zinc at a temperature of abont 8200 to 8300 F.; the resulting coat consists 

of an outer layer of zinc of the same purity as the bath, underlain by a 
series of zinc-iron alloys. The adherence to the base metal is good but 
mriations in the purity of the zinc, composition of the base, and operating 
conditions greatly affect the tendency to cracking of the coating when the 

article is s1lbjected to bending. The surface of the coating is slightly 
uneven and has the well-recognized spangled appearance. The short exposure 
to heat involved in the galvanizing process does not materially modify the 
lllechanical properties of even cold-dra"wn steel spring wire, as is shown by 
the fact that wire for suspension bridge cable has carried, after galvanizing, 
a tensile strength of 200,000 pounds per square inch. 

"Sherardizing" is a dry zinc-coating process; iron and steel objects are 
packed in zinc dust, containing some zinc oxide, and heated to 4800 to 7500 

F. The result is a coating of zinc-iron alloys, thinner than ordinarily 
obtained in the hot-dip process and of good adherence though subject to 
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dusting if bent. The process requires a good deal of care as to temperature 
control and impurities to giyc good results. Thick-walled and compli
cated objects, not of the larger sizes, arc adaptable, and the general ease of 
processing makes the method economical in small-scale work. The time of 
exposure to heat is sufficient to modi fy the mechanical properties 0 f ~('1l1e 
steels. . 

Zinc electroplating differs from the other methods mainl\' in the absence 
of iron-zinc alloys in the coating and in the fact that ordina~'Y temperatures 
only are involved. Uniform, thin and smooth coatings are characteristic 
though new processes for the production of heavy coatings have heen 
developed. Uniformly good 'bending properties are probably 1110re easily 
attained with this process than with the others. All galvanized roating" 
can be soldered. 

The spray gun in applying zinc is specially adapted to coating imlllobile 
surfaces such as tanks and exposed structural steel. A coating" of any thick
ness may he obtained, but the process is fairly costly. 

GENERAL CORROSION RESISTANCE 

The sphere of zinc as a corrosion-resisting metal. as already stated, is 
largely confined to the action of the atmosphere and various types of waters. 
In the protection of iron from rusting, zinc-coating is in general more satis
factory than painting, tinning or the application of other metal coatings. 
Zinc not only protects the underlying iron. hut also, hy yirtne of its electro
chemical nature, definitely and characteristically protects iron where exposcr1 
at scratches ancl fractures in the coating. This heh,n-ior is quite unlike that 
of nickel. chromium, tin, copper, ant1lcacl, \vhich as coatings ordinarily tend 
to accelerate con-osion of the iron hase where exposed. The significance 
of this advantage for zillc is plain when it i~ considered that l'oated metal 
is probahly never entirely free from pores amI scratches that expose the 
base metal. Areas of exposed iron as much as 1- in. acr<>ss may be l~l1tirely 
protected by the surrounding zinc coating, in atmospheric exposure. 

In addition to the galvanic protection described, zinc corrosion prodncts 
tend to accumulate on the snrface of the exposed iron, and some protective 
effect doubtless exists fro111 these. 

In the use of zinc-coated iron ,vhere the exposure is rather severe-in 
certain atmospheres and t111dergrotmd-it is frC(lUcntly found a(lvisahlc to 
apply paint on the zinc as an additional measttre against corrosion. Since 
paint does not adhere to fresh hot-dip, zinc-coated surfaces. a roughening 
treatment before painting is necessary. either in the form of scyeralll10nths 
exposure to the atmosphere or etching with hydrochloric acid in tolunl and 
alcohol (which remove grease). Copper or antimony salt solutions may 
also be used. The choice of the priming paint is important. The naturally 
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porolls surface of a sherardized coat takes paint successfully without pre
treatment. Electrogalvanized coatings are also successfully painted with
out pretreatment in some cases. 

IMPURITIES IN ZINC 

Sheet and strip zinc \Oary in impurity content from about .10% to 
.60% impurities-mainly lead, cadmium and iron. The slab zinc (spelter) 
used in hot-dip galvanizing varies from .01 % to 1.5% in impurities. The 
purer grades are used in high-grade wire and sheet products where bending 
properties are important. For the spray-gull zinc wire and strip of widely 
varying purity are employed. Electrodeposited layers of zinc are the 
purest of any of the coatings. A highly refined zinc with less than .0001 % 
impurities is a fairly recent development of scientific interest.1 :! 

The relation of impmities in zinc to corrosion hehavior has certain 
features that should be mentioned. It has in the past been generally 
believed that the purer a metal is the more resistant it will be. This belief 
is based 011 the evidence that metallic impurities ill a metal tend to set 
ttp minute galvanic couples with the metal itself to produce an accelerated 
corrosion of one or the other. The tendency for this to take place with 
zinc is strong ill cxposure to acicls. Th11s vcry pure grades of zinc dissolve 
1110re slowly in acids. It is reporter! * that iron in excess of .01 to .015%, 
depending sumewhat on the other impuritics present in the zinc. is likely 
to give rise to uneven corrosion or pitting in a dry cell. Copper in excess 
of .005% is not ordinarily tolerated for battery zinc. On the other hane! 
lead and cadmium in proper amonnts iavorahly affect battery corrosion. 

INhere the resistance of zinc is due to the accumulation of protective 
corrosion product as in atmospheric exposure, impnrities are tlsually an 
unimportant factor. On the other hanrl. the resistance of rolled zinc to 
outdoor corrosion is fa\'orably affected to a slight degree by lead ane! 
cadmium. It is reporter! also * that the effect of copper, ill certain com
positions of zinc at least, is slightly beneficial. 

An interesting sidelight On the effect of impurities on corrosion is the 
observation 12 that very high purity zinc (Jess than .0001 % impurity), in 
the form of crystals as deposited in the condenser of the ref1ning apparatus, 
had a 1lluch better resistance than high-grade commercial zinc in exposure to 
the atmosphere ane! to non-oxidizing acid solutions. This tUlustml resis
tance diel 110t persist when the crystal form was remelted and cast or was 
roller]. It '\'as found further that this "spl'ctroscnpically pure" zinc (rolled 
or cast), unlike e1ectrolyti<: zinc. failed ttl evulve detectilJle hydrogen from 
a very dilute potassium chloride solution. In spite of this evidence of a 
positive effect of impurities, however, it was generally true that variations 

• A. M. Pierce, private comment. 
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in the type and quantities of impurities as they <,xist in ~he{'t line and line 
coatings carry ,HI yirtllal dl'l11oll,.;trat('d -.;igl;ilil:<Lll1'l' i1'''111 tIll' (.TlI'r,,~i"ll 
angle. 

Proper control of impurities, particularly lead and tin, in die-ca:;ting 
alloys of high linc content containing over .5% aluminum has been fOl1nd 
to cure illtercrystalline corrosion which resulted in swelling anrl cracking in 
tropical and subtropical atmospheric exposure.r.I 

NATURE OF ZINC COATINGS 

The structure of zinc coatings differs with the method of application. 
Under the influence of the heat involved in the hot-dip and sheraraizing 
processes, alloys of iron and zinc form intermediate between the iron hase 
and the outer zinc layer. These alloys are anodic to iron. Sprayed and 
electrodeposited zinc, on the other hand, consist of essentially pure metallic 
zinc. There is little to choose in specific corrosion resistance, though the 
greater thicknesses usually applied by the hot-dip method give this an 
advantage over the electro and sherardi:dng methods. 

The thickness of galvanized coatings is usually expressed 1n ounces per 
square foot of surface or of sheet.* Hot galvanized coating;s run from 
0.00043 in. to 0.0021 in. Anything ahove 0.0013 in. is usually obtainable 
only on specification. Flux spots on hot galvanized sheets are cause for 
rejection. 

Electrogalvanized coatings heavier than 0.0005 in. are usually o11tail1-
ahle only in special premium brands. Sherardized coatings are likewise 
thinner than hot-galvanized. 

Zinc-coatings. though more abrasion resistant than tin-coatings, tend 
to wear away under scratching and rUhbing. Here again the galvanic rela
tion of zinc and iron is fortunate. The very satisfactory service of the 
common galvanized pail, in the {ace of the abrasion encountered in ordinary 
use, iIIustrates the good protection afforded by zinc coatings. 

It has heen commonly believed that where the metal must be bent, thin 
coatings are better than thick from the corrosion resistance standpoint. As 
an actual fact however, there are indications that the reverse is tmc, even 
though the visible cracking at bends is more pronounced with the thicker 
coats. Evans 20 made tests in which different varieties of galvanized iron 
were bent sharply and immersed in a dilute sodium chloride solution. Each 
of six thinly coated specimens developed rust within 14 days, yet eight 
thickly coated specimens were unrusted in this time, although they had 
suffered more conspicuous bend-cracking. 

* 1 0'. per sq. ft. of surfaee=O.00172 in.; 0.001 in.""O.S83 oz. per sq. ft. of surface. 



158 CORROSION RESISLLYCE OF MELlLS AND .-lLLOYS 

TESTING THE NATURE OF COATINGS 

VarioL1~ methods of testing;U the thickness and efficiency of zinc coat
ings have been devised. The ferroxyl indicator test gives a fair idea of 
the contimlity of the coating, and the so-called stripping tests, in which 
YariOllS acids are used in dissolving off the coating, are used for detennil1-
jug tIle thickness. In spray tests coatings are compared by the length of 
time it takes for rust to appear: the value of such tests lies more in afford
ing comparisons hetween eli t-Ierent samples-even then imperfectly-than 
in predicting the actual service life to be obtained. 

GALVANIC CORROSION 

Zinc stands between aluminulll and iron in two-metal galvanic behavior, 
and in exposure to aqueous solutions it is characteristically anodic to iron, 
nickel, lead, tin, copper, and the various alloys of these metals. Aluminum 
and zinc couples lead to very little if any acceleration, with zinc tending to 
he the anode under 1110st conditions,17· r,:l Corrosion products on both zinc 
<.Ind aluminum suppress galvanic action. This perhaps would not be true 
in sea water or sea air exposure, where the presence of chlorides tends to 
break down protective films on aluminum. 

Evans 18 has demonstrated the galvanic protection of steel by zinc and 
has pointed out particularly how this effect differs quantitatively with solu
tions of different salts. The amount of zinc sacrificed is greater sometimes 
than the amount of steel saved. The specimens, of equal area, were partially 
immersed for 39 days. (See Table 52.) 

TAIILE S2.-Zillc : Steel Couples Z'S. Val"iolls Solutions. 

Corrosion Rate - Mg. per sq. dm. per day 
Uncoupled Coupled 

Zinc Steel Zinc Steel 
:\1/20 Magnesiulll sulfate ..• + 13 17 + 
11/20 Sodium sulfate ..... . 56 50 165 1-
1\1/20 Sodium chloride ..... . 50 50 150 1-
]If/ZOO Sodium chloride .••• U ~ ~ 1-
Carbonic acid ............. . 2 14] 7.5 + 
Calcium bicarbonate .....• 1- 4.5 1- + 
Tap \vater (hard) ....... . 1- 14 + 1-

A use for zinc of interest fr0111 the standpoint of corrosion and based 
on its electrolytic behavior is as a sacrificial anode in couple with iron and 
brass, the purpose being to protect equipment constructed of these metals 
at the expense of readily replaceable slabs of the zinc. Use of this prin
ciple is made in the oil-fields where zinc is placed in couple with the iron 
tubing and casing of an oil-well assembly. The method has been employed 
also in the protection of underwater iron parts of small ships, and in sea 
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water condensers. The main short-comings of this sacrificial corrosion lie 
in the fact that the distance over which the influence of the anodic zinc is 
felt is often measured in inches, rather than ill feet as so ottcn imagined, 
and that the amount of zinc sacrificed lIlay be greater than the steel saved. 
As corrosion products develop on zinc its powers of protecting iron are 
diminished in both weak and strong electrolytes, i.e. tap-water and sodiu11l 
chloride solution. Zinc protective plates are still considerably used. 

A second c0111mercially important usc of zinc involving its galvanic 
behavior is as the anode pole in the C0111111011 e1ry cell. In closed circt1it in a 
mixture of ammonium chloride and manganese dioxide, with carbon as the 
cathode, the zinc passes into solution and so produces the current. The 
reaction is 110t reversible. 

Zinc plates have been used likewise as a protection to iron in marine 
boilers. A recent paper 4 points ont, however, that the protection so 
afforded, though real enot1gh, is not electrolytic but rather is due to the 
using up of the oxygen in the water by the normal uncoupled corrosion of 
the zinc. The oxygen thus becomes tllla\"ailahle for iron corrosion. 

DEFINING NON-CORROSIVE NEuTRAL RANGE OF AQUEOUS SOLUTION 

Zinc has useful resistance only in a relatively narrow, neutral range of 
solution, this resistance being due in the simplest case to a protective film 
of hydrate, abetted in the case of impure solutions hy other precipitated 
corrosion products and compounds deposited from solution. The hydrate 
is soluble on both the acid and alkaline sides of this neutral zone. 

\Vork by Roetheli, Cox and Littreal u; has very effectively drawn the 
limits of the neutral, hydrate-forming zone in tests in distilled water with 
hydrochloric used to throw the solution acid and sodium hydroxide alka
line. The solutions were kept rather strongly agitated. Figt1re 16 shows 
the results. 

The hydrate is seen to have been 1110st protective between the neutral 
point, pH 7, and pH 12.5. The fact is brought out that the exact shape 
and location of tbis curve is typical probably only of the particular set 
of conditions under which these tests were made. Factors such as agita
tion, aeration, salts in the solution, and temperature, in conjunction with 
hydrogen-ion concentration, affect the characteristics of film formation. 
These investigators conclude "in a universal sense the condition of low 
or negligible corrosion probably lies between pH values of 6 and 8 as 
minima and 11 as a maximum." 

Cox 11 has 011 another occasion established the effect of temperature 
on behavior in distilled water. The specimen8 were constantly in motion 
in the solution, and the solution aerated with a stream of unwashed air 
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FIGURE 16. Effect of pH Value on Corrosion of Zinc. 

TABLE 53,-Zinc ~'S. Distilled Water. 

Temp .• F- Appearance of Precipitate Tenacity of Precipitate 

68 Definitely gelatinous Very adherent 

122 Slightly less gelatinous Adherent 

131 Mostly granular Non-adherent 

149 Decidedly granular, becoming Non-adherent 
flaky, compact 

167 Decidedly granular, flaky, Non-adherent 
compact 

203 Compact, dense and flaky Adherent, removed by bending 
specimen and fracturing 
scale 

lIZ Varies from grayish white to Very adherent and difficult to 
black, very dense, resembling remove by mechanical means 
enamel 
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bubbles. The duration of test was 15 days. The results are given in 
Figure 17. Examination of the zinc hydrate film showtd that the ~trow( 
increase in corrosion coincided with a change in the nature of the fih~~ 
from an adherent gelatinous state to a non-adherellt granular state. (See 
Table 53.) 

FIGURE 17. Zinc vs. Distilled 

Water; Effect of Temperature. 
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These results on change of film strttcture with temperature, and those 
preceding on the limits of the ncntral relatively non-corrosive range of 
solution, are very .... ·aluable a~ l)flckgro\l\1(l to an understan(ling of the 
corrosion resistance of zinc. A rate of 10 mg. per sq. elm. per day is 
sufficiently low to indicate moderately good refiistance, whereas r,\tes Qt 
.5 to 2 mg. per sq. elm. per (hy are typical of the 100v degree of action of 
atmospheres OIl zinc. 

Behavior under acid, alkaline, and neutral conditions will now be dis
cussed in order. 

ACID CONDITIONS 

Acids corrode zinc with strong evolution of hydrogen. As already 
noted in Figure 16 only very dilute concelltrations of acid are required to 
push corrosion rates beyond the limits of usefulness. Thus hydrochloric 
with a pH of 4 yielded a rate of 200 mg. per sq. dm. per day. 

A good illustration of behavior, under different exposure conditions, 
against a strong acid and a weak acid~hydrochloric and acetic respectively 
-is given by the data in Table 54.:!u The duration was 48 hours fonow
ing previol1s 48-hours cXJ..l0sun~, anti the tests were made nt room tempera
ture. One llorIllal hydruchloric has a pH value of ahout 1, one normal 
acetic a pH of about 3. 

A zinc coating of .002 inch thickness on steel would be entirely dis
solyed, at a rate of 280 mg. per sq. dm. per day, in 13 days time. 
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TAnt.£ S4.-Zinc t'S. Acid SO/1!tiOllS. 

Total immersion 
Quiet .............. , .......... . 
Air-agitated .................. . 

. -\.lternatc immersion 
Continuo115 .................... . 
Intermittent ................... . 

Spray (30 days) ................. .. 

Corrosion Hate-1Ig. per sq. dm. per clay 
Hydrochloric - 1 ,'Ii Acetic - 1 X 

/,500 
(j,500 

23,000 
22.S0iJ 

3,250 
3,700 

4,500 
850 
470 

A use for zinc that depends on COIToc1ibility rather than resistance is 
in photo-engraving, particularly for newspaper work. This use is based 
on the behavior of certain organic acicls, notahly oleic and arabic, in yield
ing corrosion products on zinc plate that attract or repel ink. 

ALK"\LI~E SOLtTTJONS 

Zinc like alull1i11lltll is amphoteric. and as a result is susceptible to the 
attack of alkaline solutions in much the same 11Jauner, although not so 
actively so, as aluminum. The results of Figure 1 indicate that the zinc 
hydrate film that is protective in the neutral zone hecomes soluble as the 
pH moves above 12. The chemistry involved is reaction between zinc 
hydrate and alkali to form rea(lily soluble zincate. The presence of oxygen 
promotes this reactioll, although, in the higher hydroxide concentrations at 
least, oxygen is not necessary for rapid reaction rates. 

Aqueous amlllonia corrodes zinc rather readily with the formation of a 
complex soluble hydrate of zinc ancl ammonia. 

Some idea of the effect of alkaline solutions is given by the data in 
Tahle 55.:10 The duration was 48 hours following previous 48-110111'5 
exposurc, at room tcmperatnre. 

TAIll.E !'is.-Zillc ~·S. All.·alille Solutio/ls. 

Total immersio!1 
Qnict ........................ . 
Air-agitated .................. . 

Alternate immersion 
C ontinllotls .................... . 
Interlllittent ................... . 

Spray (30 clays) .................. . 

Corrosion Hate-Mg'. ncr sq. dm. per day 
Sodium Ammonium 

Hyrlroxide-l lol Hydroxide-l N 

90 
170 

1850 
450 

3 

60 
140 

550 
60 

<1 
These moderately strong alkaline solutions are much less actively con'o

sive than corresponding concentrations of acids, yet with the exception of 
the spray exposure may be considered too corrosive for zinc to be useful 
with them. 
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NEUTRAL SOLCTIONS 

Of the nentral solutions distilled water is relatively hicrh in its action 
on zinc. An idea of rates may be gained by the fr;lIow;ng data, from 
2-1- hour t(,5t5 at r00111 temperature nn cast 99.97S;; zinc .~: 

Distilled water 
JIg. pO' ,1'1. tim. 1''''' dll.\' 

Quiet sllsllen:;iOl1 ........................ . 
Air-agitated ............................. . 
Agitated with carbon dioxirie .............. . 
Agitated with air ..................... . 

-, -. 
~j.1; ,,~ 

1(.7; 1\)9 
.1-1-3 
33 

Thus perhaps a fair average fallge oi rates in distilled water wonld he 
30 to 200 mg. per 5(1. elm. per day. The specimens were pitted III these 
tests, so that actual penetration rates would teml to he higher. 

It seems gellerally to be the impression that rlistilled water is more 
eorrosh'e to zinc than waters carrying salts.~ In Olle set of tests 1 metallic 
zinc was corroded from -t to 6 times as rapidly by stagnant distilled water 
as by sea water or by 2.5% sodium chloride. 

_,.\, goorl example of corrosion rates for zinc suhmcrg-ed in a number of 
different salts of various concentratiolls is giVl'11 ill TallIe 5(j.2U The solu
tions were for the Illost part quiet. a11d exposc(l at the snrface to air. The 
~pe('illlens were submerged 2.3 in. bclow the surface. 

TABL~: 56.-Zinc ",'so Suit S,Jiut;olls. 

Cone. Duration Corrosion H.ate 
Salt grams Temp. 0 F. Mg. per 5fl. 

per liter Days dm. per day 
None ........ ~ ...... S4 6-1 10 
Sodium chloride .... 5--100 5-1 64 18-2.6 
Potassium chloride .. 5-300 5-1 (is 18-0.9 
Potassium nitrate .... 5-100 46 189 3-1.1 
Sodium sulfate 5-.100 54 GO 12-1.8 
Potassium sulfate .. 5-JOO 54 57 11-0.5 

These rates are low because of the quiet submersion condition. Evan:;::!:: 
obtained a rate of approximately 110 111.g'. per sq.dm. per day each for 1% 
solution of potassium chloride and H 7~ potassium sulfatc, on electrolytic 
zinc specimens partially immersed in the quiet solutions. 

A good illustration of the action of a typical, moderately corrosive salt, 
sodium chloride, and a relatively non-corrosive, special film-forming salt, 
potassitml dichromate, is given by the data in Tahle 57.ao The tests were 
made at room temperature. for a 48-hour period following 48-hours pre

vious exposure. 
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TAIII.E 57.-Zillc 7'S. Salt Solution. 
C, )rmSillll ]{atc--1Ig, pcr ~(l. tim, ]ler day 

S'lIlillill Cliluridc-l N Fnlaosiulll Dichrtllllatc--l.\ 
Tolal iUllllcnioll , ... , ... . 

Quiet ........ ',." ... . 
Air-agitated .......... . 

Alternate immcrsion ...... . 
Continuous .. , ..... , .. 
Intermittent ......... . 

Spray (30 days) ......... . 

600 
700 

11.5 

.7 

.7 

1.5 
1.5 

<.1 
Aeration-agitation [or salts like sodium chloride is accelerating; and alter
nate immersion is seen to be extremely accelerating. Spray exposure 011 

the other hand is a relatively mild condition. A still further set of data 38 

covers the effect of several alkaline salts on zinc under quiet partial immer
sion conditions. (See Table 58.) 

TABLE 58.-Zillc ~'S. S(llt Solutio liS, 

Condition 
5 hI'S., 1500 1-. 

Mg. per sq. dm. per day 

Sodium carbonate-.55f> ......... . 
Sodium phosphate-.SO/O .... , .... . 

5 d(lys, 70° F. 
Sodium hypochlorite . 

.236 grams per liter available 
chlorine .................... , .. 

38 
24 

21 

Submerged in 10% ammonium chloride solution for 30 days the rate of 
attack on zinc was found to be 20 to 70 mg. per sq. elm. per day.16 

The rates in the foregoing paragraphs afford a fair picture of the 
oreler of resist:1.nce of zinc to neutral aqueous solutions. 

The effect of temperature on corrosion of zinc has already been men
tioned in connection with Figure 17. Confirmation of the fact that increas
ing temperatures cause much greater corrosion is found in the following 
results of Baylis 6 on the quantity of hydrogen evolved from zinc sub
merged in tap water. (See Table 59.) 

TABLE 59.-Zillc vs. Tap Water. 

Temperature 
OF. 
68 
98 

127 
203 
212 

Hydrogen gas 
in c.c. per 24 hrs. 

at 68° F. 
1.3 
2.2 
3.6 

120 
175 

Baylis G also found that the rate of hydrogen evolution dropped off 
very appreciably with time. 
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Speller:;2 has given corrosion rates, for cast zinc exposed 6 months 
in tap water at 1580 F., of 16 to 33 mg. per sq. lim. per day for unaerated 
water, and 28 to 51 mg. per sq. dm. per day for aerated. 

Sheet zinc in submerged aqueous corrosion is characteristically pitted. 
This is not observed with galvanized iron, the reason being that the progress 
of localized corrosion is prevented by the underlying iron, the latter remain
ing substantially nnattacked so long as the zinc coating is not completely 
removed from the vicinity of the bared iron. 

Evans 10 has made an extremely interesting study of the inception and 
progress of attack of zinc partially immersed in aqueous solutions. Speci
mens held at an angle of 15° from the vertical in distilled water corroded 
with the development of vertical tracks bounded by two white lines, "sug
gesting that some heavy liquid was being exuded from these points and was 
descending in streams, depositing an insoluble body 011 either side." 

Specimens immersed in potassium sulfate, sodium chloride, and mag
nesium sulfate corroded in a horizontal zone at the bottom of the specimen 
with an uncorroded zone between this and the water level. The boundary 
between these zones climbed up with time to approach the top. The speci
mens in addition corroded visibly at points, as in the case of distilled water, 
at lines or scratches and at points along the edges. The spots at which 
corrosion started ,,,ere very fine cavities originally present in the metal 
surface, finger marks, rolling defects in the surface. 

These observations indicate dearly the extreme susceptibility of zinc 
to localized attack and to the establishment of concentration cells. 

An interesting long-time test in sea water has been made by Friend.27 

A zinc bar was included with other metals in 4-ycars exposure to Bristol 
(England) Channel water at such a. location that the bars were submerged 
93% of the time. The average over-all corrosion rate for zinc was 18 mg. 
per sq. dm. per day, though the surface was roughly pitted to depths of 
ahollt .035 inch (corresponding to 45 mg. per sq. elm. per day maximum 
rate). The order of attack, both general and localized, was similar to that 
of iron and steel. 

On the other hand-and a very important point-a galvanized iron bar 
sufferecl no appreciable localized attack, with traces of zinc remaining on 
the bar at the end of the test. 

The protective corrosion product that develops on zinc in sea water has 
been found 0 to consist mainly of carhonate, hydroxide, and oxychloride. 

The susceptibility of zinc to localized attack in submerged exposure of 
waters and salts is sllfiicient to prevent tlJe sw.:cessfttl use of solid zinc 
under these conditions. On the other hand the freeclom fro111 localized 
attack characteristic of zinc coatings on iron and steel, combined with the 
strongly protective effect of even damaged and corroded coatings, gives 



1()6 CORROSION RESIST.,lll,TCE OF METALS AND ALLOYS 

the coating a far greater usefulness than t1Ie behavior of zinc itself would 
suggest. 

The use of zinc-coated iron and steel pipe for c;l.rrying water is very 
common, zinc being applied both inside and out. Ordinarily the zinc 
deposits are heav}', llsually ahout 505''0 as heavy 011 the inside as on the 
outside. In the case of buried pipe, acid and alkaline soils are more rapid 
in their attack than the neutral range f)f soils. Often protection is given 
the outer zinc surface by paint. 

There is it variatiol1 in corrosion rates among different types of waters 
according to the salts and gases carried in the water. In general, soft 
waters are more corrosiYe to zinc than waters carrying calcium salts. 
Chloride fresh waters are stated to be more corrosive than those without 
appreciable chloride. Certainly elevated temperatures and strong aeration 
and agitation are accelerating conditions. 

Jnst what corrosion mte ranges for zinc coatings are to he expected in 
fresh waters is rather a question. Speller,"!! as already stated, gives rates 
of 15 to 50 mg. per SCI. dm. per clay in water at 158D F. over a six-months 
period. The rates in dilute salt solutions in quiet exposure at ordinary tem
perature, given alreac1y,2° run around :3 to 15 mg. per sq. dm. per day. This 
would seem a fair typical range for quiet waters at ordinary temperatures, 
with aeration an accelerating condition, and deposition of calcium carbonate 
and certain other compounds suppressing. 

Galvanized iron is commonly usecl in equipment handling refrigerating 
brines.r.:J· ,,7 To reduce the attack of unprotected iro11 the brine is often 
made alkaline, yet if made alkaline to the extent that the corrosion of iron 
is suppressed the brine becomes corrosive to the zinc. A pH value of 
9.5 to 10 seems the best compromise. :\.n interesting comparison of attack 
of zinc and iron is given by the data in Table 60. The specimens were 
exposed ill air-agitated brines.u7 

COliC. 
pH 

4 
7 

10 
12.6 

• Pitted. 

T .. \DLE 60.-ZillC vs. Brines. 

Relative Corrosion Rates 
Calcium Brine Sodil1m Brine 

Iron Zinc Iron Zinc 

100 
100 
100 
100 

235 
165 
120 
90* 

FOOD PRODUCTS 

100 
lOO 
100 
100 

115 
55 

3 
100* 

Neither sheet zinc nor galvanized iron an(\ steel are used to a great 
extent for handling food products, (except where exposure is largely 
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atmospheric). both because ~o mfll1\' ir:Il\(I;;tun~ are ;;ufficientlv acirl b:.> attack 
zinc rather strongly, and because' other available lIletals. I;otahly tin. are 
considered less toxic than zinc. or even nOll-toxic. The a,halltage ill cost 
that zinc-coateclllletal has is therefore of little amil in thi,; tleld. The \\'icle 
use, on the other hand. of galnlllized pipe and tanks fe.l' handling 1l()l1sd1Ohl 
water supplies has already been mentioned. 

Some idea of the snluhility of zinc in :1Cid foodstuffs is given hy the 
values in ]'ahle 61 for zinc absorption in parts per milliem of snlutioll 
after being helrl in galvanized iron llails.4u 

Tap water .... 
Distilled water. 
Carbonated 

water ....... 
11ilk ......... 
Orangeade .... 
Lemonade ..... 

TAllLE (il.-Zillt 1'0' • • Hi!!.·. Fruit Juic!' tlild fl·a/..,.s . 

Zinc--p.p.m. 
---'--. 
Ii hl';;. -11 hrs. Start 

S 21 7.2 
9 ?-~I 6.2 

193 181 5.2 
438 1054 
530 85·1 3.7 

1411 2;00 2.(, 

pH Vnltle 
------, 

Ii 111',. 4111rs. 

SA g,g 
7.5 8.2 

tlA (i.9 

. \cirlity. in c.c. of 
O.t N aei!l per lit"r 
,---.'-._--_ .. _, 

17ltr,.;. -II hI'S. 
o f) 

1 0 

34S 96 
11(19 

397 533 
49.3 36(j 

Milk corrodes zinc at rate~ ni 2t) to NO 1l1g'. per sq. elm. Iwr llay under 
aeration-agitation conditions, seD to 203 0 F.:I~ In other tests,:l7 in quiet 
partial immersion in varions milk products. rates of 1 tn 6Clmg-. rwr ,q. elm. 
per day were ohtained. 

TOXICITY OF Zn.'c 

The likelihood of waters heing tuxic 1:1. ~4. '11, no, ,,4 when containing zinc 

absorbed from ordinary exposure to the galvanizing fln pipes is extremely 
slight. HQward 34 has observed that waters condt1cted through galvanized 
pipe commonly carry up to 5 parts per million zinc ane[ rather frequently 
carry 10 to 15 parts per million. Clark 10 has reported zinc ranging from 
o to 3 parts per million in water drawn through typical galvanized ser'dce 
pipes, less than 100 feet in length, in ordinary use, and sOlne\\'hat higher 
contents in water that has stoncl ovcr nir;ht. These zinc contents seem 
negligible, from the toxicity point of view, when it is considered that ('am
mon foodstuffs as found in nature may carry many times these. 

Zinc is believed to be non-cumulative in its physiological effect.il4 

After reviewing the available information on toxicity, Anderson. Rein
hard and HammeI,l have stated as follows: 

"In the absence of complete information it is difficult for a layman to 
arrive at a true estimation of the importance of the zinc content of water. 
Even at 40 milligrams per liter it is doubtful that much more than 100 
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mill igrams will be ingested daily, since few people will use much more than 
2~ liters (3 quarts) of water daily for drinking and in cooked food. Most 
foodstuffs contain zinc. The following menu 14 of a test meal contains 
from 225 to 275 milligrams of zinc: three-iourth yeast cake with anchovies, 
chopped olives and mayonnaise, tVich·e oysters (raw), oyster soup (eight 
oysters), cluck-bread stuffing, applesauce, corn on the cob, wheat bran pud
ding, bread and butter, strawberry gelatin-whipped cream, coffee and sugar. 
No ill effects were noted from this meal. 

"The normal rate of loss of zinc from the human system amounts to 
about 3 to 20 milligrams per 24 hours with an average of about 10 milli
gral11s.H These amounts represent those taken in norlllal food. There is 
every indication that were larger amounts taken in daily the loss would 
become correspondingly large and no ill effects would result. In the 
Drinker, Thompson and Marsh iii experiments continued feeding of 
amounts of zinc far beyond what normal diet would involve, produced no 
ill effect on rats, cats and dogs. 

"On the basis of all of these considerations the writers feel safe in con
sidering waters containing I1p to 40 milligrams per liter safe for human 
consumption." 

ATMOSPHERES 

The behavior of zinc in atmospheric exposure has been summarized by 
Huhhell and FinkeldeyaG as fallows: 

"Like several other metals which exhihit marked resistance to corro
sion, in the atmosphere, bright zinc rapidly tarnishes when first exposed, 
forming a smooth tightly adherent protective film. This film is apparently 
a comhination of zinc oxide, zinc carbonate and zinc hydroxide. It is not 
readily soluble in ordinary atmospheric waters nor easily destroyed by 
other atmospheric agencies. 

"The film varies in thickness depending upon the exposure conditions, 
probably reaching a maximum thickness of .0003 in. If removed or worn 
thin by abrasion, it is renewed in a few days to its original thickness. 
Some idea of the insolubility of this film in ordinary atmospheres may be 
gained from the fact that there are in Europe zinc roofs over one hundred 
years old and still giving service. However, the film is more readily 
attacked in atmospheres high in SO, and CO,. which accounts for the more 
rapid destl'llction of zinc-coated products in the Pittsburgh district." 

These authors have also generalized as follows in respect to the ttse of 
galvanized metal in atmospheric exposure: 

"1. For all outdoor and severe indoor service use only materials heavily 
galvanized by the hot-dip process. Sheet and wire products should be 
purchased under specification to secure heavy enough coatings to give long 
life. All artides whose manufacture requires severe deformation should 
be galvanized after fabrication. 

2. For semi-protected outdoor and equivalent indoor exposures. sher
ardized or light weight hot-dipped coatings afe satisfactory. Sherardiz
ing is especially adapted to small castings, fittings, bolts and nuts. 

3. For indoor exposures under normal conditions electrogalvanized 
coatings will be satisfactory. The process is llsed chiefly to coat small 
working parts of machines and similar apparatus requiring protection from 
rusting for their proper mechanical performance." 

Basing their opinion on collected data, Hubbell and Finkeldey further 
have given an idea of the life in years to be expected of sheet zinc and zinc 
coatings in exposure to different types of atmospheres. (See Table 62.) 
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TAIlLE 1,2." -7.itl" .. S, .'Jt'11I\~l'ha,·.I'. 

EX(lcl'tciI Li ie in \" ('aI', 
"'"-,,-.~--~---..... ,.,,-.~.--~ _, .-.~.~."~ ... --'~- --.---_. -.-

I{ural !'c:\ Semi· Heavy 
COht Iwlllstri;,1 r ndu5trial* 

Commercial rolled zmc 
.020" •••••••••••••••• ,1 ••• 5(}"·i5 50 ";1)·30 10-15 

Galvanized sheet 
1.25 oz. per sq. ft. of surface 30-35 20-25 15-20 iLIO 
1.00 oz. per sq. it. of surface 20-25 15 10-15 6- 8 

.6 oz. per sq. ft. of surface 8-10 5- 8 5 J- 5 
.2-.3 oz. per sq. ft. of surface 3", .j 2 - " I " 1 - ~ 

* Compare with Figure 18. 

The rate of attack on zinc, according to tests hy Vernon r.r. in indoor 
atmospheres, is constant after about one-day exposl1re, perhaps often less 
than one day. The initial rate is faster than this constant but the corrosion 
product film that first develops when freshly abraded zinc is exposed is 
protecth'e. A visible corrosion product accumulates, granular in nature; it 
is some continuous film beneath this granular product that affonls the pro
tection, however. 

The rate of atmospheric attack 011 zinc is therefore slow. 111 an inve::;ti
gation of the fundamentals of this attack, V Crtlon 56 determined the rate in 
outdoor London exposure, with specimens unprotected from the wash oi 
rain, to be Jess than 1 mg. per sq. dm. per day. In one series of lOO-weeks 
duration, the metal washed off with the rain water and the metal content 
of the in situ ,corrosion product was determined, to give the follmving values: 

Zinc removed hy rain-water ........... . 
Zinc corroded and in situ .............. . 
Total corroded zinc ................... . 
Corrosion rate ....................... . 

1.154 gll1S. 
0.058 gIllS. 

1.212 gillS. 
0.78 mg. per sq. dill. per day 

In a second series of tests at the same location, of 225·,veeks duration, a 
corresponding rate of 0.97 mg. per sq. dm. per day was estahlished. The 
latter rate represents the actual average weight loss of tile specimens multi
plied by a factor whose value was based on the experience of the first series 
of tests, to take into account the metal carried in the ill situ corrosion product. 

The in situ corrosion product in both series consisted largely of oxide, 
hydroxide and combined water, but in part of sulfide, sulfate, and carbonate. 

Hudson 8(l obtained the rates in Table 63 for zinc in a year's exposure, 
outdoors and unprotected from rain, in various atmospheres. 

Long-time tests by Patterson,40, 41,42 Vernon,56 and Prost 45 confirmed 
the similarity between different grades of zinc, at least insofar as weight 
change is an indication. 
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TA[lL[c 63.--Zillc r'S • .. 1tll!(1sphel'L's. 

Rural ............................... . 
Suburban ...................... . 
Mild industrial ....................... . 
Urban ............................. '" 
Marine .............................. . 

~fg. per sq. dm. per day 
Electrolytic Zinc Ordinary Zinc 

.58~ 
.985 

1.32 
l.SS 

.99 

.575 

.94 
1.29 
1.94 
1.04 

The weight-loss rates for specimens of sherardized and hot-dip gal
vanized sheet, and of rolled zinc, in New York City atmosphere, were 
found to be 0.7 mg. per sq. elm. per day, with no important difference between 
the types.:l :l The test period was one year. 

In a study ~~ of galvanized sheet carrying different thicknesses of zinc 
coatings, in exposnre over a 6 to 7 year pcri()d at Pittshurgh and Altoona, 
Pa., respectively, the results of Figures 18 and 19 were obtained. 

FIGUR~; 18. Galvanized Iron vs. FIGURE 19. Galvanized Iron 115. 
Atmosphere at Pittsburgh, Pa. AtnlClsphere at Altoona, Pa. 

Assuming the 0.75 oz. per. sq. ft. sheet (1225 mg. of zinc per sq. dm. of 
surface) to have a zinc layer of even thickness, the maximum corrosion 
rate in these tests corresponding to a two-year period for the first appearance 
of rust would be about 1.7 mg. per sq. elm. per day. Likewise the rate cor
responding to a 4~-year period for total disappearance of zinc would be 
(Pittsburgh) 0.75 mg. per sq. elm. per day, The rate corresponding to the 
period to produce rust over 50% of the surface on the Pittsburgh sample 
would calculate to 1.2 mg. per sq. dm. per day. 

An interesting result, in that the exposure period was 7 years, is that of 
Friencl.28 The zinc bar was exposed on a roof in Birmingham (Eng.). The 
rate was 1.15 mg. per SCI. elm. per day. "with small pinhole pitting." 
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The effect of impurities in zinc 011 its resistance tt) atmospheric corrosion 
is almost negligible, accordillg to the results 0 i Patterson's te5t5:10 He fuund 
both in moist indoor al1rl in outdoor atmosphere a greater attack during the 
winter months clue possibly to the more acid nature of moisture, ami found 
that excessive humidity led to stronger corrr)sio!1. O\·CI- a 1-1- l11onth5 
period in outdoor London exposure zinc was currode!l at a rate ni iu~t 
under 1 mg. per sq. um. per day.4:! . 

An interesting set of ohservations on the appearance of high grade com
mercial zinc specimens after expn.'llrr for n. ye~r at varinus II)catiol15 is 
quoted below 2;; : 

Pittsburgh, Pa. 
Altoona, Pa. 
State College, Pa. 
New York City 
Sandy Hook, N. ]. 
Rochestcr, N. Y. 
Key W cst, Fla. 
Phoenix, Ariz. 

La Jolla. Calif . 

Light gray thin lllliiurm adlwrcnt film 
Light gray thill uniform adlH:rcnt film 
Light gr;:n' uniform adherent lilm 
Light gray thin uniform adhercnt film 
Light gray uniform adherent filtn 
Light gray thin unif(lrm adherent tlllll 
Light gray l111iionn adherent film 
Di,tillctly tarnisbed with areas of light gray ad

herent film 
Hravy white bulky scale of irregular thickncso 

. \t La Jolla, high humidity and salt spray conditiolls prevailed. 
A very important feature of the atmospheric resistance of zinc is the 

fact that for the corrosion prod11ct to hecome protedin~ in the highest degree 
a combination of alternating wet and dry exposure is hest. Evans 2:: ha~ 
wIled attention to this and cites a case where galvanized iron eX1Josed to the 
atmosphere of the Scilly Islands was in excellent condition aiter 15 years, 
whereas new galvanized iron exposed at the same locatinn be~;an to rust 
within a year. The exposure conditions in respect to alternate damping an!1 
drying were possibly more favorable in the first instance to the initial develop
ment of good protection. hut it is much more likely that the relative thickness 
of the zinc coatings was responsible for the difference. 

Cases of abnormal corrosinn of r.ine flashings and gutters are said to 
have been traced to the action of organic aciel!' leached from shingles of 
redwood, oak. and cedar, or from built-up or tar roofs, or to the action of 
rain-water shed from copper roofs and flashings. The evidence is very 
floubtflll however. On the other han!! corrosion is known to be accelerated 
by accumulations of coal ash high in iron, tlaijg and other tramp iron. Often, 
too, zinc-coated sheets carry a white bloom after storage, particularly ill 
humid and seacoast atmospheres. This latter does not signify pronounced 
corrosion at all, in fact it would he very unusual for pronounced corrosion 
to occur in this ,yay. 

The beneficial effect of zinc coatings 011 steel is shown by the results of 
fatigue tests in carbonate water exposure.32 The tests were made in a 
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rotating beam type fatigue machine, rtm at a speed of 1750 r.p.m. for 10
7 

cycles (4 clays). In Table 64 are the results. 

TABLE 64.-Ga/t'll!li;:;cd Steel 7!S. Carilollatc IVater. 

Uncoated steel, in air ...................... . 
Uncoated steel, in water ................... . 

Electroplated steel, water .. __ .. - .. - .. -.... - . 
Shel'ardized steel, water ... __ ............... . 
Galvanized steel, water _ .. , ................. . 

Fatigue Value 
at 107 Cycles 
Lbs. per sq. in. 

60,500 
20,000 

60,500 
43.500 
43,500 

The poorer behavior of sherardized and galvanized specimens was believed 
clue to a notch effect related to the zinc-iron alloy layers between the zinc 
coating and the steel. In other words this presllmably \vas not due to poorer 
inherent protection against corrosion. 

HIGI-I-TEMPERATURE DETERIORATION 

Zinc has little utility at temperatures above the boiling point of water, 
since the strength of zinc is cleficient in this range and the behavior of zinc 
coatings against superheated steam and oxidizing and sulfidizing gases is 
generally poor. The melting point of zinc is 7860 F. Pilling and Bed
worth 43 determined that dry oxygen at slightly below this-752° F.-slowly 
oxidized zinc, forming a milk-white coating nf oxide that was partially 
protective. 

ZINC 
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Chapter VIn 

Cadnlium Plate 

I II the field of currusion resistallce cadmiulll plays a Ii mited rule. It;; 
nse is based on the pmtectioll it gin~s a~ an electn!ll]ntcr] cnati11g' nn irnll 
and steelY' In its general eficctin'l1CSs cadll1iuIll is rather like 7.inc.* In 
cost cadmium plate is at a (ldlnitc llisatl\'antage c'Jmpared with zinc plate. 

Like zinc, cacJmiu11l1Jchaves anodically to inm in atlllll~Jlheric anrlnelltral 
aqueous expDsure. ,\Vith these metals, therdore. iron where exposed at 
pores and hreaks in the coatin.~ is prevented from corrudillg. This helw.vior 
contrasts with lack oj protectio11 and the (lefinitely accekratillg effect 
chromium and nickel exert on corrosion of hare iron. The anodic relation 
is necessary for reasollahly successful hehavior in outdoor atn1fJsplieric awl 
submer:sed eXJlosure since metallic coatin;:?;s arc charaderi~tically porous. 
\Vhereas rust ",ill "hleed" from pores in chromium or nickel plate, rtIsting 
is largely prevEnted or is at least only supel'tlcial whel1' steel is exposed at 
small areas in the case of zinc :mrl cadmium plate. 

Fol1l' extremely l1~dul reports have llccn made OIl long-time atmospheric 
exposttre of cadmium-plated ferrous metal. The first is that of Hocker R in 
which he otters a critical allal'y~is of the extensive long-time outdoor exposure 
tests of the American Society for Testing Materials.u The lIe11avior of 
cadmium-plated specimen!' is summarize(1 in the cnrvrs in Fignres 20. 21. 
and 22. 

It is interesting tu sec that in the more corrosive industrial atmospheres 
a year's exposure has led to rnsting of 60 to 900/0 [If the specimen area. 
whereas in the rural (State College) atmosphere tllC rnsterl areas have 
ranged from -I- to 12%, of the surface. In the marine atmospheres behavior 
was intermrrliate. The same relation amollg the atmospheres held for zinc
coated specimens as well, although the damage to zinc-coated metal was 
in every case less than that of cadmium. 

Tests hy Hippensteel and Borgmanll" in outdoor New York City 
exposure have supplied an idea of actual corrosion rates of cadmium plate. 
The plating was approximately .0008 in. in thickness. The corrosion rate 
over a year's duration was 2.5 mg. per sq. dm. per day (.000-+ in. per year). 

• Se~ Gillett's discussion of relative merits." 
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FIGURE 20. Cadminm Plate vs. 

Atmosphere. Plate thickness 0.14 to 

0.24 oz. per sq. ft. 

FIGURE 21. Cadmium Plate vs. 

Atmosphere. Plate thickness 0.27 to 

0.37 oz. per sq. ft. 

FIGURE 22. Cadmium Plate ys. 

Atmosphere. Plate thickness 0.43 to 

0.67 oz. per sq. ft. 
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The tllirel set of vcry useful tests is that of Patter"onP In open 
exposure in London atmosphere the corrosion rate for cadmiulll plate was 
1.5 mg. per sq. elm. per day for 3-lllonth's exposure and 4.1 mg. per sq. dill. 
per day for 9-111onth'5 exposure, using the same specimen. Over a 76-c1ay 
period solid cadmium gave a rate of 3.5 and c;!rlmiutn pbte a mte (If +.2 mg. 
per sq. tIm. per day. In indoor exposure, \,,."ith all average humidity of 55%, 
the rate for cadmium plate over a 9O-day period was 3, over 250 days ,vas 
1.2 mg. per sq. dm. per day. 

Finally, ill outdoor tests made under the auspices of the American Society 
for Testing Materials and the American Electroplaters' Society,! cadmium
plated steel specimens were exposed 18 months with results given in Table 
65. The higher the "score" the better the behavior. 

TAnI.E /is.-Cadmium Plate 7'S. Atlllosphcr,_·. 

Score 
--~'---'-.--~--

.0002 In. .0005 In. 
Cadmium Cadminm 

Industrial 
Pittsburgh .............. 44 82 
New York ...... , ........ 37 M 

Non-industria t 
\Vashington ........... ~ 97 100 
State College ............ 100 100 

:Marine 
Key \Vest II, ••••••••••• 85 85 
Sandy Hook ••••••••• I •• 86 93 

The "score" relates to per cent flf stir face rusted as i ollows: 

Score 
100 

gO 
60 
40 
20 
o 

Pcr CCIlI of 
Surface Husted 

o 
0-5 
5-10 

10--20 
20-50 
50-Ion 

.001 In. 
Cadmium 

81) 
77 

98 
100 

115 
91 

The authors of the report felt that only the results in the industrial atmo
spheres were conclusive. 

The fOtlr sets of data discussed above give a fair idea of behavior to be 
expected of cadmium plate in atmf15pheric exposure. 

As already stated, cadmium is characteristically ::tnouic tu iron in :l.tmo
spheric and aqueous exposure. Tbat thi~ relation is true ill the atmosphere 
is recognizable fro111 the appearance of cadmium plate following exposure. 
\Vith respect to submerged exposure Rawdon 14 has demonstrated the fact 
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hy immersing an iron: cadmiul1J couple in } normal sodium chloride. In 
48-hours exposure iron remained unrustec1 at distances of almost an inch 
from the cadmium, which was the limit of the test set-up. The cadmium 
011 the other hand \\'a, distinctly etched. The iron area was several times 
that of the cadmium. The sac;'ificial corrosion of cadmium has also been 
demonstrated in an English inwstigation.!l 

Corrosion fates in water and salt solutiolls are almost entirely lacking. 
Evalls -1 immersed cadmium in a 1 normal solution of potassium chloride 
for 70 hours. The solution. previotts to the immersion of the specimen, 
was saturated with air. The corrosion rate was 22 mg. per sq. dm. per day, 
which was of the same order as that for zinc. In other tests 10 the rates 
in quiet and aerated sea water were less than 2 mg. per sq. elm. per day, in 
75-dn.y tests, belmviot heing ~l good many times better than that of zinc. 
The latter fact is also indicated by observations of Dornauf 3 on submerged 
exposure. These results would indicate that for submerged exposure in 
neutral aqueous conditions the resistance of cadmium-plated ferrous metal 
might he to some extent useful. 

Cadmium plate is a decided protection to steel in corrosion fatigue 
exposure. Tests were run ill a carbonate tap water G all a steel with an air
fatigue limit of 60,500 lhs. per sq. in. The apparent fatigue limits (107 

cycles, 1750 f.p.Ill.) in ,vater were as follows: 

Fatigll<' Limit in Irate}'. 

fla.re steel ..................... _ ....... . 
Cadmium-plated steel _.' _ ............... . 

The plate was .00022 in. in thickness. 

Lbs. per sq. in. 
20,000 
4!i.OOO 

The acid resistance of cadmium is of a low order. It is well known that 
cadmium has a high over-voltage value, and therefore in air-free acid solu
tions c01"l'osiol1 would he expected to he extremely slow. In the presence of 
oxygen or other oxidizer in solution, on the other hanel, cadmiuI11 is of 
poor resistance. Cadmium plate is not a useful material in acid exposure. 

'Vith respect to alkaline solutions it is significant that cadmium, unlike 
zinc and aluminum. is not amphoteric and therefore does not suffer the 
intense attack characteristic of aluminulll ancl zinc in moderate to strong 
caustic alkaline solutions.2 . B Susceptibility of zinc to this type of attack has 
been a limitation to its use in handling brines made alkaline for the sake of 
minimizing corrosion of bare iron. Cadmium plate has all advantage in this 
field; an example is the use of cadmium plate in laundry equipment handling 
alkaline solutions. 

Indications of behavior of cadmium coatings in exposure other than 
atmospheric are not extensive.2 , 13 



ClDJIJ U.l! l'f .. rrl: 179 

C\DMIUM 

BllJLIOGHM'lIl" 

, 1. ".\1:011, "Exposure 1(;;,ts and accclcrakd te;;\:; (,f plated cuatillg's [,11 :,ted," ,'1 Ill. 
':'D(. 1 estmg Materials, Alil. E/ccirop/III,"'S' ::lc1c. L'npuLlishcd vr(Jgrl:~s !'t:flun ly)33}. 

2. Anon, "Cadmium allli zinc platilig as ru:;t IJrevcmiYc"." Dnl.l"s It',m'd, 27, (l'J31) 
lil-175. . 

3. Domauf,]., "Cadmium as corro,;inn prolel,tion iLir lit::hl. llletab," KI!"ro"ioll It. 
J[elallscJmt:;,4, (1928) 9i-102. ~ 

4. Eyuns. U. It, "The electro-chemical character ui e')IT(biull," J, Illst .. '.I.:I., 30, 
(1923) 239-282. 

5. Gillett, H. \\C., "Cadmium 7.'S. zinc l'latillg. and the status oi ,;;t]t-:;pmy con',~,
sion testing," 111 ctals <t Arlo),'S, 1, (11)30) (i!i -e'iI. 

6. Harvey, \\'. E., "Cadmillltl plating- '·S. corwsioll-fatiglli:; l!ickling" ~'S. C\lf

l'USiOll-iatigt1c," Metals & Alloys, 3, (1';32) ID-72, 
7. Hippensteel, C. L. ClUe! l:, W. Borgmann, "Outdo(jr atll1o;;pllt'ric corru,irm of 

zinc and cadmillm electrude[losited coating, ('11 i!'llll amI st~el," TrtUls . .'1111. l£/N'lm
chem. Soc., 58, (1930) 23-3J 

8. Hocker, C. D .. "Outrlo(lr tc,t results ull bar~ ami metal-coated fcrnllls sped
mens," Symposillm. _.1m. Sn,', Tcstin.', MilfcJ'illis (Preprint :Mafch )1},1-l) 1-)9, 

9. Hoff, C. lIL, "Cadmium: its decll'uli('lIositioll for l'Ust pruofing purposes." 
Trans. Am. nlcc!l'ochcl1I, Soc., 50, (lr!2ti ) 31ll-,:;1O. 

10. Isgarischew. N. A., "Comparative sturly of the protective dIcet uf cadmium. 
zinc and other galvanic coatings," KOl'l'tlsioll 11. ;lfCI<lllsclwt,~. 6, (1930) 156-161. 

11. Passano, R. F .. "Report I,f Suh-Committee VHI nn fi"lc1 ttosts of metallic t"Lmt
ings," Pl'oc . .:1111. So .. Tcstilz[l Materials, 33-1, (193.1') 1·W-1tjS. 

12. Patterson, \V. S., "Resistance of elcctrodepo5its to corrosion, with special 
reference to cadmium and zinc," M ct. Ind. (I,Ol1ll",Z) , 36, (F)30) 527-529. 579-582. 

13. Pes,el, L., "Sprayed molten cadmium coatillgs in gasoline st',rage tanks," 
Illd. Ell11. Chem .. 18, (1930) 119-121. 

14. Rawdon, H. S., "Note (Ill thl' lll'otcrtirill "i irun hy cadmil11l1," TI'ilJls. ,1m. 
Efectl'Oc/zelll. Soc., 49, (1 026) 339-348. 

15. Rawc]tm, H. S., "ProtC'cti\'c metallic c'oatinp;s." Chemical C:tta!!.!; Co .. Illc .. 
New York 1928, 277 pp. 



Chapter IX 

Tin and Tinplate 

Corrosion resistance is the 1110st important property accounting for the 
use of tin, both in the solid form and as a coating to other metals. Thus 
on this }Jasis block tin pipe is used for handling beer, and solid tin is rolled 
into foil used for silvering mirrors and for wrapping confectionery, toilet 
soap, tobacco and other products. Sheet tin is used for collapsible tubes for 
dental creruns and similar products. 

Tinplate, or tin-coated steel, is characterized by good appearance, light
ness, dnctility, ease of soldering and seaming and especially for suitability 
for mass production processes. Tin plating is an old process; it was a 
thriving industry in Fifteenth Century Europe. The hot-dip plating process, 
originally used, is largely in vogue at the present time. Electrolytic deposi
tion of tin is practiced to a considerable extent. A further method, used 
for plating small articles like pins and clasps, is the "contact" process, in 
which the iron to be phtted Jies in contact with plates of zinc in a solution of 
tin salts. The tin plates out on the iron. 

Coatings of tin are used extensively on the heavy copper cooking kettles 
and containers used in ship galleys and hotel kitchens, and frequently on 
equipment in food-processing plants. 

Pewter is a group of alloys of tin, with varying amounts of antimony, 
lead, copper and zinc. The main virtue of pewter is appearance and resistance 
to tarnish, and it is used for table utensils. 

Tin-lead solders are in common llse, the usual ratio being the half-and
half solder. 

The use of tin as a corrosion-resistant metal is largely confined to resist
ing foodstuffs and the atmosphere. Tin-coated metal cannot handle many 
of the conditions where the resistance of solid tin is reasonably good, since 
the porosity and extreme thinness of the coating on plated metal affords, at 
best, only a temporary protection. On the other hand the process of tinning 
is a simple one and cheap. In handling foodstuffs copper itself is inclined 
to green up and perhaps discolor the product. Although a coating of tin 
on the inside of copper utensils lnay not be permanent its advantages more 
than compensate for the inconvenience of an occasional retinl1ing. 

180 
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TUE TIN CAN 

Investigations all corrosion in the tin can hayc snpplied a large body of 
information on corrosion, of general interest as well as of importance to 
the specialist on tin cans. For this reason the review that follows will be 
rather extended. 

The tin can is made of tinned sheet iron, the can being formed and 
seamed subsequent to the tinning, amI of course sealed subsequent to the 
filling. Though largely continuous the tin layer characteristically carries 
scattered pores and alsl) possihle discontinuities at seams, at which the 
underlying iron is exposed. 

Iron itself is subject to suflkient corrosion by canned foodstuffs, either 
neutral or acid, that an untinned iron can would not ill most cases he service
able. Lacquered tinless cans have heen the subject of experiment, ,'lith 
good results, m·er several months' time, holding beets, pumpkin and con1.19 

As discllssed in another chapter iron is corroded by neutral to acid solutions 
even in the absence of air. The corrosion goes on with hydrogen evolution 
amI is more intense the more acid the solution. It is for this reasOn that a 
plain iron can is 110t satisfactory. In the presence of air or oxidizer the 
corrosion becomes more rapid. 

Tin 011 the other hand is yery resistant to corrosion in neutral ancI mildly 
acid solutions in the alJsence of air. This is due to polarization hy hydrogen, 
by which the corrosion reaction is prevented fr0111 taking place; it is on this 
foundation that the tin can is serviceable. The set of data given in Table 
66 illustrates the difference in resistance between tin and iron, separately, in 
solutions of various acids of 0.7596 concentration from which air had been 
almost completely eliminated initially.6 

TABl.E Gu.-Tin alld Iroll "·S .• 'tir-free Acids. 

Citric .....................•.......... 
Tartaric ........•..................... 
Malic ............................... . 
Oxalic .............................. ,. 

Mg. per sq. dtn. per day 
Iron Tin 

5.1 
3.3 
4.0 
6.1 

.06 

.04 

.Ofi 
.17 

TAIlLE 67.--Till and Iron 7'S. Air-free Fruits. 

Grapefruit ........................... . 
Pineapple ............................ -
Strawberries ........................ . 
Blackberries ......................... . 
l~hubarb ......•....................... 
Black sweet cherries ................. . 
Red SOllr cherries ..............•...... 

Mg. per sq. om. per day 
Iron Tin 

1.8 
1.5 
2.4 
3.4 
1.3 
3.4 
4.5 

.08 

.11 

.23 
.6 
.32 
.26 
.11 
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In Table 67 is another set of data comparing iron and tin in corrosion 
resistance, in aciel food products fr0111 which air had previously been 
exhausted by boiling. The tests ran for 34 days.!!1 

The relati\'e attack Cit tin and iron is compared further in the data 
given in Table 6,15. Prior to exposure ail' had been exhausted from the 
products. The exposure period was 12 months." Polarity tests revealed 
that tin was anodic to iron in each of these 5ubstance5. The specimens were 
exposed independently. 

TAIILE (\8.-TiH (tlld Iron ~'S, .~1i"-fr,?e Food Prodl!cts. 

Corrosion nate 
Product ;"[g. per sq. elm. per day 

Iron Tin 

:\pple- Delicious .................... . 
Panlgon .... , ............... . 

1.06 .019 
1.7 .1-+ 

Crab ....................... ,. .~7 .36 
\Vinesap ..................... . 
Sweet non-sucll ............... . 

1.9 .048 
1.-1- .071 

Beet- Detroit dark red .............. . -1-.0 1.08 
Blackherry- Oregon evergreen ............. . 
Cherry- Dallnlfln :May ................ . 

0.2 .22 
1.1 .071 

St. Metlarel .................. . 3.3 .074 
Napoleon ..................... . ') -".:J .11 
l\fontmorency ................. . .17 .095 
Blackheart ................... . 1...1 .12 
Sand ......................... . 2.0 .10.) 

Cranberrv ................................. . 3.9 .32 
Dewberr~ .................................. . 3.3 .:10 
Elderberrv ................................ . 
Grape-' Empire State ................. . 

lA- '') 
.,') .... 

1.0R .16 
IV[oI:Iito ....................... . .86 .24 
Groff ............. , .......... . J..+ .15 

Peach- Hiley ........................ . .GII .017 
Elberta ...................... . 2.0 .035 

Raspberry- J~ancrc .. , .................... . 2.R .0% 
Rhubarb ................................... . 3.n 2.1 
Strawberry- Howard 17 '" ................ . 2.1 .22 
Tomato- ~f:1rgJobe .............. , ...... . 2.1 .061 

Although corrosion rates Illay vary with every procluct and every set 
of conditions. the three sets of data gh'cn ahove illustrate the typical com
parison hetwerl1 iron ancl tin in air free l1lildly aciel substances. It is true 
that the re~istance n f iron itse If to 1110st canned foodstuffs is not sufficient 
to make the 1111ti1111e<] can serviceable. and that the tin can with most products 
is satisfactory. 

Actual corrosion within a tin can would, in its early stages. be closely 
similar to the attack on uncouplecI tin. In other words, the attack resulting 
fr0111 the presence of the minute cathodic areas at pores and fractures in 
the tin coating would be relatively immaterial ul1til the attack of the tin 
progressed to the extent of laying bare consirlerable iron. 
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The rates given above for tin range from .01 to 1.0 m~. pel' sq. elm. per 
day. As an ideal and !Jot a practical condition, an evenly distributed tin 
coating .0001 in. in thiekness would in the case of ('\'(,l1ly di4ribttted attack 
disappear in one-hal f a year at a rate of 1 HlC;' per ~q. dm. per day and ill 

100 years at a ratt of .01 ll1~'. per sq. rilll. per day. The presence of cathodic 
iron areas. however, greatly incrt~ase5 the rate of di::appenrance, once these 
areas hecol11c greater than mere pores and cracks. 

Briefly. then. the prohh'l11 of tin can corrosion centers around the 
facts that tin is !lot corroded Jly fnodstutYs in the abSf:llCe of oxidizers but 
is corroded more or less in tlwir presence, that iron is cOl'rmlerj in either the 
ahsence or the presence nf oxidizers, and that iron is cathodic to tin under 
the comlitions of the tin can. A !lt1mher of other influence::; of importance 
\Yill he mentioned bter. 

The tin can is stlcce::;sful where the amoullt til' m·ailnbilit,,· of the oxidizer 
that may he in the foodstuff is insllfricient tl) strip the thin layer of tin from 
the iron. The iron exposed at ilJ1perfections in the tin coating is of such 
minute area that. cathoclic as it i;;; to the tin. it rctllain~ unattacked. Further
more. the sacrificial corrnsion of tin in conscql1cllce of its couple with a 
minute area of i rlll1 is immaterially small. 

But pl'orluct>: differ in their he!1,1\'iol' in the tin C<ln. There is the possi
bility eyen tlIat in rare cases with some prorlucts, whose currosive action is 
ton mpid to make the canning 0 f them practical. the pularity 0 f the tin: iron 
couple becomes revcrsed, to make iron t11l' anncle. If this is in any case 
true-the authors have 110t seen g-ood evidence of it-pinholing would he 
extremely rapid in the presence of oxidizer in vicw of the large cathodic 
area takin~ part in the reaction. Y ct even though there may he no food
stuff in a tin can of snch a natl1l'e that the polarity is reversed, it is a fact 
that some few products are too rapidly corrosive to make the tin call prac
tical for them. Such products are characterized by being very strongly 
oxidizing, the consequence heing that the tin is rapidly stripperi and the 
iron left hare to attack, with a springer or perforator the result. 

A good many products are reasonahly ~atis factory in tin cans, although 
of conrse the time over which the can remains nnopened following the 
sealing becomes a consideration. In fact these products arc horder-line 
cases in the sense that unless precautions sl1ch as cool storage an(1 first
grade tinned sheet arc insisted upon the behavior may become unsatisfactol'i 
Examples of sitch products are white ancl red cherries, plums, prunes. 
blackberries, strawberries. These products nevertheless are packed and 
distributed c0111mercially and successfully. 

A group of products. colorecl fruits. are oxidizing by virtue of the sub
stances that give them their color. These substances are reduced in the 
corrosion reaction. with the result that there is a change in color. This is 
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of course undesirable. As a preventive these products are carried in 
lacquered, or enameled, tins. The corrosion problem with these is some
what different from that of the unlacquered can, as will be discllssed later. 

Oxidizers. Consequential corrosion of the tin can would not take 
place in the absence of oxidizer. The entire difficulty comes from the 
unavoidable presence of oxidizer. Air itself is removed by exhaustion 
methods, either by heating prior to canning or by a vacuum treatment. Air 
is exhausted to eliminate gases that lead to excessive pressure in the can 
during processing, and to remove oxygen, as a preventive of corrosion. The 
exhaust furthermore aids in the preservation of vitamin C, since vitamin 
D is destroyed by oxygen when the product is processed. The air that may 
remain after this treatment is not serious from the standpoint of cor
rosion, at least in the plain can; the corrosion that takes place in using up 
the oxygen from this source is not damaging. In the case of the enameled 
can effective air exhaustion is more important. 

The damaging oxidizers are those inherent in the product, such for 
instance as the anthocyanin pigments,4, 18 of colored fruits and berries. 
Some products. as already stated, are so strongly oxidizing that they cannot 
be handled at all in tin cans, other products that lose their color in plain 
cans are too strongly oxidizing to be satisfactory in enameled cans, since 
the full effect of the oxidizer is concentrated at the small areas exposed at 
In-cales in the enamel. 

Polarity. A good many tests in foocl products have demonstrated 
that, in exposure to them, iron is cathodic to tin. In fact, aside from the 
momentary reversed polarity at the time the couple is first immersed the 
only data the authors have seen which demonstrate that a foodstuff rnay 
produce reversed polarity as an equilibrium condition hil.Ve referred to 
canned corn in the presence of air, in one test.20 It is unlikely that this 
condition is normal to canned corn, however. Kohman and Sanborn 25 have 
stated that tin was found to be cathodic to iron in some lots of dried prunes. 

On the other hund iron has assumed an anodic position in dilute hydro
chloric carrying stannous ions, whereas in the more concentrated range and 
in hydrochloric without added stannous ions the iron was cathodic.22 

Behavior in the dilute solutions, in which iron appears to be anodic, is given 
in Table 69. 

TADLE 69.-1';11:11'011 Couples ~'S. Hydrochloric Acid Containing 10 p.p.m. 
of Ti1~ as Stann OilS Chloride. 

Acid 
Strength 

% 
.Os 
.10 

Hours 
Exposure 

308 
235 

Loss in Milligrams 
-----, 

No Contact Contact 
Iron Tin Iron Tin 
11.6 2.7 12_9 0.6 
23.2 3.2 47.6 0.7 
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JrUI1 alsn has assumed the ;ll11lrlic I'llnrlitinll ill a ('jJl1l'le where oxygell 
'Ir hydrogen was hnhhkd at thl' till electror:le, v.-ithollt similar agitation at 
the iro11 e1ectr(J(Ic. \Vhere gas "'as huhhled at hoth electrodes or only at 
the iron, the iro11 ,yas cathodic.~6 It has heen reported that either electrode 
may be made cathodic by gently bubbling air arolltH! it.21 Finally. iron has 
been found anodic in .01 nonnal snl£mic acid of pH 1.81.14 It is well 
recognized, that uncler the conditions of the tin can, tin is normally anodic 
to iron. 

The direction ane! intensity of current flow in a gaiyanic couple is 
largely dependent on the relative concentration and nature of the metal ions 
against the t\'y'Q electrodes. The rate of removal of stannous ions from the 
vicinity of corroding tin is a factor of importance to which attention has 
been called by a number of investigators.!!' G, 11, 14, 22 Some foodstuffs with
draw stannous ions from solution 1110re rapiclly than others, an effect favor
ing at once more rapid corrosion of the tin :mcl a more anodic position 
towards iron. It has been observed that the huilding up of stannous ion 
concentration has actually caused a reversal of polarity by which iron is 
thrown anodic, ill dilute hydrochloric acid solutiol1s,22 as already noted. 

The relative overvoltage character of tin and iron has been offered as a 
factor by which tin is maintained anodic to iron.20 Tin has a notably high 
overvoltage, a fact that is important in suppressing the natural uncoupled 
corrosion of tin in the absence of air. Furthermore the high overvoltage of 
tin suppresses the corrosion of iron coupled with tin, when the iron 
is anodic to the tin. The overvoltage of tin hecomes more important as 
the oxidizing capacity becomes less. It is difficult to understand the sugges
tion that the high overvoltage of tin is the cause of the tin llcing anoelic to 
iron within the tin can. It does not necessarily follow that tin becomes the 
anode because it cannot function as It cathode. 

It has been demonstrated that soluble tin salts-stannous ions--suppress 
the normal corrosion of iron.a, 14,29 According to the tests of Kohman and 
Sanborn 23 the reason for this lies in the fact that stannous ions increase the 
overvoltage of iron. The effect of this on the galvanic currents of a tin; iron 
couple would be expected to be suppressive, since the cathodic activity of iron 
is lowered. It is likely that this factor becomes important in those cases 
where there is sufficient stripping of the tin to bare an area of iron that if 
cathodically active would materially hasten the anodic attack of the remain
ing tin. 

The exposed area of iron in a freshly packed can is extremely small, 
It is likely that where cathodic (the norma! if not invariable condition) it is 
completely protected. In other words no local corrosion independent of the 
couple is likely to take place on the iron. On the other hand, if the product 
is oxidizing to the extent that tin becomes stripped over relatively large 
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areas. local action will take place on the iron long before the tin is entirely 
stripped. This local actioll, if the oxidizer is not used up in stripping the 
tin, will eventually manifest itself in perforation and. if little or no oxidizer 
remains. in a springer. \Vhat seems to he contradictions to this may some
times occur. Thus a perforation may result when little or no oxidizer 
remains. The general principle, however, is sound. 

Tin stands ill a more l10hle position than iron in the ordinary electro
chemical series appearing in text books. It is well recognized, however, that 
the electrochemical behavior of metals in conple is controlled by factors that 
do not necessarily exist in the test conditions under which this series is 
obtained. As mentioned ahove, tin, though characteristically anodic within 
the tin can, is cathodic to iron uncleI' some conditions. It has been stated 
more than ollce that in atmospheric exposure tin i.s cathodic. Yet lacking 
definite proof of this, the rusting- of tin plate in the atmosphere may fully 
as well be a case of the ahsenCl~ of protection frolll tin as the presence of 
galvanic. currents in which tin acts Gl.thodically. But tin has been shown 
cathodic to irol1 for instance in \yater 7. 27 and in salt solutions.' 

Effect of acidity. In acidity canned food products range from a pH of 
about 2.4 for the most acid fruits to a pH of ahout 7. 

It is natural to expect acidity, or hydrogen-ion concentration, to be a 
factor determining the corrosiveness of foodstuffs. Contrary to expecta
tions, perhaps, the fruit products of lesser acidity (pH 4 to 5) give greater 
trouble fr0111 corrosion than those of greater acidity (pH 2.4 to 3.4). 

One reason for this seems to be that there is more effective removal of tin 
ions from solution in 100v acidity proc1ucts,4. 11 a factor that promotes the 
corrosiol1 of tin either in couple with i1'o11 or not. 

Prohably the more important reason is that demonstrated by Kohman 
and Sallborn,24 namely, the 1110re anoelic nature of tin, in relation to iron, 
in the more acid substance. For example the relative weight losses of tin 
and iron samples in couple in clried prunes of a pH of 3.75, as compared 
with the losses in dried prunes to which citric was added to give a pH of 3, 
were as shown in Table 70. 

TABLE 70.-Tin alld froll ~IS. Dried PrU1Ies. 

pH 

3.75 
3. 

Tin 

6.5 
25.1 

Mg., loss 
Iron 

12.2 
2.3 

The greater attack on the tin and the less attack all the iro11, at pH of 3, are 
the important facts in this comparison. The implication in this comparison is 
that as iron becomes bared within the can, corrosion of the iron will take 
place in the case of the more acid product only after a greater area of iron 
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hecomes exposed, becanse of the greater protf'cti\'c fOfce of the alJodic tin. 
The fact that the total corrosion is greater ill the more aeid product may Ilot he 
important, as sugGested by the result;; gi\'en in the next paragraph. 

III a practical test, aiter about nine I11c'l1t11s cans of ordinary dehydrated 
dried prunes with a pH Df 3.95 hat1 90'10 can failures, w11ereas, cans carrying 
the same prmltlct with citric acid added to give a pH of 3.80 ~ulIered no 
failt1re.~;; 

It has been fOl1nd further ::w that the ad(litinn "f O.::l~~ citric acid to synrps 
used in packing both black and white cherries and 0.5'70 acid to syrup userl 
for prunes has lec! to a snppression nf corrosion. In the case of plain cans 
the prunes were very much less corrosive, and in the case of lacquered cans 
all three product:; were ,-ery much less corrosive. .\s an example. in a 
7-month storage period 77% of the cm1S hulding- prune's hecame hyt\mgen 
swells in the case of 110 added acir!. anrlnone beC~'ll1e swells with the adderl 
acid. both ill plain amI bcqnered callS. The color and flayor of the contents 
were il11prO\'CCI by the acid addition. 

Tt does not seem to llave heen (lel11ullstrated that increasing the acidity of 
a food product Sllppre~ses its oxidizing capacity, yet thii'i would seem a 
possible contributing factor towanls thc les~en('d corrosion activity. Ferrous 
ions have hecn show11 to he oxidized far m0rc readily to ferric in the lcs~ 
acid concentrations of the range pH 2.41 to pH 5.0P!l 

N eyertheless it remains true that in pure acids free or nearly free of 
oxidizer. other things heing eql1aL iron corrodes f:lster with increasing 
hydrogen-ion concentration. Tt i:: C(Jl1ceivable that insofar as tin corrodes in 
a tin :iron couple by hydro(!el1 evolutiol1 at the iron anode, the more arid 
"olution \\'ould giye a mol'C intense action. 

According to tests of 1101'1'is and Bryan, tin corroded more rapidly with 
increasing hydrogen-ioll collcentration, in citric acid solutions of pH 2.4 to 

pH 5.5 in the presence of air. 

Temperature. The temperatl1re at which tin cans are stored. in the 
case of all corrosive products, becomes an important factor in behavior. 
Kollman 17 has stated that, ,,,ith frnit:>, losses due to springers and per
forators increase from a negligible figure at 32° F. to n very high figure at 
97° F. An excellent cumparison in behavior of cans of berries stored at 
50° F. and others at 70" F. is given in Figure 23 arranged 29 from the tests 
of Kohman,l7 

Enameled Cans. Enameling the inside surface of cans prevents dis
coloration or decoloration of some products and prevents the unsightly 
blackening of the tin surface in the case of other sulfur-bearing products. 
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The coloring matter in many fruit products that may be affected is oxidiz
ing to the extent that it enters the cathodic corrosion reaction. It is in this 
reaction that their change in color takes place. It has been observed that 
products that have become decolored in the can regain their color when again 
exposed to the air.IS, 20 

FIGURg 23. Failures Due to Hydrogen Swells and Per
forations in Storing Canned Fruits. 

Where tin is exposed at ruptures or imperfections in the enamel obviously 
corrosion will take place. It is common experience that enameled cans are 
more susceptible to destructive corrosion than plain cans, 20, 29 the reason being 
that the full oxidizing capacity of the contents is concentrated in its effect at 
the breaks in the enamel. Whereas, in a plain can the oxidizer may largely 
be used up before the tin is stripped, in the enameled can this is much less 
likely in view of the small area of tin to be stripped. 

Kohman and Sanborn 24 believe that tin in an ellameled can corrodes 
faster because iron, being in _larger area relative to the tin than in the case 
of a plain can, is more effectively cathodic. In other words, the galvanic cor
rosion of tin is more severe because it is concentrated on a lessened area of tin. 



TIN AND TINPLATE 189 

They also point out that in an enameled can the tin ions arc in less quantity 
and consequently their inhibitive effect On iron corrosion is less. 

Once the tin is stripped at breaks in the enamel corrosion of the iron takes 
place, both with hydrogen evolution and-if oxidizer remains-without 
important hydrogen evolution. It has been recorclecl 18 that in the case 
of apples with oxygen in plain cans the oxygen disappears quickly and 
the 'hydrogen is slow to form. Yet in enameled cans the oxygen is slow to 
go and then the hydrogen forms rapidly. This is of course what would be 
expected. 

Enameled cans, as stated, are more likely to suffer destructive corrosion 
than plain cans.* The corrosion may lead either to a springer or a per
forator. Kohman and Sanborn 2" have observed that the action of fruits 
in enameled cans is localized, and frequently the can becomes perforated 
without sufficient hydrogen being formed to destroy the vacuum in the 
can. This is characteristic, they say, of low-acid twits, whereas high-acid 
fruits in enameled cans generally cause losses by lJt11ging the can end rather 
than perforating. 

It should be kept in mind of course that enameled cans are widely and 
satisfactorily used in spite of occasional failures with some products. 

Tin pickup and toxicity. It is now generally agreed among those 
who have gone into the matter that tin as it occurs in foodstuffs is physio
logically inactive. It would be a difficult ll1atter to get representative figures 
showing to what extent tin occurs in canned foods at the present time, since 
tin determinations by regulatory officials and others are infrequent. 

A set of data from Kohman, quoted by Morris and Bryau,29 has given 
the quantities of tin in the can contents given in Table 71. 

TABU;: 71.-Till Pick-up in the Cun. 

String Beans ...................... . 
Corn ........•...•.............. , .. . 
Peas ........•...................... 
Pumpkin •... , •.................. , .. 
Tomatoes ......................... . 
Apples ..•.......................... 

P.p.m. 
H-S Months 1O!-13 Months 

Max. Min. Max. Min. 
97 75 220 154 
13 3 
32 9 
82 31 

175 42 
166 34 

26 
476 
148 
203 

12 
44 
58 
27 

Inhibitors and accelerators. Mention has already been made of the 
effect of tin ions in increasing the overvoltage of iron and so suppressing 
hydrogen evolution from iron either uncoupled or coupled with tin. Mention 

" An exception is sauerkraut, in which hydrogen springers OCCur more rapidly in plain cans than 
in enameled. 
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has also been made of the withdrawal of tin ions from solution by sub
stances in food products, and the cOllsequent greater attack of tin. There 
has been observed 22 an increased corrosion of tin brought about by apple 
pomace, egg white, casein, gelatin, crushed peanuts, crushed almonds, 
crushed prune kernels. 

The effect of the addition of apple pomace to acids 011 the corrosion of 
iron and tin is covered in the data given in Table 72.~2 Air was exhausted 
from the substances by boiling before testing anel the specimens were exposed 
210 hours at room temperature. 

TAIlLE 72.-Tin:hoH ConNes ~'S. Acids. 

Corrosion Rate-Mg. per sq. dm. per day 
-

Iron Tin 
Substance 

Alone ill In Bottle III Contact Alone in 
In Bottle 

In Contact with Tin, with Iron, 
Bottle No Contact with Tin Bottle No Contact with Iron 

Citric acid 
\Vithout pomace. 26 3.9 1.8 .S .57 .62 
With pomace ... 2.4 2.8 .62 1.2 .80 4.6 

Malic acid 
Without pomace. 12 2.3 2.5 .68 .63 .55 
With pomace ... 2.2 2.3 .97 .68 .63 2.1 

Acetic acid 
Withol1t pomace. 11 5.5 7.6 .93 .63 .06 
With pomace ... 2.9 3.0 5.8 .11 .23 .66 

Malonic acid 
Without pomace. 34 6.4 13 .74 .63 .49 
With pomace ... 2.9 3.3 2.9 1.3 1.1 1.6 

Succinic acid 
Withollt pomace. 16 5.8 11 .60 .51 .11 
With pomace ... 2.2 2.2 1.6 .22 .17 .57 

The p011lace suppressed the corrosion of iron alone, 111uch as the tin ions 
did. J n the tests where iron and tin specimens were uncoupled in the same 
containers there was a time lapse following the start of the test before the 
tin-ion concentration had built up, so that tin ions alone may have been 
a more effective inhibitor than pomace alone. In the presence of both tin 
ions and pomace the inhibitive effect of the two was not cumulative. Pomace 
had a variable effect on tin alone, but was strongly accelerating in eVf~ry 
case with coupled tin and correspondingly inhibitive with coupled iron . 

. In .5 <yo citric acid the addition of 15 to 50 parts per million of tin ions 
(as citrate) lessened the corrosion of iron to a rate one-third to one
seventh of what it was without the tin ions.20 
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Morris and Bryan 20 have considered extensively the question of 
inhibitors and accelerators, and have called attention particularly to the 
effect that sulfide-sulfur compounds have in throwing iron much less 
cathodic if not actually anodic to tin. 

Containers Ordinarily Used for Foo!d Products. Table 73, prepared 
by the Research Department of the American Can Company, lists the con
tainers ordinarily used with different foodstuffs. The table carries as well 
the approximate pH value of each product. 

"Two types of enamel are in common use, both a golden yellow. 
One type (sanitary enamel) is used to prevent the bleaching of red 
fruits and also to protect the tin coating. The other (C-enamel) is 
used to prevent discoloration of the contents and the staining of the 
inside of the can such as occurs with some vegetable and meat products 
when packed in plain cans. Some foods contain sulphur and under heat 
this sulphur discolors the tin plate for the same reason that it discolors 
a spoon left in contact with a cooked egg. The stain is harmless but 
unattractive." 

TABLE 73.-Containcrs Ordinarily Used. 

Product Approx. pH Containers ordinarily 
used 

Acid Fruits alld Vegetables (Sanitary Enalllel) 

Apple Butter ........................... . 
Applesauce ..................•.........•. 
Apples .......... ········• ••.............. 
Apricots ................................ . 
Beets ................................... . 
Blackberries ............................ . 
Blueberries ..........................••.. 
Cherries, (except Royal Anne) .......... . 
Cherri_es, Royal Anne ................... . 
Cranberries ............................. . 
Cranberry Sauce ....................... . 
Gooseberries ............................ . 
Grapefruit .............................. . 
Grapefruit Juice ........................ . 
Orange Juice .......................... . 
Pickles, Dill ............................ . 
Pickles, Sour ...........................• 
pumpkin ............................... . 
P;lII:es, Pureed ........................ . 
Pimientos .............................. . 
Peaches ................................ . 
Pears ............. ······················ . 
Raspberries ............................. . 
Rhubarb ................ ··,············· . 
Sauerkraut ...... , ....................... . 
Strawberries ............................ . 
Tomatoes ............................... . 
TomaJo Juice ........................... . 
Tomato Soup .........................•.. 
Tomato Pulp ...................•........ 

3.9 Plain 
3.4 Plain 
3.3 Plain 
.3.2 Plam 
5.3 Sanitary Enamel 
3.3 Sanitary Enamel 
3.7 Plain 

3.4-3.8 Sanitary Enamel 
3.8 Plain and San. Enamel 
2.6 Sanitary Enamel 
2.6 Sanitary Enamel 
3.0 Plain 
3.5 Plain 
3.4 Plain 
3.6 Plain 
3.9 Plain and San. Enamel 
3.5 Plain and San. Enamel 
5.0 Sanitary and C-Enamel 
4.0 Sanitary Enamel 

4.7-5.1 Plain 
3.5 Plain 
3.9 Plain 
3.6 Sanitary Enamel 
3.2 Sanitary Enamel 

3.6-4.1 Plain and San. Enamel 
3.4 Sanitary Enamel 

4.2-4.5 Plain and San. Enamel 
4.2-4.5 Plain and San. Enamel 
4.7-5.3 Plain 
4.2-4.5 Plain 
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Product Approx. pH 
Containers ordinarily 

used 

Non-Acid andlor Sulfltt-bearing Prodllcts (C -enamel) 

Asparagus, White.......... . . .... . ..... .. 5.6 Plain and C-Enamel 
Asparagus, Green ........................ 5.6 Plain 
Artichokes ............................... varies Plain 
Beans, Green ............................ 5.3 Plain 
Beans, Wax. ............................ 5.3 Plain 
Beans, Lima ............................. 5.9 Plain and C-Enamel 
Beans, Kidney .......................... 5.8 Plain and C-Enamel 
Beans, Pork and Beans .................. 4.6-5.2 Plain 
Carrots .................................. 5.0 Plain San. and C-enamel 
Corn .................................... 6.3 C-Enamel 
Figs ..................................... 4.9 Plain and C-Enamel 
Hominy Lye ..............•.....•....... 7.0 Plain and C-Enamel 
Okra .................................... 4.9 Plain 
Onions ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.3 C-Enamel 
Peas .................................... 6.2 Plain and C-Enamel 
Potatoes, Sweet ......................... 5.4 Plain and C-Enamel 
Potatoes, White ......................... 5.9-6.2 Plain 
Spaghetti ................................ 4.8-5.4 Plain 
Spinach ...................•............. 6.2 Plain 
Succotash .............. ", .. , .... , ..... ' 6.0 C-Enamel 
Turnip Greens , .. " .... , ... , .. , .. " ..... , 6.2 Plain 

]I.{ arine Products 

Clams .. , ................ , .... "., ...... . 
Clam Cakes ..................... , ...... . 
Clam Chowder ......................... . 
Clam Juice .............. , , .. , .. , , ... , . , . , 
Clams. Minced ., ................... , .... . 
Crabs, Plain ............................ . 
Lobster ................................. . 
Oysters ................................ . 
Salmon ................................. . 
Shrimp .•................................ 
Tuna ..................................•. 

6.6-6.8 
6.4 

6.2-6.5 
6.6-6.8 
6.6-6.8 
6.9-7.7 
6.6-6.8 

6.6 
6.1-6.6 
6.8-7.0 

6.0 

Meat Prodncts 

Beef, Corned ........................... . 6.2--6.5 
Chicken, Deviled ... : ....... , .......... . 6.3 
Chicken, Whole, Half, Sliced ........... . 6.0-6.3 
Chili Con Carne ........ , •.............. 4.7-6.0 
Frankfurters .. '............ . ........ , .. 6.3 
Ham, Deviled ........................... . 6,3 
Ham, Slliced ..•.......................... 6.3 
Ham, Whole ., ......................... . 6.3 
Sausage, Vienna ........................ . 
Tamales ................................ . 

5.9-6.3 
varies 

Tongue, Lunch ......................... . 5.8-6.0 
Tripe ...... , ............................. . 6.2 

C-Enamel 
C-Enamel 
C·Enamel 
C-Enamel 
C-Enamel 
C-Enamel 
Plain and C-Enamel 
Plain and C-Enamel . 
Plain 
C·,Enamel 
Plain 

Plain 
Plain 
Plain 
Plain 
Plain 
Plain 
Plain 
Plain 
Plain 
Plain 
Plain 
Plain 

and Enamel 
and Enamel 
and Enamel 

and Enamel 



TIN AND TINPLATE 193 

ACIDS 

Briefly, tin is inherently only moderately resistant to ordinary acid solu
tions in the presence of air. Rates of corrosion are such that though block 
tin might often give a reasonably good life, a tin coating would rapidly 
disappear-typically in a very few days of continuous exposure. In the 
absence of air in dilute acids, however, tin is very resistant, such that a till 
coating will persist over a year and more of continuous exposure. This 
latter subject has already been discussed in the paragraphs on the tin can. 

The reason for the good behavior of tin in air-free, dilute acids lies in its 
high overvoltage. It becomes polarized by hydrogen 011 first exposure, this 
hydrogen preventing the flow of the currents that must accompany cor
rosion and thereby actually prohibiting further corrosion. Oxidizers in the 
acid, either as dissolved oxygen or as some other substance, will depolarize 
the hydrogen and allow corrosion to proceed. 

Quantitative expression of the acid attack of tin will be given in the 
data following. It will be seen that acid solutions of low air content or of 
virtually no air content corrode tin at rates of 3 to <1 mg. per sq. dm. per 
day. If the acid is in moderately concentrated solution, though airfree, the 
rates become much higher. The reason for this is that the force of the 
reaction by which the hydrogen plates out becomes great enough, with 
increasing hydrogen-ion concentration, actually to evolve hydrogen. The 
polarization by hydrogen, consequently, will no longer prevent further 
corrosion. 

Furthermore where the solutions become aerated or, like nitric, are 
otherwise oxidizing the rates are more 011 the order of 500 mg. per sq. dm. 
per day. Elevated temperatures are normally accelerating. 

In Table 74 are figures which point out clearly the accelerating effect, 
on the corrosion of tin, of dissolved oxygen. In one set of tests the acids 

TABLE 74.-Till vs. Acids. 

Acid 

Nitric ............................... . 
Hydrochloric ........................ . 
Sulfuric ............................. . 
Acetic ............................... . 

Cone. 
0/0 
3 
6 
6 
6 

:Mg. per sq. dm. per day 
Hydrogen Gas Oxygen Gas 

630 640 
60 11,100 
35 4,300 
15 2,300 

. were saturated with hydrogen gas, and in the other with oxygen. The 
solutions were moderately concentrated and consequently sufficiently high 
in acid that even when ox)'gen-free they were corrosive.:l4 It is to be noted 
that in the case of nitric,. oxygen did not increase corrosion, the reason of 
course being that nitric acid itself is oxidizing. 

The data in Table 75 were obtained in tests in which tin specimens were 
partially immersed in quiet acids held in sealed containers. The degree of 
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TABLE 75.-Tin 'Us. Acids. 

Acid 

Hydrochloric-1 % ................ . 
Sulfuric-l% ..................... . 
Acetic-l% ....................... . 
Citric-O.2% ...................... . 
Lactic-l% ....................... . 
Butyric-1% ...................... . 
Lactic-l% ....................... . 
Butyric-1 % ...................... . 

Temp. 
o F. 

70 
70 
70 
70 
70 
70 
145 
145 

Duration 

5 days 
II 

II 

II 

" 
5 hours 

II 

Mg. per sq. 
dm. per day 

50 
15 
13 
18 
18 
+ 
96 
4 

aeration was consequently low. The acids, with the exception of butyric, 
were probably strong enough to cause some hydrogen evolution.1G 

Hydrochloric and sulfuric acid solutions that had been air-exhausted 
prior to test gave the results in Table 76. The tests were made at 68° F.22 

TABLE 76.-Tin 'Us. Air-free Acids. 

Cone. Hours Mg. per sq dm. per day 

% Exposure Sulfuric Hydrochloric 

20 1 290 190 
10 1 36 72 
5 1 48 36 
1 1 24 36 

1 10 10.8 6 
.5 10 14.4 10.8 
.1 10 13.2 7.2 
.05 10 8.4 14.4 

It is to be noted that in concentrations as low as .050/0 the action was 
marked. Most if not virtually all of the corrosion was accompanied by 
hydrogen evolution, assuming that air was effectively exhausted and that 
the removal of hydrogen gas from the surface by dissolving in the acid 
was relatively slight .. 

I t has already been stated that essentially air-free acids in dilute to very 
dilute solutions are only faintly corrosive. An illustration of this fact 
is given by tests 2U of 28-days duration in air-free .50/0 citric acid solution 
of pH of 2.41 and the same solution buffered with sodium citrate to various 
pH values up to a pH of 5.5 The rates were .2 mg. per sq. dm. per day 
01' less. These same solutions in the presence, of a limited supply of air 
gave rates of 10 to 15 mg. per sq. dm. per day. 

Likewise rates in 21O-hour tests 22 in air-exhausted 0.75% malic acid, 
and other acids of equivalent strength, at room temperature, were as shown 
in Table 77. The exposure period was 210 hours. 
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TABLE 77.-Til~ vs. Air-free Acids. 

Citric .......................•... 
Malic ....................•...... 
Acetic ......................... . 
Malonic ..................•..... 
Succinic ........................• 

Mg. per sq. 
dm. per day 

.5 

.68 

.93 

.74 

.60 

195 

An important point in considering the effect of dilute air-free acids on 
tin is the influence of tin compounds in the solution towards suppressing 
attack. This has been mentioned earlier in connection with corrosion of 
the tin can, yet at this point expression of the principle is useful. In one 
set of tests hydrochloric acid solutions were used, in the other hydrochlOl-ic 
acid with an added 10 parts per million stannous ion. In all tests the acid 
was air-exhausted.22 (See Table 78.) 

Hydrochloric 
Cone. 0/0 

20 
5 
1 

.25 

.10 

.05 

TABLE 78.-Tin VS. H),dl'ochloric Acid. 
Without Stannous Ion With Stannous Ion 

Duration 
Hours 

1 
1 
1 

10 
10 

Mg. per sq. 
dm. per day 

190 
36 
36 

7.2 
14.4 

Duration 
Hours 

1 
1 
1 

139 
235 
308 

Mg. per sq. 
dm. per day 

275 
36 
12 

.3 
1.6 
1.0 

In the case of the more dilute solutions the presence of the stannous ions 
makes the difference between quite appreciable corrosion and negligible cor
rosion. Translated into terms of tin can corrosion it would be the difference 
between rapidly destmctive cort'osion and permissible corrosion. The ques
tion is an important one in view of the fact that stannous ions, no matter how 
slight the corrosion, are introduced into the solution in the diffusion layer 
against the metal. If for any reason the stannous ions are effectively 
removed, as by stirring or, as in a tin can, by absorption by the foodstuff, 
the suppressing effect is not felt. 

In interpreting the tests quoted immediately above, the fact should 110t 
be overlooked that corrosion in the acid to which stannous ions were 110t 
previously added was in itself introducing stannOllS ions; their concentra
tion, however, could not have built t1P to the full suppressive effect of the 
other acid. 

Strongly acid solutions, as already stated, will corrode tin even in the 
absence of air. Corrosion with these is accompanied by hydrogen evolution, 
the tendency to corrode being greater than the counteracting force of over
voltage. Thus in the absence of oxygen 34 a 6% hydrochloric acid solution 
(very strong acid) gave a rate of 550 mg. per sq. dm. per day, and a 6% acetic 
acid (a weak acid) a rate of 14 mg. per sq. dm. per day. 



lOCi CORROSION RESISTANCE OF METALS AND ALLOYS 

A .5% air-free citric acid solution, having a pH of 2.4, failed to be 
corrosive.!)!) One of the more slgl1iAcant sets of tests indicating the houndary 
between the acidity range that "is not corrosive, because of the preventive 
effect of overvoltagc, and the range where the corroding tendency is power
ful enough to overcome overvoltage, is that of Culpepper and Moon~6 
These investigators held various acid solutions, from which ail' had 
previously been exhausted, in tin cans for a year, the solutions ranging [rom 
a pH of 3.56 to a pH of 0.79, as f0110ws: 

pH range 
Oxalic ....................... 2.96-0.79 
Citric ........................ 3.44-1.81 
Malic ........................ 3.42-1.57 
Tartaric ..................... 3.56-1.57' 

Within the pH range of 1.80 to 1.60 the oxalic, malic and tartaric solutions 
passed from a condition of being non-corrosive 01' only very slightly cor
rosive, to aile of very definite corrosiveness. In the lUore dilute range the 
cans did not suffer failure, in the more concentrated the cans did fail. The 
cans holding citric did not fail, but with this acid the pH values did not 
enter the range shown to be corrosive in the other acids. Of course the 
presence of tin :iron conples and of tin ions introduced complications of an 
indeterminate nature, yet the results are of some significance. 

FOOD PRODUCTS OTHER THAN IN THE TIN CAN 

It already has been pointed out that aciel solutions in the free presence 
of air are mildly to severely corrosive. Food products, even though many 
of them are acid, are handled to some extent in tin or tin coated 
equipment. One example of this is the common heavily tin-coated milk 
can and the tin-coated copper tubing of dairy equipment. Another 
example is the heavily tin-coated copper cooking utensils used in the 
galleys of ships and in hotel kitchens. The heat transfer efficiency of 
these is good, thanks to the copper. The tin on the inside surface of the 
utensils is a preventive of the greening and discoloration that result from 
copper with many foodstuffs. 

Milk, though a distinctly acid product, has only slight action on tin, 
even when the milk is strongly aerated. For instance, specimens of block 
tin exposed on the tubes of a surface cooler handling sweet milk were 
affected as shown in Table 79.16 

TABLE 79.-Ti1~ vs. Milk (Surface Coole?'). 
Temp. 

o F. 
143 

79 
63 
43 

Mg. per sq. 
dm. per day 

3-0 
3.8-3 
3.1-1.5 
3.1-1.5 
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In another case the maximum corrosion rate of four specimens exposed 
to agitated milk for 30 minutes at 1670 F. was 8 mg. per sq. dm. per day.3! 

Hunziker and co-workers 15 obtained the data in Table 80 from partial 
immersion tests in sealed containers: 

TABLE 80.-Tin vs. Quiet Milk. 

Product Temp. 
o F. Duration Mg. per sq. 

. dIU. per day 
Sweet milk ..................... . 

Sour milk ..................... . 

Sweet cream ................... . 

Sour cream ..................•.. 

Sour neutralized cream ........ . 

70 
145 
98 
70 
70 

145 
70 

145 
145 

5 days 
5 hours 
5 days 
2 days 
5 days 
5 hours 
5 days 
5 hours 
5 hours 

1.5 
6.7 
2.4 
1.1 

.17 
11 

.61 
6.7 

11 

Tin exposed in evaporators, at 1400 to 148° F. and 25 in. vacuum, 
producing evaporated and condensed milk respectively, corroded at the 
rates in Table 81 ;HI 

TAnI.E 81.-Tin VS. Mill. (E~'aparator). 

Location 
Mg. per sq. dm. per day 

Evaporated Milk Condensed Milk 

Above liquid surface ..................... . <6.5 < 2 
A t liquid surface ....................... . <5 
Below liquid surface .....................• <9 <3 

The action all tin a [ fruit juices ill the free presence (] ( air is lJerhaps 
greater than that of milk. A range of rates from 1 to 25 mg. per sq. elm. 
per day is probably typical for tin in quiet and mildly aerated fruit juices at 
room temperature. 

Hot fruit juices, on the other hand, are strongly corrosive, as indicated 
brthe data in Table 82.30 The specimens were exposed in the boiling juices 
for 24 hours. 

TADl.E 82.-Tin 7'S. BoiiiJl.lJ I'l'uit Juices. 

Tomato juice (10 hours) ............... . 
Apple j!li~e ............................. . 
Lemon JUIce ............................ . 
Red grape juice ........................ .. 

ALKALINE SOLUTIONS 

Mg. per sq. 
dm. per clay 

220 
350 
128 
300 

Tin has fair to poor resistance against caustic alkaline solutions. Like 
aluminum, tin forms double compounds with alkalies; though the reaction 
is not nearly so rapid as in the case of aluminum, tin is not suitable for 
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handling these. Mantell 28 has stated that tin is readily attacked by alkaline 
cosmetic pastes. Tests by Hale and Foster 13 have given the data in Table 
83; the specimens were quietly submerged in 0.8% sodium hydroxide 
at 68° F. 

TABLE 83.-Ti1! z's. Sodium Hydroxide. 
Duration of Mg. per sq. 

exposure dm. per day 
7 days 43 

28 " 18 

Watts and Whipple 33 found corrosion of the same order by 4% sodium 
hydroxide at 98° F. in 4S-days exposure. 

Dilute aqueous ammonia. it appears, is not corrosive to tin. A .7% 
solution failed to attack tin at room temperature over a 28-day period.ls 

Other than this result no data seem to be available. 

SALT SOLUTIONS 

Salts whose solutions are acid in reaction attack tin in the presence of 
air or other oxidizer. Strongly oxidizing salts like ferric chloride are rapidly 
corrosive ; salts like aluminum chloride are strongly corrosive when aerated, 
less so when of low aeration. 

Neutral and mildly alkaline reacting salt solutions are moderately low 
in corrosive action on tin. A number of rates are given in Table 84,13 
C'overing quiet submersion at 68° F. 

TABLE 84.-Tin vs. Salt Solutions. 

Salt Solution 
Mg. per sq. dm. per day 
7 days 28 days 

Sodium chloride-1.3% ....................... . < 1.4 2.7 
Magnesium chloride----0.9% .................... . 23 3.6 
Calcium chloride-l.l % ........................ . 19 2.7 
Sodium carbonate-1.0% ...................... . 1.4 < 0.4 

Though block tin would be serviceable under such conditions, tinplate would 
be expected to be short lived when it is considered that a rate of 1 mg. per 
sq. dm. per day corresponds to a penetration rate of .0002 in. per year. 

Added Alkali 
Sodium 

" 
Sodium 

" 
Sodium 

" 
Calcium 

TABLE 85.-Tin vs. Alkaline Solutions. 

Mg. per sq. 
dm. per day 

phosphate-O.1 % ................. 8 
" -0.50/0. . . . . . . . . . . . . . . . . 2.5 

carbonate-O.1 % ................. 9 
'. -0.5%................. 2.1 

hydroxide-O.l % ................. 7.2 
" -0.5%.......... ....... 0 
" -0.1%................. 4.0 
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In Table 85 are rates in a very dilute hypochlorite solution carrying 255 
parts per million available chlorine, with additions of alkalies ;32 the tests 
ran for 25 days at ordinary temperature. These rates in very dilute hypo
chlorite are low to negligible. Alkaline hypochlorite solutions of moderate 
concentrations are rapidly corrosive to tin. 

WATERS 

The good resistance of tin to waters is responsible for certain uscs. One 
of these is in equipment handling distilled water. The rate of metal absorp
tion from solid tin lining and tubing is very low, perhaps as low as for 
any metal. The structural limitations of tin prevent full appreciation of 
this resistance. 

Tin exposed 4 years to sea water, with total submersion 930/0 of the 
time, was tarnished and pitted in spots to a depth of .020 inch (25 mg. per 
sq. dm. per day) .10 Tinned copper hung in the hot end of a condenser 
handling Hudson River water of low velocity and at temperatures up to 
200° F., had lost much of the tin coating in a month's time.16 

Carbonated water is stated to have practically no corrosive action on 
tin.28 

A Tl\WSPHERE 

Tin is one of the more resistant metals against the atmosphere; it is rea
sonably resistant to tarnishing. This is true of industrial as well as of 
ordinary atmospheres. Yet in sea atmospheres corrosion may be fairly 
active, with development of encrusted salts.s This non-tarnishing property 
is not widely important, however, since in sheet form tin is too expensive 
and too low in strength to make it useful as a roofing or decorative material, 
and the lack of permanency that is characteristic of tin plate in common with 
many other plated materials prevents it from being useful when unprotected 
by paints. Painted tin plate is used to a limited extent, however; Terne plate, 
in which the plate is an alloy of lead and tin is a very commonly tlsed material. 

HIGH-TEMPERATURE GASES 

Lack of tenacity limits the usefulness of tin to below about 400° F., 
even though oxidization rates up to this point are negligible. An exception 
is the use of fusible pure tin plugs for boilers, whose function is to melt 
when the boiler becomes overheated, and thus release the pressure. Cases 
of corrosion and oxidation of these plugs in use in such a way that they 
become infusible have been studied.a• 9. 12 This condition was found to be 
related to a too-high impurity content of zinc and to attack of water that 
had infiltrated fro111 the boiler to the fire end of the plug. 
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Chapter X 

Lead 

Corrosion resistance,26 is the most impo!tant factor in the industrial 
use of metallic lead; the satisfaction given by lead cable sheathing, piping, 
roofing, and acid-handling equipment depends on this property, together 
with low cost and workability. Certain other uses are based on the low 
melting point or the high specific gravity of lead. The comparatively low 
structural strength and softness of lead, advantageous for some purposes, 
prevent even wider application in the sphere of corrosion resistance. 

In this country lead is furnished in several varieties. "Chemical" lead 
is a relatively pure product, and is often spoken of as "soft lead"; it carries 
less than 0.1 % of other metals, mainly copper. "Hard" lead, in which up to 
150/0 antimony is the hardener, is used to a considerable extent where 
a stronger material than "soft" lead is desired. Hard lead under a few 
corrosive conditions only is less resistant than the purer grade. Other 
hardeners than antimony are sometimes used, such as calcium, cadmium, and 
tin. Lead with .06-.080/0 tellurium is a commercial product with greater 
strength and fatigue resistance than ordinary lead. 40, 47 Cable sheathing, a 
very large use for lead, is made commonly of 1 % antimony lead, or 3% tin 
lead, sometimes of soft lead, and recently to some extent a lead carrying a 
few hundredths of 1 % of calcium as a strengthener. 

Soft solders consist of lead and tin in varying proportions, usually about 
half-and-half. Lead further is a constituent in greater or lesser degree in 
friction bearing alloys. 

CORROSION RESISTANCE-GENERAL 

Elemental lead is one of the metals that easily replaces hydrogen in 
aqueous solution, behaving in this respect more like iron than like copper. 
As a corollary the reactivity of lead in aqueous solutions is inherently rather 
pronounced. That lead has a commercial degree of corrosion resistance in 
many types of aqueous solution is due to the suppression of its natural 
reactivity by the development of protective films of corrosion products. So 
effective are these films at times that the actual equilibrium corrosion rate 

202 
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of lead may be very low, as in exposure to dilute sulfuric acid solutions or 
to the atmosphere. A good example of the permanence of lead is the 
case of lead water pipe dug up in Italy after burial for nineteen centuries. 

The chemistry of the corrosion of lead by aqueous solution, therefore, 
involves the problem of the relative solubilities of lead compounds and the 
physical characteristics of the compounds as they exist in the solid state. 
Since it has not been customary in corrosion investigation to approach the 
subject through analyzing the chemistry and physico~chemistry of the cor
rosion products, the present-day knowledge of the resistance and corrodi
bility of lead consists largely of empirical data. There appears, however, a 
definite relation between service behavior and certain items in the solubility 
values listed below. The figures in Table 86 represent solubility in parts 
per 100 parts of water. 

TABLE 86.-Solubi/itJ' 

Acetate ................. . 
Carbonate ............... . 
Chloride ................. . 
Chromate ................ . 
Fluoride ................. . 
Formate ......... ; ...... . 
Iodide ................... . 
Nitrate .................. . 

Solubility 
Very high 
Very low 

.673 
Very low 

.064 
1.6 

.012 
54.3 

of Lead Compou/lds. 

Oxalate ................. . 
Oxide ......... , ......... . 
Oxide, hydrous .......... . 
Phosphate ............... . 
Sulfate .................. . 
Sulfide .................. . 
Sulfite ................... . 

Solubility 
.00016 

Very low 
Very low 

.000014 
Very low 

.0001 
Very-low 

Lead generally has good resistance to neutral solutions, where lead 
carbonate and possibly oxide are corrosion products, and poor resistance to 
alkaline solutions in which these are soluble. Experience has shown as well 
that lead is commercially resistant to chromic, sulfuric, sulfurous, and 
phosphoric acids; that it is attacked at somewhat higher rates by hydro
chloric and hydrofluoric acids; and that it is strongly corroded by acetic, 
formic, and nitric acids. Also, nitrate salt solutions are moderately cor
rosive whereas carbonate solutions are not. 

Protective layers of corrosion product form on lead in a rather broad 
neutral range of aqueous conditions. Corrosion products become less 
protective as the solution becomes either strongly acid or strongly alkaline. 
A rough idea of the boundaries of the neutral range may be gained 
by reference to Figme 24. These results 3 were obtained in tests in which 
lead specimens were held for periods up to 30 days in stoppered bottles. 
Though the curves may shift somewhat under exposure conditions differ
ing from this, these results are of great value in suggesting the extent of 
the neutral, relatively non-corrosive range of solutions. Of course some 
strong acids, notably sulfuric and phosphoric, develop corrosion product 
layers on lead that suppress corrosion to rates far below those indicated for 
acetic and nitric. 
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2 {IJ 8 10 12 

lnitial pH 

FIGUHE 24. Effect of pH Value on Corrosion of Lead. 

EMDlUTTLEMENT 

Lead sheet and cable sheathing at times have failed by cracking in a 
manner that has suggested intercrystalline embrittlement. 0, 23, 24, 41, 42, 44, 49 

The investigations of Beckinsale and Waterhouse 5 have strongly suggested 
the importance of stress, especially vibration stress, as a factor promoting 
failure. The intensity of stress required is low, in view of the low elastic 
limit and strength of lead. * Later considerations of Haigh and Jones 24 

seem conc1usively to show that penetration of oxygen is the necessary cor
rosion environment favoring fractUre, and that simple atmospheric exposure 
in the presence of fatigue stresses is very much more damaging than the 
combination of non-oxygen exposure and fatigue stresses. 

Fatigue tests by Haigh and Jones 24 in both atmospheric expOSUl"e and 
exposure' in a bath of oil, gave the result that at a given stress the cycles 
required to fracture were more than two to fonr times greater in the case 
of the specimens in oil than those tested in air. It was then found that tests 
made with specimens immersed in distilled water likewise gave greatly 
improved behavior over 'those in air. The authors attribute fatigue-cracking 

" Elastic Ihnit-200 lb •. per sq. in.: tensile strength 1800 to 2500 lb •. per sq. in. 
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failure to the penetration of oxygen, t]Je effect of the baths of distilled water 
and oil being to sla,,, down the rate at which oxygen is sllppIiccl at the metal 
surface. Tests macle in acetic acid im1llersion failed to produce cracking, the 
authors attributing- this resllit to the complete prevention of oxygen access 
beyond the corrosion reaction layer. 

Hardening lead with alloying elements allows a much higher range of 
stress fatigue, as compared with soft lead, before the damaging embrittle
ment condition is attained. Thus G the fatigue limits, in Table 87, 
obtained with alternating stress in the Haigh machine in ordinary atmos
pheric exposure, may be considered direct indications of 1'csistance to i11te1'
crystalline embrittlement. The metal in all cases was annealed 1 hour 
at 482 0 F. 

TABLE 87.-Lead ;,t Fatigue. 

Alloy Composition 
% 

99.9 Lead .............................. . 
3 Tin .............................. . 
1 Antimony ...................... ; .. . 

.3 Cadmium ......................... . 
.5 Cadmium .......................•..• 
.25 Cadmium, 1.5 Tin ................. .. 
.25 Cadmium, .5 Antimony ............ . 
.05 Tellurium ......................... . 

Fatigue Limit 
Lbs. per sq. in. 

4S() 
1080 
1390 

940 
1320 
1140 
1590 
1140 ·17 

Two-METAL GALVANIC CORROSION 

Available indications of the two-metal galvanic behavior of lead are 
few. As already stated, lead is more like irOll than copper is in its 
tendency to displace hydrogen from aqueous solution. This similarity to 
iron holds roughly in respect to the galvanic behavior of lead. There is a 
certain vagueness about the relationships between lead and other metals in 
couple that seems to be due to the fact that the protective coatings on lead 
suppress and upset the relationships that might exist in the absence of 
coatings. One such case is that of a Monel metal tank whose welded seams 
were filled with lead. After two-months use in handling dilute sulfuric acid, 
the lead in the portion of the ve1'tical seam above tIle SOh.1tion level had 
almost entirely disappeared, whereas the lead beneath the solution level was 
apparently sound and the Monel metal sheet in the zone adjacent to the 
seam had suffered definite accelerated attack. As with most reported 
examples of galvanic attack, it was difficult to differentiate in this case 
between ordinary general attack, localized solution-cell attack, and two
metal galvanic attack. It seemed likely at the time that galvanic action 
was partially responsible, with Monel cathodic above the solution level and 
anodic below. It is common practice to use lead seams in Monel metal 
equipment for handling snl furic acid, and the results are usually satisfactory. 
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Evans 17 has obtained some interesting results on lead: iron couples in 
sodium chloride and in carbonate tap water. The electrodes of a couple were 
held 2.2 cm. apart, partially immersed for 14 days. The steel specimens 
were of 2.5 cm. breadth, the lead both 2.5 and 5 cm. (See Table 88.) 

TABLE S8.-Lead: Iron COlI·/,les vs. Salt Water. 

Coupled 
Lead breadth-2.5 em. 
Lead breadth-5 em. 

Uncoupled 

Corrosion Rate of Iron-Mg. per sq. dm. per day 
Sodium Chloride Tap Water 

0.1 N 

33 
19 

27 

13 
12 

12 

Tests on Monel metal: soft solder couples in hot tap water 29 have 
shown that strongly accelerated corrosion of solder is possible when the 
area is small as compared with the area of a cathodic metal like Monel metal. 
In quiet exposure at 2000 F., with solder .20 sq. dm. in area and Monel 30 
sq. dm. in area, the rates in Table 89 were obtained. 

TABLE 89.-So/der: Monel Couple vs. Hot rVatel'. 

Uncoupled 
Coupled 

Corrosion Rate of Solder 
Mg. per sq. dm. per day 

2.2 
335 

On the other hand a similar test in water at 1500 F. failed to give any acceler· 
ated attack, the rate for coupled solder being 1111g. per sq. dm. per day. 

Two-metal galvanic couples of lead with copper alloys are relatively C0111-

mon in equipment handling sulfuric, phosphoric, and sometimes sulfurous 
acid. Ordina1"ily, where the corrosion product film on the lead is highly 
protective, as in sulfuric, the danger in couples of this nature is lessened. 
Corrosion if it does take place will be centered on the lead. One set of tests 
in a boiling dilute sulfuric-nitric mixture found antimony lead cathodic to 
active stainless steel and anodic to passive stainless steel. The accelerated 
corrosion of the anode in each case was moderately intense, the electrodes 
being of equal area. The solution was moderately corrosive to uncoupled 
lead and strongly corrosive to active stainless.20 

ACIDS 

Lead equipment is commonly used in the concentration and handling 
of sulfuric and phosphoric acids, in handling the sulfite solutions of the 
paper mill digestor, in plants for sulfonation and chlorination, and with 
hydrofluoric under some conditions, and chromic. Against acetic, hydro
chloric, nitric, and other acids lead has not a good degree of resistance and 

. is seldom used. The results in Table 90 25 give a good comparison of the 
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behavior of lead ill quiet l11tnc, hydrochloric and sulfuric acids at room 
temperature. The protective effect of the lead sulfate coating kept the 
attack of sulfuric low. The rates with hydrochloric are rather high, from 
the commercial standpoint, and those for nitric very high. Agitation-aera
tion would have been accelerating with all three acids. 

TABLE 90.-Lead vs. Acids. 

Acid 
Mg. per sq. dm. per day 
4110urs 28lJays 

Nitric ............. 1.2% 2200 230 
Hydrochloric ...... .7% 360 25 
Sulfuric ........... 1 % <60 <1 

Whitman and Russell's tests 04 give a comparison in agitated solutions. 
The extremely corrosive nature of nitric and acetic' acids is well illustrated. 
Concentrated nitric is shown to be much less corrosive than dilute; lead is 
sometimes used in handling greater concentrations than 70%, in which the 
hydrogen-ion concentration is relatively low. The attack of sulfuric is 
again seen to be low, relative to the other acids, with little variation in rates 
from 6 through 20 to 50% solutions. The action of sulfuric in these tests 
was inclined to be greater than usual because of agitation, and perhaps 
because the full protection of the sulfate coating was not felt over the 
5-hour period. The tests were run at 68° F. over a 5-hour period, with 
oxygen and hydrogen gas respectively bubbling through the solutions. (See 
Table 91.) 

TABLE 91.-Lead vs. Acids. 

Acid 
Mg. per sq. dm. per day 

Oxygen Hydrogen 
Sulfuric 

6% 79 79 
20 118 47 
50 134 95 
93 355 292 

Hydrochloric 
4% 1280 134 

20 8700 870 
Nitric 

30% 68,500 64,600 
70 1360 768 

Acetic 
6% 8200 2130 
glacial 50,000 4560 

The effect of agitation-aeration as an accelerant of attack of hydro
chloric and nitric is given by the data in Table 92.88 The acids were 5 normal 
in concentration, and the tests were run for 5 hours at room temperature. 
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Hydrochloric 
Nitric 

TABLE 92.-Lead vs. Acids. 
Mg. per sq. elm. per day 

Quiet Motion 
36-180 10,000--20,000 

5,500--11 ,000 270,000--420,000 

The results in Table 93 21 on two acids-hydrochloric and acetic-that 
are considered too corrosive to lead to make it useful in handling them, 

TABLE 93.-Lead vs. Acids. 

Total immersion 
Quiet 
Air-agitated 

Alternate immersion 
Continuous 
Intermittent 

Spray (30 days) 

Mg. per sq. 
Hydrochloric 

111 
330 

840 
360 
119 

dm. per day 
Acetic 

111 
730 

13,500 
4,430 
2,050 

illustrate the extreme variability in attack introduced by agitation-aeration 
and alternate immersion. The tests were made with 1 normal solutions at 
room temperature, the duration being 48 hours following 48-hours previous 
exposure. It is interesting to 110te here that the acetate of lead has a much 
higher solubility in water than the chloride. 

Another set of data 37 are given in Table 94 to illustrate also the aeration
agitation factor. The solution was cider vinegar standardized to 4.27 acetic 
acid. The tests were run at room temperature, for a lOO-hour period. 

TABLE 94.-Lead vs. Acid. 

Quiet immersion 
Aerated 
Spray 

Mg. per sq. 
dm.per day 

77 
355 

2130 

Sulfuric Acid. The resistance of lead to sulfuric add solu-
tions 26, 32, 83, 85 may be roughly sumrnarized as follows: 

1. Lead acquires a coating of lead sulfate that is very highly protective under 
a wide range of conditions. It is due entirely to this coating that lead can 
be used at all against sulfuric. 

2. At ordinary temperatures lead can be safely used with concentrations up to 
75 to 85%. Quiet conditions yield rates in the range <1 to 10 mg. per sq. dm. 
per day. Agitation-aeration conditions are accelerating, resulting in rather 
variable behavior; under maximum conditions rates may become as high as 
100 to 300 mg. per sq. dm. per day. 

3. Concentrations above 75 to 85% become increasingly though variably corrosive 
at room temperatures. Rates rang-e from about 10 to perhaps 350 mg. per 
sq. dm. per day; the factors determining where in this range the rates will lie 
in any case are not recognizable. 
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4. Elevated temperatures have a moderate tendency to increase the rates of 
solutions in concentrations to 75 to 850/0. Rates in warm and hot dilute and 
moderately high concentrations lie usually in the range of 1 to 200 mg. per 
sq. dm. per day, with maxima at perhaps 400 to 500 mg. 1Jer sq. dm. per day. 
Warm and hot concentrated acids become extremely corrosive, rates ranging 
from 500 to several thousand mg. per sq. dill. per day. 

5. Lead is inclined to be relatively insensitive to the aeration factor in the dilute 
to moderately concentrated range of solution, where the sulfate coating is 
effectively protective. 

6. Where the sulfate coating is efiectively protective, impurities in lead have 
little influence on corrosion. . 

Huge quantities of lead go into the construction of sulfttric aciclmanu
facturing equipment, particularly in the chamber process. In this the lead 
handles, with a high degree of success, acid ranging from 48 0 to 50° Be 
(60 to 62%) to as high as 600 Be (77%). Marshall 36 believes that 61 0 

Be (79.43%) acid and its corresponding boiling point-approximately 
400° F.-are the desirable joint maxima for useful behavior. The observa
tions of Jones 30 in Table 95 indicate the high degree of resistance of lead in 
actual service in chambers. 

Yrs. in Use 

11 

11 

9 

20 

14 

16 

20 

5 

14 

TABLE 95.-Lead 'IJS. SlIlfzl1'ic Acid. 

Chamber 

first 

second 

first 

second 

first 

second 

third 

first 

fifth 

Remarks 

Corrosion along crystal boundaries. 

Surface very much scored in form of irregular chan
nels. Measurement at thickest point 0.136 in., at 
thinnest 0.079 hl. 

Very even and regular action, leaving even surface. 

Pin-head size pitting, some of considerable depth. 

Very even corroding; attack around crystal boun-
daries but does not leave crystals in relief. 

Rough surface with tear-shaped depressions. 

Very good condition, no defects. 

Scored surface, deposit of sulfur and lead sulfate has 
aided resistance. 

Very good condition, no defects. 

In discussing the action 011 lead in the chamber process of sulfuric 
manufacture, Grosvenor 22 states: 

"The corrosion going on continuously, though slowly, is augmented by higher 
tCTJ11Jeraturc, excessive moisture in the gases, increased niter content, absence 
of SO" too rapid movement or impingement of the gases, or alternate action of 
liquid acid and gases. The points of most se\'ere attack therefore arc 'as follows: 
around the entrance to the first chamber, owing to the heat, richness and velocity 
of the whirl of gases circulating to join the incoming stream; the end opposite 
this entrance (if the first chamber is not very lbng) owing to richness and impinge" 
ment of the entering stream j the whole of the first chamber because the tempera-



210 CORROSION RESISTANCE OF METALS AND ALLOYS 

ture is higher, the gases richer and reaction more active; any points where the 
sides are uncooled by the outside air, as points in contact with timber framework, 
the inner sheet of a lap j oint, the bottom when it rests on the floor if it is not 
covered with mud or a layer of liquid, and side curtains where they descend inside 
the bottom pan; the last chamber where all SO, is pretty well exhausted, acid 
mist is much thinner and where in the absence of SO, the reaction N,O. + H2SO, 
= NO,HOSO~+ HNO, takes place (or with excess moisture even the reaction 
(2NO,+H,O-rO,) = 2HNO,)." 

Chemical lead is ordinarily used in this country for chamber plant con
struction, hard lead for some parts. Jones (England) 30 is authority for 
the statement that antimony is regarded nowadays as a very injurious 
impurity, particularly against the higher concentrations and temperatures. 
In England a test that is believed to give an indication of the quality of the 
metal as a corrosion resistant in chamber construction consists of heating 
the specimen in concentrated sulfuric and observing the temperature at 
which bubbles first evolve and at which the lead suffers rapid decomposition. 
Jones states that suitable chemical lead evolves gas at 374,0 to 392° F. and 
decomposes at 572° to 594° F. ; many hundreds of specimens of lead manu
factured by the Parkes' process have given the data shown in Table 96. 

Min. 
Max. 
Ave. 

TABLE 96.-Lead vs. Sulfuric Acid. 

Gas evolution 
295 0 F. 
413 0 F. 
368 0 F. 

Lead decomposition 
363 0 F. 
5360 F. 
455 0 F. 

Sulfuric with other acids. As will be shown later the presence of sul
furic in phosphoric acid is extremely favorable to the good resistance of 
lead. Mixtures of hydrochloric or nitric with sulfuric on the other hand 
go far towards destroying the resistance lead has to sulfuric alone. The 
effect is illustrated by the data in Table 97. The tests were made at 77° F., 
though other conditions were not described. Sodium chloride in snlfuric 
is likewise accelerating.ll (See Table 98.) 

TABLE 97.-Lead vs. Sulhtl'ic Mi.'I'ttwes. 

Acid Concentration-% 
Mg. per sq. 

Sulfuric Hydrocbloric Nitric dm. per day 

20 10 
18 2 320 
15 5 1,790 
10 10 4,890 
5 15 8,560 
2 18 13,000 

18 2 24,000 
15 5 very great 
10 10 very great 
5 15 very great 
2 18 very great 



LEAD 211 

TABLE 98.-Lead ~'S. Snl/ll1'ic Mi.t'tlwes. 
Acid 

Sodium 
Temp. Mg. per sq. 

Sulfuric OF. dm. per day 
% Chloride 

% 
8.3 1.7 S9 150 

104 180 
140 20e 
176 210 
212 2,200 

31 17 122 1,400 
167 3,300 
212 3,600 

33.3 6.7 SO 8 
S9 64 

104 72 
140 64 
176 310 
212 1,400 

Hydrochloric acid. Hydrochloric acid 26, 33 solutions are sufficiently 
corrosive to chemical lead that seldom may the two be used together with 
satisfaction. In very dilute acid (under 1 %) when cold, unaerated and 
unagitated the action is on the order of 80 to 100 mg. per sq. dm. per day. 
This is not severely corrosive, but perhaps high as compared with rates on 
other corrosion-resisting material. The data 21 given on page 208 illustrate 
the effect of aeration-agitation. 

In quiet 5 to 20% solutions at room temperatnre 33 rates have run on the 
order of 150 to 200 mg. per sq. dm. per day. 

Antimony in lead is extremely beneficial to its resistance to hydrochloric, 
up to fairly high concentrations of acid and at higher temperatures. Whit
taker 55 has stated that 10 to 25% antimonial lead stands up well in cold 
hydrochloric of any strength, and in concentrations below 180/0, up to 2120 

F. Calcott and 'Whetzel l1 give the data in Table 99, without a clear 
description of exposure conditions, and without stating the antimony content 
of the lead. 

TABLE 99.-Hard Lead vs. Hydrochloric Acid. 

Acid 
Conc. 

1% 
5 

10 
35 

Mg. per sq. dm. per day 

68 0 F. 212 0 F. 

10 10 
10 60 
20 60 

100 240 

Nitric acid. Nitric acid as a rule cannot be used with lead. The excep
tion is that highly concentrated solutions have only slow action on lead. A 
case has been cited of lead containers lasting several years holding strong 
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nitric. Veley 110 gives the solubility of lead nitrate in nitric acid, as shown in 
Table 100. This suggests that the very slow action of highly concentrated 

TABLE 100.-Solttbility of Lead Nitrate. 

Cone. 
% 

o 
15.76 
22.76 
29 
40.31 

Parts of 
Lead Nitrate 
per 100 Parts 

Solution 
64.91 
10.25 

5.98 
3.01 
1.61 

acid is due to low solubility of the nitrate, much as concentrated sulfuric acid 
builds up protective iron sulfate on iron. Forty per cent nitric is extremely 
corrosive to lead-9ver 100,000 mg. per sq. dm. per day-yet 95% acid at 
68° F. has in one case 12 given a rate of 380 mg. per sq. dm. per day. Unfor
tunately other data on high concentrations appear not to be available. 

Acetic acid. Acetic solutions corrode lead freely, and lead is definitely 
unsuitable for handling them. Tests by Calcott and Whetzel 11 have given 
rates of 150 to 240 mg. per sq. dm. per clay for solutions of 0.5 to 60% 
acetic, under quiet submersion conditions. The tests were at roo111 temp
perature, and were run for 48 hours following previolls 48 hours exposure. 
The data on page 208 21 indicate the extremely strong effect of aeratiol1-
agitation. 

Phosphoric acid. Lead is commonly nsed with the impure phosphoric 
acid solutions obtained from phosphate rock by leaching with sulfuric acid. 
The pure acid is moderately corrosive, as rates later on will indicate, whereas 
the impure acid, hot and cold, is extremely well resisted. 

Quiet immersion for 250 hours in phosphoric at 60° F. led to rates as 
given in Table 101.40 

TABLE lO1.-Lead vs. Phosphoric Acid. 

Cone. 

Pure acid 
76% .•........................•..... 
42% ............................... . 

Impure acid 
42% ...•............................ 

Mg. per sq. 
dm. per day 

450 
160 

<1 
The pnre acid was made fr0111 combustion of phosphorus, whereas the 
impure acid was derived from superphosphate ancl carried sulfuric acid and 
other impurities. The presence of sulfuric was believed to be responsible 
for the good behavior. It was determined at the same time that a 7% . 
antimony lead alloy did not have the good resistance of ordinary lead to 
the impure acid. . 
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Other tests 31 have likewise brought out the fact that hot impure phos
phoric is resisted far better by lead than is hot pure acid. The solutions were 
at 1760 F., and were aerated with the exception that in the concentrated 
crude acid the specimens were partially immersed in the quiet solution. 
(See Table 102.) 

TABLE 102.-Lead vs. Hot Phosphoric Acid. 

Cone. 
Pure acid 

50% ... ,. "" ... , .................. . 
25 .................................. . 
10 .................................. . 

Crude acid 
dilute ............................... . 
COliC ••••••••••••••••••••••••••••••••• 

Mg. per sq. dm. per day 

580-1150 
400-1420 
35- 720 

1 to 7 
2.1 to 2.3 

Clarkson and Hetherington 14 conclucled from a series 0 f tests that 
the resistance of lead favored its use for the construction of a saturator for 
making ammonium phosphate and for linings on storage tanks and tank cars 
handling phosphoric. The tests were made at ordinary temperature in 
65, 72, SOra acid, and at 212 0 F. in a saturated solution of ammonium phos
phate carrying 10% by volume of 72ro phosphoric, without agitation. 
Phosphoric solutions in sugar house work are handled by lead and antimony 
lead pipes, fittings, tank linings, etc. Continuous circulation of phosphoric 
through lead pipe, in one case quoted,1 in the presence of oxygen led to the 
dislodging of "the lead phosphate coating," causing corrosive and abrasive 
action. 

Sulfurous acid, Lead is one of the few metals that can handle sul
furous acid solutions and moist atmospheres of sulfur dioxide. As in the 
case of sulfuric, a protective coating forms, presumably sulfite. As a result 
the resistance of lead is almost perfect. Lunak 84 has quoted a virtually zero 
corrosion rate for lead exposed in four different sulfite digestors, where the 
temperatures ran 275 0 to 295 0 F., the solution carried 3.6 to 4.4% free 
sulfur dioxide, and the pressure ran 125 to 146 1bs. 

Lead and antimony lead are in common use in equipment handling acid 
sulfite solutions in the pulp mill. 

Hydrofluoric acid, Lead is used to some extent against hydrofluoric 
acid in the cold. A rate of 900 mg. per sq. dm. per day has been obtained in 
quiet, 2-hour exposure at 1760 F. in 48% acid.29 This of course mtlst be 
considel'ed very rapid, 

Chromic acid, Chromic acid solutions, such as chromium-plating 
baths, are handled very satisfactorily with lead. Lead chromate has 
extremely low solubility. 
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Impurities in Lead vs. Acid Resistance. Lead of different grades of 
purity differ somewhat in resistance to acids. A good study of this sub
ject has been made by Burkhardt.8 He found that of a large number of 
specimens varying in impurities, those behaving the worst were corroded 
at rates 3 to 5 times those behaving the best. The tests were made in sul
furic and hydrochloric and covered conditions where rates were on the 
order of 1 to 10 to as high as several thousand mg. per sq. dm. per day. 
The purest grades of lead were among the better specimens, grades with 
impurities that are unevenly distributed, among the worse. 

CAUSTIC ALKALINE SOLUTIONS 

Lead is amphoteric and the plumbates resulting fro111 reaction with 
alkalies are very soluble. As a result strong caustic solutions attack lead 
relatively rapidly. The action is 110t so rapid as that by acids like hydro
chloric and acetic, yet is sufficiently greater than the action on steels, and 
certain other non-ferrous metals, that lead is considered of poor resistance. 
The set of data in Table 103 21 gives perhaps the clearest story, bringing out 

TABLE 103.-Lead VS. Callstic Solution. 

Total immersion 
Quiet ............................... . 
Air-ag-itated ........................ . 

Alternate immersion 
Continuous ......................... . 
Intermittent ........................ . 

Spray (30 days) 

Mg. per sq. 
dm. per day 

74 
370 

5.500 
2,200 

9.5 

the accelerating influence of aeration and the particularly poor resistance 
under alternate immersion exposure. The tests were made in one normal 
sodium hydroxide at room temperature, and ran for 2 clays following a 
previous 2-day exposure. 

Other tests 11, 2ri, 1i2 confirm the very corrosive action of cans tic solu
tions on lead. 

AQUEOUS AMMONIA 

Ammonium hydroxide is very much weaker than caustic alkalies in its 
effect onleael, though the action is definite enough compared with action on 
iron. The data in Table 1.04 in a one normal ammonia solution are well 
illustrative.21 The tests ran 48 hours following previous 48-hours exposure. 
The tests were made at room temperature. 
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TABLE 104.-Lead VS. Aqueot(S A 111 III ollia. 

Total immersion 
Quiet ............................... . 
Air-agitated ........................ . 

Alternate immersion 

Mg. per sq. 
dm. per day 

15 
9 

Continuous .......................... 29 
Intermittent ......................... 25 

Spray (30 days) ......................... 3 

NEUTRAL SOLUTIONS 

215 

Corrosion product solubility and structure play the most important role 
in determining resistance of lead to the neutral range of aqueous solution. 
Rates of attack range from high, where the product is poorly protective, 
to negligible where the product is continuous and adherent. Under the best 
protective conditions, typified by the films forming in atmospheric exposure, 
the rates range around 1 mg. per sq. dm. per day and less. Where poorly 
protective, typified by the alkaline solutions characteristic of unset cement, 
rates range around 40 to SO mg. per sq. dm. per day.G,7 

Lead carbonate and probably oxide are the usual corrosion product under 
neutral aqueous conditions. The oxide in itself is not particularly protective, 
as shown by the fact that distilled water, aerated in the absence of carbon 
dioxide, is moderately corrosive to lead. Tap water as a rule is considerably 
less corrosive, though varying with the salt and gas contents. Silicate 
even in small quantities 9 suppresses corrosion very markedly. As little as 
0.06 gram of silicate ion per liter will prevent corrosion of lead by distilled 
water, and it is likely that even lower concentrations will have a suppressive 
effect. * Lime, chromate, suI tate, carbonate, bicarbonate are likewise sup
p17essive. With substances of this nature rates probably invariably keep well 
below 1 mg. per sq. dm. per day. Chlorides have less beneficial effect, 
though undoubtedly are suppressive as compared with distilled water. 
Nitrates, due perhaps to the high solubility of lead nitrate, are inclined to 
be more damaging than chlorides. The presence of small amounts of 
nitrates in soil waters increases the corrosive attack on lead decidedly.*' 
Waters carrying organic acids like acetic become rather strongly corrosive, 
although of course acid sulfate waters and salts are well resisted. Moderately 
to strongly alkaline waters are rather actively corrosive. 

The data in Table 105 21 compare two types of salt solutions, a more 
corrosive salt, sodium chloride, and a less corrosive salt, dichromate. The 
tests were made at room temperature and were run for 48 hours following 
previous 48-hours exposure. 

* R. M. Burns, private comment. 
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TADf_E 105.-Lcad VS. Salt Solutio lIS. 

Mg. per sq. drn. per day 
Sodium Potassium 

Chloride-l N Dichromate-l N 
Total immersion 

Quiet ............................... . 
Air-agitated ........................ . 

Alternate immersion 
Continuous ......................... . 
Intermittent ........................ . 

Spray (30 days) ....................... .. 

32 
40 

45 
24 
3 

6 
4 

3.2 
4.5 

<1 

An interesting set of data has been reported 18 on corrosion of lead sub
merged in quiet salt solutions over a 200 day period, at 46° F. (See 
Table 106.) 

TAnu, 106.-Lead vs. Salt Solutions. 

Salt 

Water (no salt) ........................ . 
Sodium chloride ......................... . 
PotassiUlll chloride ...................... . 

Potassium nitrate ....................... . 
Sodium sulfate ................. , ........ . 

Potassium sulfate ....................... . 

Cone. 
Grams/liter 

2.5-60 
2.5-15 
40-80 
5-100 

2.5-20 
50-200 
2.5-80 

Mg. per sq. 
dm. per day 

.46-.60 
1.8-9.7 
3.4-7.0 
.69-.S0 
7.4-24 
.24-.72 

.021-.039 
.11-.80 

In another set of tests 45 lead plates were immersed in solutions for 14 
months, with the results given in Table 107. The concentration of salts 
was 110t noted: 

TABLE 107.-Lead ~'S. SnIt ,':jolutimlS. 

Mg-. per sq. 
dm.per day 

CalciulIl carbonate ...................... . 2 
Calcium bicarbonate ..................... . 1.3 
Sodium carbonate .. , .................... . 5.2 
Magnesium sulfate ...................... . 2.2 

Lead is used to some extent in sea water, and generally gives satis
factory results. An indication of behavior is afforded by the results of 
tests 10 in which lead bars were exposed in Bristol (England) Channel for 
4 years, at a location where they were submerged 93% of the time. Cor
rosion rates for both soft lead and 1.6% antimony lead were on the order 
of 2 mg. per sq. dm. per day; localized attack did not take place. 

Lead pipe 15 has for many years been used in large quantity for con
ducting fresh waters. The life of lead in this service is virtually unlimited 
except in very rare cases. Recently lead pipe in good condition was uncovered 
in Rome that was believed to have hanclled water far back in the first 
century A. D.1S 
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The question 0 [ whether lead is suitable or not for handling waters 
centers around the toxicity of the lead di~s()IYed 1)'1 the waters when sub
sequently ingested, rather than on durability considerations. Lead in its 
toxic effect is considered cUl11ulative.53 " 

As a general rule hard waters absorb much less lead than soft waters. 
In fact it is usually considered perfectly safe to use lead with hard waters 
and for the most part necessary to avoid its use with soft waters. Pre
sumably protection by the lead carbonate-lead oxide -corrosion product 
that develops in hard water is the reason for its lesser corrosiveness. 
Waters characterized by temporary hardness likewise are considere'd safe 
to handle with lead. The presence of carbon dioxide in soft waters is 
believed to be particularly undesirable, in that greater pickUp is favored. 
Silicat€s have been used by the English to prevent lead poisoning by very 
soft waters.* 

Quantitative data throwing some light on lead pickup and the cor
rosiveness of waters haye been developed by a number of investi
gators.13 , 43, 45,:;3 \\Teston's results ,,3 hring ont a number of interesting 
points: (1) varying corrosiveness of different waters, (2) decreasing 
rate of attack in some cases, (3) accelerating effect of aeration, (4) sup
pressing effect of lime and magnesia. Lead sheet specimens (10.1 sq. cm.) 
were exposed for one day to waters held in open test tubes, the volume of 
water in each case being 10 cc. (See Table 108.) 

TABLE 10S.-Lead vs. rVatcrs. 
Lead PickuJl 

p.p.m. 
Distilled water .......................... . 
Boston tap water (soft) ................. . 
Poland Spring water ................... . 
Poland Spring water charged ............ . 
Vichy water ............................ . 
Distilled water with peat extract .......... . 
Boston tap water with peat extract ........ . 

182 
65 
44 
90 
10 
6 
2 

Lead pipe specimens placed in sealed bottles under conditions uniform 
for all samples, led in 6 days to the following pickup as shown in Table 109. 

TABLE 109.-Lead vs. Waters. 

Metropolitan water .................................... . 
Milford water 

Aerated ................ , ....•................ · .... . 
15 p. p. m, chalk added .........•.............•...•... 
15 p. p. m. chalk added and aerated .••........... , .•... 
Aerated, with 8.5 p. p. m. quicklime added ............ . 
8.5 p. p. m. quicklime ......•........•.... , .........•. 
12 p. p. m. lime, then aerated ..................•...... 
20 p. p. m. lime, then aerated .... , .... , .•............. 

• R. M. B"rns, private comment. 

Lead Pickup 
p.p.m. 
129. 

9.5 
54.5 
14 
17 
22.5 

1.1 
1.4 
1.4 
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These results of cours~, are of comparative value, one with another, 
only. 

Weston also gives the analyses in Table 110 of Milford, Mass., water, 
to indicate the effect of lime treatment: 

TABLE 1I0.-Lead vs. Waters. 

Parts per million 

Year Average Free Average 
Hardness Carbon Lead Lime Added Dioxide Pickup 

1914 0 13 18.6 .27 
1915 12.9 30 .30 .124 
1916 12.1 24 .25 .10 
1917 11.4 34.9 AD .09 
1918 11.1 31.8 .23 .082 
1919 10.0 36.7 1.40 .085 

Average analyses of corrosive and nOll-corrosive ground water, with 
lead pickup from pipe, are given in Table 111.13 Forty Or fifty waters 
sampled throughout Massachusetts are included. The standing samples 
were taken from water that had stood several hours in the pipe. 

TABLE lll.-Lead vs. vVaters. 

Lead-p. p. m. 
Corrosive Non-corrosive 

Water Water 
Carbonic acid ........................ . 
Hardness ............................ . 

29.3 13.3 

Dissolved oxygen .................... . 
34 30 

Lead 
48% sat'd. 44% sat'd. 

Running sample .................. . 
Standing sample .................. . 

.65 
1.70 

.15 

.40 

The analyses in Table 112, average and maximum, were obtained on 70 
samples of Boston Metropolitan surface water taken after considerable 
length of service pipe. 

Lead 

TABLE 112.-Lead vs. vVatcl's. 

Carbon dioxide .... 
Dissolved oxygen .. 

Lead Pickup 
p.p.m. 

3 
95% sat'd. 

Running sample, ave. ................. .13 
Standing sample, ave. ................ .19 
Running sample, max. ................ .34 
Standing sample, max. ................ .63 

The lead pickup from lead strips exposed to waters of different Illinois 
towns held in stoppered bottles for two weeks are given in Table 113.43 
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TABLE ll3.-Lead vs. Waters. 

Parts per million 
Mg. 

Lead Lead 
Hardness Alkal. Chloride Residue Pickup Loss 

Decatur ........... , '" 121 160 2 302 .11 59 
Cedar Point ............ 222 150 295 1009 .025 46 
Stronghurst ............. 1100 216 259 2971 .23 16 
Danforth .............. 156 290 530 1374 .2 89 
Chenoa ................ 240 304 550 1276 .5 66 
Norma ................ 110 542 1010 2743 .43 26 
Mt. Sterling ........... 725 379 1310 4076 .2 31 

Lead poisoning 4 has been a common enough occurrence among workers 
in lead industries-painting, printing, lead mining, smelting and refining, 
manufacture of storage batteries, pottery, enamel. Lead poisoning from 
waters drawn from lead pipes is rare, considering the widespread use of 
lead pipes. Back through the years poisoning seems to have been rather 
rampant due to the use of lead cooking utensils, and in other cases to the 
lead added to wine for fermentation purposes. 

Authorities differ as to the quantities of lead ingested from waters, 
that will cause poisoning. This is not surprising in view 0 f the different 
degrees in which different people are susceptible and the difficulty of estab
lishing a quantitative relation between lead ingestion and poisoning. Hunt 
has made the compilation in Table 114 uS of lead contents in waters that have 
led to poisoning. 

TABLE 114.-Lead V.s. IVaters. 

p.p.m. Location Lead 

Westphalia ................................. .5-1.6 
Taunus ..................................... .7-12.5 
Sheffield .................................... .998-9.98 
Huddersfield .. . . . . . . . . . . . . . . . . . . . . . • . . . . . . . 1.99 
Huddersfield ............................... 1.14-11.98 
Manchester .........................•....... 1.4-4.28 
Castle Claremont ....... , ........ , ., . .. . . . .. . 2.0-15 
Keighley ................... . . . . . . . . . . . . . . . . 8.7 

\iVeston has reported that in Dessau, Germany, water carrying approxi
mately 4.14 p.p.m. lead caused many cases of poisoning, and that after 
the lead was reduced to 0.0 to 0.5 p.p.m. there were no cases in the subse
quent ten years. After consideration of all available data on the subject 
Weston (1920) concluded that water with less than .1 p.p.m. lead would 
be considered safe, judged from practical standards. Howard 53 in 1920 
preferred .025 p.p.m., if lead in any quantity at all was to be allowed. 
The American Water Warks Association 2 considers .1 p.p.m. as the 
maximum for natural waters. 

Very large tonnages of lead are used as sheathing for underground 
cables; the Bell Telephone System has approximately 90,000 miles of cable 
underground.9 The function of the lead sheathing is to protect the COll-
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ductors fro111 corrosion. The 1110st cOllll11only used composition is lead 
with small quantities of antimony; the 3% tin alJoy is used to some extent, 
and pure lead carrying a very small quantity of calcium is a rather recent 
development. Alloying is intended to give hetter strength, corrosion resist
ance being virtually unaffected one way 01' the other. 

Ordinarily the sheathed cable is carried in conduits of various con
structions. Corrosion of the sheathing when buried directly in the soil 
occurs sometimes fr0111 soft waters, sometimes from waters carrying 
calcium hydroxide leached f1'Om concrete ducts, sometimes fr0111 acetic 
acid vapors emanating fr0111 creosotecl Douglas fir wooel ducts, sometimes 
from stray currents; with the latter corrosion may be localized both at 
anodic points, and at cathodic areas where the solution turns alkaline and 
becomes corrosive. Probably the most frequent cause is concentration 
cell action,O the cells being set up by variations in the soils or in underground 
waters or by the manner of distribution of soil particles against the metal 
surface. 

The results of Burns and Salley 10 011 the effect of particle size, dura
tion of exposure, moisture content, and oxygen content on corrosion by 
soils are significant. Corrosion rates for lead buried in white silica sand 
of different particlecliameters are given in Table 115. The moisture con
tent was 4.2 to 3.5%, the humidity of the air nearly 100,%, the ·temperature 
104° F., and an excess of oxygen was maintained in the atmosphere. 

TAIlLE 

Particle size 
111m. 
2-1 

.5-.25 
below .05 

115.-Lcad ~'S. Moistnre -in Sand. 

Mg. pel' sq. dm. per day 
195 hrs. 3601 hI'S. 

67 12 
S4 11 
38 4.2 

The effect of moisture content as a variable in 30-elay tests at 104° F. 
in white silica sand gave the data in Table 116. 

Particl e size 
L1lm. 

2-1 

.5-.25 

below .05 

T AnLE 116.-Lcad vs. Moisture in Sand. 
Mean 

Moisture 
content % 

o 
1.4 
5.5 
7.0 
o 
1.9 
7 

11.2 
o 
4.2 

10 
12.8 

Mg. PCI' sq. 
am. pCI' day 

3.8 
19 
20 
26 
3.4 

19 
28 
22 

2.1 
11 
24 
25 
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Further tests on varying oxygen in the atmosphere gave the results in 
Table 117. The moisture content was 4.4% and the tests ran 14 days 
at 1040 F. 

Particle size 
mm. 

2-1 

.5-.25 

below.05 

TABLE 117.-Lcad vs. Ai oisfltorc in Saud. 

Oxygen 
o 
1 

20.9 
o 
1 

20.9 
o 
1 

20.9 

Atmosphere 
-, 

Nitrogen 
100 

99 
79.1 

100 
99 
79.1 

100 
99 
79.1 

Mg. per sq. 
£1m. per day 

11 
23 
50 
9.7 

22 
44 
5 

13 
25 

The same investigators compared the corrosiveness of several different 
soils. The moisture content was about 670, except that it was 4.570 in silica, 
and the tests ran 2 weeks. (See Table 118.) 

Particle size 
mm. 
2-1 

.5-.25 

below.05 

TABLE 118.-Lead vs. Moisture in Earths. 

Soil Mg. per sq. 
dm. per day 

Sassafras gravelly loam 37 
Silica 50 
Sassafras gravelly loam 
Silica 
Sassafras gravelly loam 
Hagerstown silt loam 
Tidal moist 
Black alkali 
Silica 

27 
44 
14 
4.5 

12 
8.2 

25 

Stray electric currents as a source of corrosion of submerged pipe and 
sheathing is without a doubt a much less frequent occurrence than might 
be judged from the frequent references occurring in the literature. Solu
tion-cells are powerful in their effect, and if the nature of the cells that 
are set up at the surface of buried lead could be determined it would very 
likely be evident that this type of cell is the cause of the greater part of the 
localized corrosion that occurs. Smith and Shipley 48 concluded, after 
extensive investigation of the. corrosion of lead pipe in Winnipeg, Manitoba: 

"Generally speaking, as 111uch or more pipe corrosion has 
occurred in negative or neutral than in positive districts, irre
spective of whether underground cables were near Ol~ distant." 

ATMOSPHERE 

Lead has good general resistance to the atmosphere; the wide use of 
lead sheathing on aerial cable and of lead and Terne-plate as roofing, 
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cornicing, and spouting materials is a witness. In Table 119 are given cor
rosion rates (weight loss rates) covering a year's exposure in various 
atmospheres.28 

TABLE 119.-Lead vs. Atmosphere. 

Rural .................................. . 
Suburban ............................... . 
Mild industrial .......................... . 
Urban .................................. . 
Marine ................................. . 

Mg. per sq. 
dm. per day 

.44 

.61 

.59 
1.15 

.55 

Lead exposed on a roof-top in Birmingham (England) was corroded 
as shown in Table 120 20 over a 7-year period. This represents extremely 

TABLE 120.-Lead vs. Atmosphe·re. 

Pure lead ............................... . 
Lead with 1.6% antimony ................ . 

Mg. per sq. 
dm. per day 

.29 

.04 

good behavior compared with other materials. 
Development of protective corrosion product layers is the reason behind 

this resistance, as in the case of resistance of lead to acids, salt solutions, and 
waters. The film is probably oxide:H Its development is accompanied by 
rapid dulling of freshly abraded metal. 

The nature of the film that develops and the degree in which it becomes 
protective, depend on atmospheric conditions at first exposure. This is 
clearly illustrated by the curves given in Figure 25.61 Curve A represents 
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the weight increment for lead exposed in a basement atmosphere. After 
140 days fresh specimens were exposed and the rate of increase in weight 
(Curve B) was found to be quite different from the first; it was believed 
that the effect was due to the presence of turpentine in the atmosphere, 
derived £ro111 nearby drying paint. Curve A was not affected by this since 
the protective film had already developed. It is interesting to note that 
the rate of weight increment in Curve A grows continually less even after 
160 days. 

From the practical standpoint, therefore, the resistance of lead to the 
atmosphere is very good. Occasional occurrences of unsatisfactory behavior 
have been traced to unusual conditions. In one case cast lead sheets became 
perforated in places where in contact with oak beams but remained sound 
where resting on pine wood-work. Long experience has shown that contact 
with oak will lead to rather rapid attack.6 , 7 

CONTACT WITH CONCRETE 

Fresh concrete, according to Burns * is markedly corrosive to lead but 
the practice of precasting and aging the concrete, during which process the 
lime in the concrete surfaces becomes carbonated, results in a less corrosive 
conduit. In this case, however, water seeping through the conduit may 
leach out calcium hydroxide and cause corrosion. \iVhen lead is corroded 
by alkali (whether it be calcium hydroxide or caustic soda which is some
times produced by electrolysis of sodium chloride solutions in contact with 
the surface of the sheath) the attack is characterized by the appearance of 
a reddish corrosion product which upon analysis will be found to be the 
red crystalline form of lead monoxide. This product is easily distinguished 
fro111 the brownish to black lead peroxide which sometimes is formed as a 
result of anodic stray current attack. 

HIGH TEMPERATURES 

Lead and high lead alloys are not of use in high temperature work, since 
the melting points are low, and strength low at temperatures above the boil
ing point of water. Unrein forced lead with heavy walls may handle up to 
50 1bs. per sq. in. steam pressnre.** Pilling and Bedworth 39 found that lead 
oxidizes comparatively rapidly at 572 FO. to a reddish-brown oxide that 
is smooth and tightly adherent. Throughout a 7 -day test quadratic pro
portionality between weight increment and time was observed, showing the 
protective nature of the oxide. 

• R. M. Burns, private comment. 
n G. O. Hiers, private comment. 
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Chapter XI 

Iron and Steel 

Iron and steel would fill practically all the metal construction require
ments of industry were it not for chemical instability. The cost-per-pound 
of commercial ferrous metal, thanks to quantity production, availability of 
ore, and a remarkably efficient metallurgical science, is roughly one-third 
the cost of lead and zinc, one-fifth that of copper, one-tenth or less that 
of aluminum, nickel and tin. Furthermore, the physical properties of iron 
are generally desirable and the mechanical properties singularly versatile. 
Prevention of corrosion by metallic and non-metallic coatings and by the 
development of iron alloys has taken long strides towards filling in where 
iron itself is deficient; still no corrosion-resistant substitute of equal cheap
ness has been as yet found. 

Carbon steel, cast iron, and wrought iron are the 1110st important types 
of the ferrous group; these differ fr0111 one another in mechanical properties 
and, broadly speaking, in applications. Steel is the high-strength form of 
ferrous metal, cast iron a cheap though rela.tively brittle form for compli
cated shapes and heavy sections, and wrought iron is particularly suitable 
for welding, machining and working qualities and toughness. Steels alloyed 
for high strength and toughness by the use of elements with power to give 
corrosion resistance, such as copper, nickel, chromium and molybdenum, 
are beginning to be recognized as valuable also for certain specific corro
sion resistances. 

In corrosion resistance these variations of iron and steels are roughly 
similar, and as a group quite distinct from non-ferrous metals. They rust 
in atmospheric and natural-water exposure, are rapidly attacked by most 
acid solutions, and deteriorate at high temperatures. Alloys of high iron 
content are produced that will resist each of these conditions. They contain 
substantial percentages of other metals, which makes them different in other 
ways and therefore these are treated in other chapters. A 14 to 16% silicon 
iron is remarkably good for acid conditions; alloys with 12 to 30% chromium 
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arc good for some acids, for neutral solutions amI for high tel11peratures; 
a high cOllllJinecl lliL'kd a11d chrul1liulll content gives a serics () [ iron alloys 
of very gCHxl resistance and IIlcchanical properlies; thc nickel-iron series 
are unusual f01' certain physical properties; and a cast iroll with 25% 
nickel, copper, and chromium is generally resistant. 

CORROSION RESISTANCE. 

GENERAL 

The action of the atmosphere and waters on iron accounts in large part 
for the reputation iron has as a poorly resistant metal. It is true that these 
are the most commonly met conditions, yet it is equally true that iron is an 
unusually versatile resistant when the range of corrosive substances is 
viewed as a whole. In certain acid solutions, in alkaline solutions, against 
various gases and molten metals, iron is often the best available metal even 
when its advantage in cost comparisons is disregarded. 

hon corrodes in aqueous solutions, like other metals, by change from 
the metal to the metal iOll. The acids ordinarily corrode iron strongly with 
hydrogen evolution; in this respect, generally speaking, iron differs fro111 the 
more noble metals like copper, and the less noble metals which develop pro
tective layers of corrosion product, like aluminum. Alkalies have only slight 
corrosive action on iron, due to the development of a protective corrosion 
product film; in this iron differs fr0111 aluminum, which corrodes rapidly, 
and copper ancllead, which develop films of less protective nature. In the 
neutral range of aqueous solutions in the presence of air, iron has poor 
resistance, the film that develops being poorly protective at best. 

AQUEOUS CONDITIONS 

Regarded from the standpoint of factors controlling corrosion and rate 
of reaction on iron, aqueous solutions are of three types-acid, neutral, . 
and alkaline-as indicated in Figure 26.139 

Within the acid range, the reaction involves hydrogen evolution of 
important magnitude and goes on essentially without the development of 
obstructive and protective films of corrosion product; the controlling factors 
are total acidity and hydrogen-ion concentration, with aeration accelerating 
in minor degree. Within the neutral range, hydrogen evolution though 
operative is repressed in rate by the facts both of lowered total acidity and 
hydrogen-ion concentration and of solid films of corrosion product. Cor
rosion rates within this range are determined by diffusion of oxygen through 
these films, and are largely independent of hydrogen-ion concentration. 
Finally, within the alkaline range corrosion product films develop in much 
more effective degree than in the neutral, resistance increasing with alkalinity 
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and hydroxyl ion concentration and being largely in::;cllsitivc to the cffect 
of aeration that is so marked in neutral solutions. 
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12 \3 

The attack of acid and alkalinc solutions normally goes on without 
important pits, whereas pitting is usual in neutral solutions. For neutral 
conditions therefore penetration rates range higher than represented by the 
average weight loss rates given above. 
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Neutral Solutions 
Mechanism. Corrosion of iron by pure water begins at breaks in the 

invisible layer of oxide that normally exists on the surface of the 
metapo. 10. 41 Rea.ction between the solution and the metal at these breaks 
leads to the withdrawal, fro111 the diffusion layer against the metal, of 
hydrogen ions and dissolved oxygen, and the simultaneous introduction of 
ferrous ions into the diffusion layer. The layer of solution becomes con
centrated in ferrous ions and reaction between dissolved oxygen and the 
ferrous hydroxide leads to precipitation of hydrous ferric oxide, which with 
ferrous hydroxide is recognized as rust. 

Associated with these layers of hydroxide and oxide is the diffusion 
layer of solution that, in combination with the deposits themselves, obstructs 
the movement of reactants in the corrosion process and so controls cor
rosion rates. The influence of the diffusion layer of solution as an obstruc
tion to the corrosion process is lessened as the thickness of the layer 
for any reason is lessened. The protective effect of the solid film like
wise varies, depending on how closely adherent and how nearly continuous 
it may be.94 

Two important factors that affect corrosion rates by determining the 
properties of these liquid and solid layers are supply of dissolved oxygen 
and deposition of compounds other than the oxides of iron. 

In the absence of air corrosion takes place and ferrous hydroxide is 
formed, but there is no suhsequent formation of ferric hydroxide. Corrosion 
rates are low because hydrogen evolution is suppressed by cathode polariza
tion. With the presence of moderate amounts of dissolved oxygen cor
rosion rates are increased because diffusing oxygen prevents cathode 
polarization. Variation in the dissolved oxygen content leads to varia
tions in the physical characteristics of the precipitated ferric hydroxide films. 
Practically always, an increase in oxygen supply leads to greater cor
rosion rates. 

Increase in the velocity of the solution, both by supplying oxygen at a 
greater rate and hy thinning the diffusion film, generally leads to an increase 
in corrosion rates. Higher velocity. however, promotes greater protective
ness of the ferric hydroxide film, and as a result corrosion rates at times 
decrease with increasing velocity.05 

Relative acidity or alkalinity within the neutral range, as already 
pointed out, is a minor factor as an influence on. corrosion rates. It is 
true that in the absence of air the rate of corrosion of the hvdrogen evolu
tion type varies with the hydrogen ion concentration.91 But this is as a 
rule not usually important practically, since corrosion of this nature is 
very slow, particularly when the metal surfaces carry salts like calcium 
carbonate precipitated fro111 the solution. It is important, on the other hand, 
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in some cases; in the case of the tin can, for instance, failures known as 
"springers" are due to hydrogen evolution from corrosion. 

The presence of dissolved salts in the water modifies the simple cor
rosion process just described, the salts taking part in reactions, both at the 
cathode and the anode, even though the end product continue to be ferrous 
hydroxide and hydrous ferric oxide. These salts influence corrosion rates 
by their effect on the adherence, location and physical nature of the rust 
layer and in the case of many salts by yielding a precipitate that adds to 
the obstructive effect of the rust and the diffusion layer of solution. 

The two most important variables of iron corrosion under neutral 
aqueous conditions are therefore (1.) supply of dissolved oxygen, and (2.) 
deposited protective films. Average corrosion rates of iron submerged in 
quiet water, free of salts that may deposit ont, yet containing dissolved air, 
range around 10 to 30 mg. per sq. dm. per day. Conditions like agitation 
or mechanical aeration are accelerating, and the deposition of compounds 
is usually suppressing. 

Ferrous metals normally pit in neutral aqueous exposure. The reason 
for this is that the protection afforded by rust is ordinarily irregular. Breaks 
in the rust layers lead to greater rates of oxygen diffusion at some points 
than at others, with the result that oxygen solution-cells are promoted. 
A fact of importance here is that rust itsel f is a conductor and may act 
as a cathode in the corrosion reaction. The features of pitting under iron 
rust are too complicated to warrant extended discllssion here * ; it is suffi
cient to call attention to the susceptibility of iron and steel to pitting and 
to the fact that weight loss determinations do not fully take pitting depth 
into account. 

Air-free Solutions. It has been said above that in the absence of air, 
corrosion of the hydrogen ev01ution type is tlStmlly slight to the point of 
being unimportant practically. Hydrogen evolution in waters both with 
and without air has been recognized up to a pH of 9.8.110 In these tests the 
water was at 1800 F. and the rate of corrosion of the hydrogen evolution 
type was as high as 4 mg. per sq. dm. per day. Accumulations of hydrogen 
gas have been found in dead ends of bot water heating systems, and 
Speller 110 believes hydrogen evolution accounts for the attack taking place 
in the absence of oxygen in deep wells and in certain soils. 

Figure 27 109 gives a relation between pH value and volume of hydrogen 
evolvecl in the absence of air. Corrosion rates of about 13 mg. per sq. dm. 
per clay, the corrosion taking place by hydrogen evolution, were observed 14 

in tests in which steel specimens were submerged in salt solutions carrying 
air. In the absence of air no hydrogen evolution was detected at the end 

"Baylis 1,1 particularly has studied this phase of corrosion af iron water pipes. Evans 117 also 
has considered the question. 
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of 110 days. Submersion of steel and cast iron in salt solutions which 
previously had been boiled to remove dissolved air and from which air was 
excluded during test 56, 57 led to rates of 4 to 15 mg. per sq. dm. per day. 
The attack was presumably of the hydrogen-evolution type, though detec
tion of hydrogen was not attempted. 

Tests in citric acid of .570 concentration amI iu solutions of this acid 
flllffered with sodiu!lI citrate, covering a pH range of 2.41 to 5.54 gave 
rates of (at least) 40 to 8 mg. per sq. elm. per day, in the absence of air. 
The corrosion became progressively less as the pH value increased.91 The 
results indicated that with even a slightly lower pH value than 2.41 the 
rate of hydrogen evolution would become greatly accelerated. These tests 
were of 4-day duration. It is shown in Figure 34 that hydrogen evolution 
becomes rapid at about this pH value in hydrochloric acid. 

Variation of attack with constituents in solution. Attack by neutral 
solutions varies somewhat with the constituents of the solutions, as already 
stated, through alterations in the nature of the diffusion layers against the 
metal. Evans 35 has studied the effect of salts that take part in the actual 
corrosion reaction at either anode or cathode, and has concluded as follows: 

"The corrosion of iron and steel by a drop of aqueous liquid depends in 
most cases on electrochemical action between the central, unaerated area, which 
becomes anodic and suffers attack, and the peripheral aerated portions, which 
become cathodic, and in general remain unattacked. The velocity of attack 
depends largely on whether the anodic and cathodic products are soluble or 
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insolllb.lc. Tn the case of pure water, the anodic product, ferrous hydroxide, is 
[lcl"cc[ltIbly soluble, and spreading outwards becomes oxidized at th~ junctiun 
bel ween the aerated ali(I IlnacnLtcd regions, yielding- a brown ring oi the 
nearly insoluble ferric hydroxide, which extends over the top oi the drop as a 
membrane. The action of salts (ill N /10 conccntration) may be dassilied 
as follows: 

(1) Salts like potassium chloride, potassium sulfate aad potassium 
nitrate yield a soluble anodic product (ferrous chloride, sulfate, or nitrate) 
and a soluble cathodic product (potassium hydroxidc), and increase the velocity 
of corrosion; where the ferrous salt and alkali mingle, a ring of ferrous 
hydroxide, oxidizing to ferric hydroxide appears, aml extends as a membrane 
over the surface. Outside the membrane the iron is unattacked, but the 
formation of alkali at the periphery (cathodic portion) causes spreading of 
the liquid. 

(2) Salts like zinc sulfate yield a soluble anodic product, but an insoluble 
cathodic product (zinc hydroxide), which shields the cathodic area from dif
fusing oxygen, slightly diminishing the rate of corrosion. 

(3) Salts like sodium carbonate, sodium phosphate, and potassium fer
ricyanide yield a soluble cathodic product and an insoluble anodic product, 
which forms a closely adherent protective skin, usually invisible, over the 
metal. In such cases, corrosion is almost prevented; but occasionally at 
certain points, especially at the edge of the drop, the film fails to adhere, and 
at such points marked localized anodic corrosion occurs; the breakdown occurs 
quite quickly in more dilute solutions of sodium carbonate. 

(4) Potassium chromate causes passivity ev.en in those parts to which 
oxygen cannot diffuse; no differential-aeration currents are set up, and there 
is practically no corrosion. If, however, chlorides also are present in large 
quantity, the protective film breaks down at the edge, and serious localized 
corrosion will result; nitrates act more slowly than chlorides in causing the 
breakdown of the film, whilst sulfates are still less active in this respect." 
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vVater supplies relatively high in cakium carbonate are less corrosive by 
several times than those without this salt. Baylis 12 has constructed the 
curve as given in Figure 28 to indicate the boundary in calcium carbonate 
alkalinity where its protection is felt. 

FIGURE 28. Approximate Solubility 

Equilibrium of Calcium Carbonate. 

Treatment of water supplies deficient in calcium carbonate with sodium 
carbonate or sodium hydroxide brings about the desired alkalinity-pH 
relationship. Free carbon dioxide tends to prevent the deposition of 
carbonate or to dissolve it. Lime deposits in boilers are protective, the 
allowable oxygen in the water being higher where these are present. Waters 
which carry too little carbonate to deposit on the boiler walls are sometimes 
treated with lime. 
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Silicates likewise depress corrosion rates of iron, important in some 
water supply systems carrying silicate, and likewise as a treatment method 
for municipal water supplies. In laundry water supplies 15 parts per 
million of silicate is a common dose. 

Other substances improving resistance are zinc sulfate, sodium carbonate, 
sodium phosphate, potassium ferricyanide, chromates.47• 68 Refrigerating 
brines are conu110nly treated with sodium chromate or with a mixture of 
sodium dichromate and sodium hydroxide. These brines-concentrated 
solutions of sodium chloride, calcium chloride, or a mixture of calcium 
and magnesitun chlorides-have each a concentration range where the 
corrosive effect is least and the attempt is made to keep the brine within 
this range. It is common practice to prevent aeration as much as possible and 
to keep the brines on the alkaline side. Whitman and co-workers 128 found 
a chromate content of 0.17% in brine to depress attack by as much as 90%. 

Danger from pitting lies in the careless use of inhibitors.3G 

In steam systems carbon dioxide gas is undesirable fro111 the fact that 
it tends to acidify the steam condensate and thereby increase attack of iron. 
The same effect is felt with waters high in magnesium chloride, which 
hydrolyzes at higher temperatures to an acid reaction. These waters lie 
at the neutral-acid border line. (See Figure 26.) Trouble from either 
carbon dioxide or magnesium chloride can be eliminated by proper treatment. 

Salts hydrolyzing acid in aqueous solution-aluminum chloride and sul
fate, and soluble salts of tin, copper, mercury and ferric iron-are corrosive. 
Protective films are not formed in these and the free acid corrodes with 
hydrogen evolution. Acid mine waters are of. this nature. 

Strongly alkaline salts such as sodium carbonate and sodiu1l1 silicate 
on the other hand act like alkalies and are well resisted by iron. 

Comparison of types of ferrous metals. Some variation in resistance 
to neutral conditions exists among the different types of ferrous metals
cast iron, wrought iron, steel, copper bearing steel, etc.-but with few 
exceptions the variations are not predictable in degree or kind nor are they 
important from the commercial angle. Variations are likely to show up in 
tests of relatively short duration and do most definitely show up in atmos
pheric exposure tests even of long duration. These two conditions have in 
common a capacity for forming a relatively thin film of corrosion product, 
in this respect differing from long-time-sub111erged exposure and the result
ing characteristically thick film. Chappell21 found the rust-film thickness 
on sheet irons and copper steels after atmospheric exposure to be about 
.0005 cm., although the irons were badly corroded and the copper steels 
were in relatively good condition. He records a rust layer thickness of .15 
cm. from submerged exposure. He has further shown by using films of 
filter paper that corrosion rates are progressively lower as the thickness of 
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the film increases. The thicknesses studied covered the ralwe of rust-film 
thicknesses of both atmospheric and submerged exposure. Experience has 
shown that in atmospheres copper steels (0.20 to 0.2510 copper) may be 
several times more resistant than steels without copper, yet in submerged 
exposure over a long period of time no significant difference appears. 

After weighing the available evidence of differences in resistance among 
the different types of ferrous metals, Speller 110 has stated "with respect 
to wrought iron and steel in general, the great preponderance of evidence 
points unmistakably to the conclusion that there is no inherent difference 
between these materials with respect to durability." 

Evans 38 has considered the comparative resistance of wrought iron 
plate that had been rolled in two directions and steel and has concluded 
that under conditions giving intense localized corrosion wrought iron (so 
manufactured) is likely to have better behavior because pits tend to spread 
out rather than to penetrate deeply as in the case of steel. "In general, it 
may be said that under favorable conditions there is no reason why steel 
should not have a life similar to that of wrought iron, but that the peculiar 
structure of wrought iron gives it, under certain circumstances a definite 
advantage in deflecting an attack of an intense localized character." It is 
important to note that by rolling in two directions the cinders in wrought 
iron are worked out into plates. \i\fire and pipe are not so processed and 
therefore the conclusions of Evans do not apply to them. 

Cast iron and steel are likely to differ in behavior against neutral solu
tions. Girard 50 for instance found that in dilute aerated sodium chloride 
solution, cast iron corroded evenly with the development of a continuous 
protective rust film, whereas steel suffered localized and continuous cor
rosion under a poorly protective layer of rust. The difference was very 
marked over a period of several months. He furthermore found that in 
the relative absence of air the behavior of the two was much alike, without 
in either case the development of a layer of rust. The corrosion rates, 
based on weight loss, were as given in Table 121. 

TABLE 121.-Iro1! VS. Sodium Chloride Sol~ttiolls 

Corrosion rate-mg. per sq. dll1. per day 
Aerated Not aerated 

Steel ........................ 1Q.6* 11.0 
Cast iron 3 ................... 8.1-7.6 9.5-11.7 

* Strong localized attack. 

Friend 102 likewise found cast iron less susceptible to localized action, in 
sea water (see page 238). 

Deaeration. Since corrosion of iron is so largely dependent on dis-
solved oxygen, deaeration is a common preventive method. The solubility 
of oxygen in relatively pure water ranges from about 10 cc. oxygen per liter 



236 CORROSION RESISTANCE OF METALS AND ALLOYS 

at 32° F. to about 0 cc. at 2.10° F.110 Soluble salts decrease the oxygen solu
bility. Fresh waters are usually air-saturated and according to Speller 9Sro 
of dissolved gases may be removed fairly easily by means of deaerators. In 
these, water is subjected to temperature and pressure combinations suitable 
for extraction of the dissolved gases. They are in common use, of one type 
or another, in industrial water and steam systems. In recirculating systems, 
sHch as in household steam and hot water heating, deaeration is not usually 
required since dissolved oxygen originally present is used up in a relatively 
short time and is not sufficient in quantity to cause notable corrosion damage. 
Very little corrosion may be expected over as much as a 70-ycal' perioclYo 
It is particularly desirable in systems of this nature to prevent air leakage. 
Corrosion conditions on steam locomotives are much more severe than in 
stationary plants since the water, originally air saturated as a rule, is not 
deaerated. 

DeactivationYo , Another means of removing oxygen from water is 
by pre-corrosion. The fresh water is run over a large area of replaceable 
irOll plates held in a tank. In a properly designed deactivator, attack of 
these plates removes most of the dissolved oxygen, in some cases all of it. 

Sea water. Corrosion of iron and steel by sea water still remains an 
undefeated problem. \Vhere possible, of course, protective coatings such 
as galvanizing and paints are applied. Steel and cast iron construction of 
ships is an example. Protective coatings arc not long-lived, requiring con
tinual repainting. Metal so cared for, however, will last for many years. 

Sea water is characteristically both air-saturated and a very good elec
tro1yte; both conditions promote corrosion. The fact that it is a good 
electrolyte favors localized action of the concentration cell and particularly 
the galvanic types. Inherently, air-saturated sea water is no more cor
rosive than air-saturated fresh water,1°2 but the currents of galvanic and 
concentration cells can flow through greater distances in sea water and 
therefore the cathodic area of a cell may become relatively large, and the 
corrosion more intense. 

Many corrosion investigations have been made 011 iron and steel in sea 
water.H, In, 33, no. Iil, 57,75, 102,103 Behavior has been particularly well out-
lined in an English investigation.102 Bars were exposed at fom widely 
varying localities both below low water level and at half-tide level fqr 
periods of five and ten years. A summary of the results is given in 
Table 122. The weight loss results give average corrosion rates, induding 
loss clue to both general corrosion and pitting. 

A number of interesting conclusions may be reached from a study of 
these results and the author's observations: 

1. Effect of location, Corrosion at Colombo was only slightly greater than 
that at Plymouth in the five-year test. Corrosion at Halifax was 1.2 to 2 
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times greater than that at Auckland. Both at Colombo and Auckland the 
specimens became heavily coated with marine life, whereas those at 
Plymouth and Halifax were substantially free of life. If the presence of 
marine life has an effect on the total corrosion of iron and steel, this 
effect in these tests was obscured by other variables. 

2. Effeot of metal composition. So far as these tests indicate, there is nothing 
to choose between wrought iron, carbon steels, and steels carrying low 
copper or nickel. Specimens without mill-scale in general lost slightly 
more in weight than those with mill-scale, but were pitted to a slightly 
less extent. Cast iron definitely suffered less from pitting and general 
corrosion, but suffered an internal attack, possibly graphitization, that was 
as penetrating and damaging as combined pitting and general attack were 
to the other materials. 

3. Effect of time. Five-year tests compared with ten-year tests, at Auckland 
and Halifax, indicate that average corrosion rates, both on the basis of 
weight loss and pitting, are somewhat less over the ten-year period. 

4. Effect of exposure. At Halifax and Auckland, and to a less degree 
Plymouth, submerged exposure was more corrosive than half-tide exposure. 
At Colombo, curiously, half-tide exposure was 2 to 3 times as corrosive. 

Boiler corrosion. Boiler corrosion S, 81, 60, G3, 99, 110, 116 is a special 
case of corrosion in neutral aqueous conditions. Water exposed £reely to 
the air has normally all the order of 6 cu. cm. per liter of oxygen. If carried 
into the closed system of which the boiler is a part, all this oxygen would be 
available for the corrosion reaction, and attack would be very extensive 
indeed. As a preventive, oxygen in so far as feasible is removed by means 
of preheaters, deaerators, or deactivators. According to Speller* the 
oxygen must be reduced to 1 to .03 cu. cm. per liter to keep its damaging 
effect down. Some waters-those 0 f higher acidity and those that do not 
deposit a thin protective type of film on the metal-require more extensive 
removal of oxygen than others. 

Free and half-bound carbon dioxide, which has some corrosive power in 
the closed system, is also largely driven off by preheating. 

Deaeration by itself is often not a sufficient preventive of corrosion. 
Some waters are acid and others carry salts, as magnesium chloride, that 
decompose under heat to form acid. Since acid will corrode iron seriously 
even in the absence of oxygen, it is necessary to treat such waters with 
alkali. It has been found that a minimum pH of 11 within the boiler is 
desirable, but that too strong an alkaline condition may lead to excessive 
pitting or to embrittlement attack (see later on). 

Subst.ances like calcium and magnesium carbonate, calcium sulfate, and 
calcium and magnesium silicate decrease in solubility with temperature 
rise. Treatment of feed water is common to prevent the excessive forma
tion of a hard adherent scale of these substances within the boiler. These 
scales are undesirable not only because they cause overheating and poor 
heat transfer, but also because they promote localized conditions of high 
temperature and breakdown of acid-forming salts that lead to corrosion. 

* Private comment. 



IRON AND STEEL 239 

Locomotive boilers are likely to have a more difficult corrosive condi
tion than stationary boilers, due to the fact that the bulk and inconvenience 
of deaerating and pre-treatment equipment prevent taking full advantage 
of these. IS, 59, 77, 110 

Certain special features of corrosion of steel boilers have been exten
sively studied within the last few years and the understanding of the 
mechanism of attack that has resulted has been an important contribution 
to corrosion data. The stresses to which boiler plate is subject are generally 
of a fatigue nature resulting from the vibration set up in the generation 
and release of pressure within the boiler. In the construction of a boiler 
it seems to be usual to allow a theoretical factor of safety of 3i to 5.113 The 
actual working stresses run probably considerably higher than the theoretical, 
due to such factors as pOOl' alignment of rivet holes, stress concentration 
at the discontinuity of the holes, heat expansion stresses, stresses set up 
in the riveting, forced alignment.2 It is believed that working stresses in 
some cases actually rtm up around the yield point. When stresses of this 
intensity are accompanied by certain corrosion conditions within the boiler, 
serious accelerated attack of one of two types takes place-deep trans
crystalline pitting of the type associated with corrosion fatigue, or weaken
ing penetration along grain boundaries. 

Corrosion fatigue of boiler plate has been discussed by several. 32, 85, 127 

The important single factor bringing about this type of action is high 
cyclic stress; no association with any particular water condition seems to 
have been made although laboratory tests indicate that brackish and salt 
water and certain hard or alkaline waters are more damaging than fresh 
water, and fresh water more damaging than steam vapor. On' the other 
hand corrosion fatigue cracks have occurred even with distilled make-up 
water. McAdam's laboratory investigations of corrosion fatigue have 
shown that exposure to simple aerated water when accompanied by cyclic 
stress of moderate intensity is extremely damaging to the strength of steel. 
The degree of damage is more dependent 011 the number of cycles of stress 
and on frequent wide variations of stress than on the time of exposure. 

The principal weapon against corrosion fatigue of boilers is to keep 
working stresses clown to a minimum. Dinger 32 suggests that for ordinary 
Class "B" boiler plate the fiber stress should not exceed 10,000 lbs. per sq, in., 
and that 9,000 Ibs. pel' sq. in. would be hetter. He believes that a factor of 
safety of six will give a safe boiler, of five a somewhat doubtful one, of four 
a dangerous and unsafe one. 

The second serious type of boiler c01'rOSiol1-interc.rystalline weaken
ing-occurs almost entirely at riveted seams,25, 113, 127 Cracks develop 
running along the line of rivet holes, at tube ends or at random along any 
seam, Instances of this nature are confined to three types of water :-(1) 
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natural alkaline; (2) waters made alkaline with soda ash treatment; (3) 
waters made alkaline hy zeolite treatment. 

The action differs from that of corrosion fatigue ill that tbe change in 
the metal takes place i11 the illtcrcl'ystalline material rather than in the 
crystal grains. Failures of this nature have been associated entirely, as 
far as known, with boiler waters of relatively high caustic soda con
centration in combination with relatively low sodium sulfate concentration. 
The sodium carbonate in boiler water characteristically decomposes within 
the water to give free sodium hydroxide.73• 81. 114 Straub believes from 
the indications of laboratory tests, that caustic becomes concentrated in the 
capillary spaces of seams and tube ends and it is this condition combined
with the high stresses in the metal that leads in some way to deterioration 
of the intercrystalline material. It is known that caustic attacks iron with 
liberation of hydrogen,16 and it also has been demonstrated 132 that atomic 
hydrogen may lead to intercrystalline embrittlement. 

Among Straub's laboratory results 113 is the important one that in the 
case of ordinary steel, the susceptibility to intercrystalline penetration has 
been very marked at stresses just above the yield point under conditions 
where no effect was noticeable at a stress slightly under the yield point. His 
explanation seems a reasonable one-the stretching of the metal at and 
above the yield point breaks what protective layer of corrosion product 
may exist on the surface of the metal, thus facilitating further action and 
penetration of the damaging substance, whatever it may be. 

Fortunately, means of preventing this type of failure are available. 
According to Straub, no case of failure has been experienced where the ratio 
of sodium sulfate to sodium hydroxide in the boiler water is above a certain 
minimum, the minimum depending on the boiler pressure. In the Ameri
can Society of Mechanical Engineers Boiler Constmction Code 1 it is recom
mended that the sodium sulfate should be maintained at the minimum valnes 
in Table 123 in relation to the sodium carbonate. 

TABLE 123.-Desirable Boiler Water Condition. 
Working Pressure 
of Boiler (lb. gage) 

0-150 
150-250 
250 and over 

Relattion of Sodium Carbonalte 
Alkalinity to Sodium Sulfate 

1 to 1 
1 to 2 
1 to 3 

The mechanism of the inhibitive effect of sodium sulfate is not entirely 
clear, but Straub's experiments suggest that it depends on concentration 
and precipitation of sulfate within the capillaries. 

It is also known that in addition to sodium sulfate, other substances 
such as sodium carbonate (unc1issociated), tri-sodium phosphate, tannin, 
and other substances act as inhibitors to the damaging effect of the caustic, 
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so that a correct minimum ratio of sodium suI fate to sodium hydroxide 
should take into account possible concentrations of these other substances 
in the water. As preventive water treatment, sulfates, phosphates, tannin, 
sulfuric acid, etc. are added.os Straub 113 recommends also the use of 
inside caulking rather than outside in order to prevent capillary accumula
tion of water. :McCabe 3 suggests a different approach-the elimination of 
riveted joints and their high internal stresses. Avoidance of the possibility 
of stresses around the yield point is, of course, a preventive. 

Underground waters. Corrosion of buried pipe, though virtually non
existent in many cases, becomes a serious problem with some soils. Attack 
when it does occur is of a highly localized nature, due to the action of 
solution-cells. In 011e case, 300 miles of pipe dug up after 35-years' service 
was in such condition that it was resold for use in other buried service. 
It has been figured that pipe lines may last as much as one hundred years 
in some localities. In extensive field tests 82 irons and steels were corroded 
in underground exposure at rates ranging fr0111 .0002 to .005 inch per year 
(1.2 to 30 mg. per sq. elm. per day), based on weight loss determinations 
and were pitted at rates of ,01 to .03 inch per year (60 to 175 mg. per sq. 
dm. per day). Potential differences of significant magnitude may exist 
in the ground,79 and these undoubtedly have some influence· on corrosion. 
More intensely corrosive cells, however, seem to be set up at the surface 
of the pipe due to irregular distribution 01 soil particles, and by variations 
in oxygen supply from point to point. The existence of "pipe line currents" 
bas been demonstrated,79 as well as the existence of earth potentials in the 
neighborhood of buried pipe. These are manifestations of cells that are 
often powerful enough to damage the pipes in a serious way. Kuhn 80 has 
found corroded spots on water mains to aggregate about 1 % of the total 
exposed pipe area, with 8% as an extremely high value. The entire uncor
roded surface of the pipe in such a case would be potentially cathodic. 
Fortunately, polarization, low rate of oxygen supply, and corrosion-product 
accumulation tend to suppress the flow of currents in these cells. 

Water content of soil, air content, type of soil as this affects the mobility 
of the water, as it relates to the building of protective films (lime, etc.), 
and as it determines the specific corrosiveness of the soil. are all variable 
factors. 

Stray currents where they exist, contribute to the corrosion of pipes 
by tending to intensify current density at anodic points and by influencing 
the polarity, magnitude, and distribution of both earth currents and "pipe 
line currents." 

Buried pipe is ordinarily protected 011 its outer surface by paints, bitu
minous substances, fabric wrapping, etc., although of course these do not 
continue completely protective over long periods of time. 
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Food products. The main limitation in the use of iron for food 
handling equipment lies in its lack of resistance to the atmosphere and to 
aerated waters. Foodstuffs as a class carry high percentages of water and 
equipment bandling tl1em during processing has, as a rule, aqueous condi
tions in the neutral to acid range to contend with. Tin coatings and zinc 
coatings are protective methods, likewise glass enamel. 

The presence of iron salts in foodstuffs is harmless from the standpoint 
of toxicity. The beneficial effect of iron taken into the human system is too 
well recognized to require comment. 

Atmospheres. Irons and steels normally rust and pit in atmos
pheric exposure. The rate of attack is dependent on a number of variables, 
the 1110St important being relative humidity, and impurities-dust particles, 
salinity, sulphur compounds-in the atmosphere. The film of moisture 
collectillg on the metal in atmosphere of moderate to high humidity is air
saturated, and the corrosion products accumulating on irons and steels 
control by their physical character how corrosive this air-saturated solution 
will be. Dry atmospheres are not corrosive; tllUS, unprotected iron may last 
for centuries in dry climates without deterioration. In relatively pure 
atmospheres a critical humidity seems to exist, in the range of 439'0 to 68%, 
above which corrosion becomes marked.OG, 122, 123, 124 
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Corrosion rates of ordinary iron and steel in atmospheric exposure are 
on the order of 6 to 40 mg. per sq. dm. per day, based on weight loss measure
ments for the more corrosive atmospheres, with pitting rates ranging higher 
than this-possibly 30 to 70 mg. per sq. dm. per day. Industrial atmospheres 
are more corrosive than marine or purer moist atmospheres.40 • 104. 110, 129 

Steel and iron carrying a small copper content (0.1 5 to 0.25 %) are 
more resistant by several times than ordinary steel and iron, the rust that 
forms being of a dense and hard nature, rather than loose and poorly 
adherent as characteristic of rust on ordinary iron and steelY' 21 The effect 
is illustrated in Figures 29 and 30. The atmospheres were industrial 
(Pittsburgh) and rural (Fort Sheridan) respectively. The specimens were 
22 gage (.031 inch thick). 1)5, 74 Comparison of the two figures brings 
out the much more rapidly corrosive nature of the industrial atmosphere. 
Parallel tests have also been in progress in the seacoast atmosphere of 
Annapolis, Md. This proved to be less corrosive than the Fort Sheridan 
atmosphere, as shown in the table following. 
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TrOll 11S. Almosj,/lcl'{,. 

Date begWl ••... 
Date inspected .. 

N umber of sheets in test: 
Copper-bearing ................... . 
Non-capper-bearing .............. . 

Failures: 
Copper-bearing ................... . 
Non-capper-bearing .............. . 

Per cent failures: 
Copper-bearing ................... . 
Non-capper-bearing .............. . 

Annapolis 
10/17/16 
5/7/28 

148 
79 

1 
23 

0.7 
29.2 

Fort Sheridan 
4/9/17 
4/16/28 

136 
83 

50 
77 

36.8 
92.8 

Copper-bearing steel and iron, like ordinary ferrous metal, require 
painting or other protection in atmospheric exposure. The advantage in 
the copper content, a very real one, lies in its better resistance at breakdown 
points in the protective coatings. 

Iron and steel in most types of atmospheric exposure, even indoors, 
require protection to prevent rusting. With machine parts wiping with 
oiled rags is sufficient. Paints, metal coatings, and layers developed by 
controlled corrosion are other means, painting being the most useful. The 
principal deficiency of painting is its temporary nature, periodic painting 
being necessary for most purposes, Zinc (galvanizing) is the lllOst 
COlllmon of the metal layers. Tin coating is common for small iron articles 
intended for mild exposure conditions. Tin and zinc coats are commonly 
painted. Cadmiu111 plating is efficacious though expensive. Nickel and 
chromium plates, based largely on appearance requirements, are in wide
spread use. Aluminum, copper, and brass layers have minor use. 

Neutral aqueous corrosion as revealed in fatigue tests: Stress accel
erated corrosion. Probably the most sensitive instrument for measuring 
the damage suffered by metals in surface corrosion is the fatigue test. 
A great deal of investigation in this direotioll has, within the last few 
years, given extremely interesting results. 58. 86 The more important 
conclusions relating to steels are given below, the term "damage" being 
used synonymously with "drop in fatigue limit." 

1. Steels in an unstressed condition exposed to aerated water suffer damage of 
considerable magnitude, the rate of damage becoming less with time. Typical examples 
are given in Table 124; the water in this case was carbonate well water. 

2. The applic8!tion of alternating stress during the corrosion exposure period 
strongly intensifies the damage, The effect is shown by the curves below, in which 
factors of time, intensity of stress, number of cycles of alternating stress, and rate of 
cycles are related. In general. the rate of damage is greater with increase in each of 
these factors. 

3. The application of alternating stress with corrosion exposure, destroys in time 
most of the advantage in strength gained by alloying and· all the advantage gained by 
heat-treament. Thus, a number of steels ranging in tensile strength from 52,000 to 
260,000 lbs. per sq. in. had no apparent fatigue limit (1450 r.p.m., 30,000,000 cycles) 
range of 12,000 to 30,000'lbs. per sq. in. when exposed dming the fatigue test to a stream 
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TABLE 124.-Steel vs. Well Water. 

Resultant fatigue limit-Ibs. per sq. in. , Days of stressless 
exposure prior to 

fatigue test .46 C .28 C 3.7 Ni .39 C 1.82 Ni 92 Cr 

° 2 
4 

10 
50 

100 
280 

43,000 

41,000 
37,500 
34,000 
37,500 
33,500 
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FIGURE 31. Chrome-nickel Alloy Steel vs. Fresh Water and Salt Water. 
The measure of damage is the drop in fatigue limit. The numbers on the 
curves refer to the stress (in thousands) applied during the prior corrosion 
exposure in the fatigue testing machine. 

of carbonate well water. The alloy steels behaved slightly better than the carbon 
steels, and annealed steels slightly better than heat-treated. Nitrided steels seem to 
have remarkably good behavior under stress-corrosion conditions .52, 86 

4. Composition of the water has a large effeot on the intensity of damage. Exposure 
of an unstressed alloy steel (.39C 1.82Ni .92 Cr) in three different waters gave com
parisons as shown in Table 125. 

Days of stressless 
exposure prior to 

fatigue test 

° 2 
4 

10 
20 
40 
60 

TABLE 125.-Steel vs. Waters. 
ResultanUatigue limit-Ibs. per sq. in. 

Condenser 
Water 
75,000 
72,500 
70,000 
65,000 
61,500 
59,000 
58,000 

Carbonate 
Water 
75,000 
64,000 
56,000 
48,000 
45,000 
45,000 
45,000 

Brackish 
Water 
75,000 
64,000 
56,000 
48,000 
44,500 
43,000 
42,000 

Composition of the water is even more important where stress accompanies c;orrosion 
exposure. Thus, where the apparent corrosion fatigue limit (1450 r.p.m., 30,000,000 
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cycles) in carbonate water has, for various steels, averaged around 20,000 lbs. Jler sq. ill., 
that in brackish water has averaged about 6,000 lbs. per sq. in. Steam is damaging, 
though to a less extent, than water.52, 69 Steam and air mixtures are much more 
damaging Ithan steam in the absence of air. 

5. Inhibitors in waters have been fOUlld ,to be very markedly beneficia1.111 

6. Plated coatings of chromium and cadmium have been variable in their beneficial 
effect. McAdam 84 found cadmium to be very definitely beneficial, whereas Haven 66 
could discover no advantage. With chromium, McAdam 84 found little if any benefit. 
Fuller 52 found some benefit in one case, and HOlllleger 60 found defini,te benefit in 
one case. 

Acid solutions. 

With several important exceptions, to be noted later, acid solu
tions are mildly to strong-Iy corrosive to iron and steel. The g-reater 
action of acids as compared with neutral solutions is due to three principal 
facts: (1) The invisible ferric oxide layer normally present on iron is 
rapidly destroyed by acirls.42 (2) The hydrated oxides of iro11, which 
are the secondary corrosion product of the reaction between iron and 
neutral solutions, are soluble in acids. (3) The hydrogen-ion concentra
tions of acid solutions make the latter inherently strongly corrosive to iron, 
even in the absence of oxygen (aeration). 

It is generally true that higher concentrations of acids and of hydro
gen-ion are more corrosive than lower; aeration, agitation, and tempera-
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ture are accelerating. These factors influence the attack of iron much as 
they do the more noble metals like copper and nickel. An important 
difference, however, between iron and these other metals is that acids may 
be strongly corrosive to iron even in the absence of air, although aeration 
is accelerating. 

Some acids are more corrosive to iron than others, as brought out by 
the data in the following pages, but this is practically not a very important 
point. Iron is too strongly attacked by almost all common acids of inter
mediate and dilute concentrations to make it a lasting handling material. 
Furthermore, with only few concentrated acids, e. g. nitric, sulphuric, 
chromic, can iron be used; these are mentioned again later. And with very 
dilute concentrations, iron is useful if the concentrations are weaker than 
about 1/1000 normality (pH 3 to pH 7). Even with these solutions, cor
rosion is mild to strong if the aeration conditions are severe. 

Below are given typical rates of attack of iron by acids: 

IrOlt vs. Acids. 
Mg. per sq. dm. per day 

Strongly acidic .....•..................... 10,000 
Weakly acidic ............................ 100 
Very concentrated ........................ 10 
Special passivating conditions .. ' . . . . . . . . . . . . 10 

An example of the low rates of attack in very weak solutions is given 
in the data below in simple immersion tests of 48-hollrs' duration in sulfuric 
acid 56: 

IrOII '1'.1. Sulfuric Acid. 

pH 

7 
5 
4 
3 
2 
1 

Mg. per sq. dm. per day 

7 
5 
7 
9 

70 
540 

Other acids as well as sulfuric are only weakly corrosive in similarly 
dilute solutions. 

Typical corrosion rates in intermediate concentl'atiol1s of low aeration 
degree (quiet partial immersion) are given in Table 126, these tests being 
run at room temperatl11'e for 5 days 70: 

T ABLF. 126.-11'011 VS. Acids. 

Acid 

Hydrochloric .................. . 
Sulfuric ....................... . 
Acetic ......................... . 
Butyric ............... , ...... , .. 
Lactic ......................... . 
Citric ......................... . 

Concentration 

1% 
1% 
1% 
1% 
1% 
0.20/0 

Mg. per sq. 
dm. per day 

195 
174 
230 
142 
144 
110 
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Aeration, as already stated, is accelerating. The rates in Table 127 
were obtained in intermediate and high concentrations in 5-hou1', room
temperature tests 131: 

TABLE 127.-11'on vs, Acids. 
Corrosion Rate-Mg. per sq. dill. per day 

Hydrogen Saturated Oxygen Saturated Acid 

Sulfuric 96.S % ........ ,..... 480 460 
50 . .. .. .. .. .. .. . 1,100 1,500 
20 .. .. .. . . .. . .. . 440 1,600 

6 .............. 180 2,100 
Hydrochloric 4 .... , ...... ,.. 180 2,800 

.04 ........ , .. .. . 32 2,300 
Nitrk 70 .............. 370 470 

1.2 .. .. .. .. .. . .. . 9,000 11,000 
Acetic glacial .. ,........... 76 3,800 

6 .............. 37 3,200 

An illustration of very strong acid attack is given by the data in Table 
128 obtained in 24-hour tests with sulfuric acid at different temperatures 65 : 
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TABLE 128.-lron vs. Sulfuric Acid. 

To 70 
at pH 

2.b7 

0' 
\.) 

:€ 
3: 
::l' .... 
~ 
'u 
4: 

12% 
14,000 
40,000 
45,000 
50,000 

1\ \ 

" 
:3 Jl. 5 

pH 
7 

Mg. per sq. dm. per day 

8 

38% 
20,000 
82,000 

125,000 
127,000 

63% 
200 
600 

1,000 
1,100 

FIGURE 33. Iron vs. Aqueous 
Solutions, Indicating the Boun
dary Between Strongly Corro
sive Acid Solutions and Weakly 
Corrosive Neutral Solutions. 
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Since neutral and very weakly acid solutions can often be handled with 
iron, it becomes important to note the boundary between these solutions and 
the more strongly corrosive acid concentrations. This division line is a 
rather indefinite one, depending as it does on aeration, acidity, and hydro
gen-ion concentration as variables. The curves of Figure 33,130 indicate 
that in moderately aerated hydrochloric acid the boundary exists at about 
pH 3, whereas in carbonic acid at about pH 4.5. These acids represent 
highly ionized and meagrely ionized types respectively. 

Girard 50 found a similar relationship between weakly and strongly 
ionized acids and found further, as given in Figures 34 and 35, that the 
boundary for both weakly and strongly ionized acids lay at about 1/1000 
to 1/100 normality (e.g.-.OO49 to .049% sulfuric acid). Thus, with increas
ing concentration, the different acids pass from the neutral to the corrosive 
acid zone at about the same normality, but at different concentrations of 
hydrogen-ion. 

I 
I--I-- 5 u \ f ur i c. and ---r--.--,..-

HLjdr?chlri(. ~c.id5 

II I I I 
17 Carbonic. Ac.id-

I I ,_ 
\ \I/Carbolic ACid 

'\ 1\ 
\ \\ 
K " '" 

2 3 ~ 5 ~ 

pH ValuQ:. 
7 I) 

50 
::::r> 

8 <J.5 
~ 

g_QO 

~ 35 

d 
~ 30 
g_ 
&25 
z.: 

I 20 
(:,1 
+-
0 15 cr 
c: 
0 

'Vi 
10 

0 
I-

5 I-
0 

U 

f-l= l=- Sulfuric. Acid 

I I I 
Ac.id-~I~ t- n!:jdroc.hloric 

I I I 
~ 

,.Carbolic. Acid 

~ I I .-,---
~~:~nic.Acid 

10-2 10'" 10-4 10-~ 1 (jW 10-7 

Normality 

FIGURES 34 and 35. Iron vs. Aqueous Solutions, Indicating Increasing Attack 
with Increasing Acid. 

On the other hand, acid solutions of intermediate concentration and 
higher, if of low aeration, are most corrosive when they have high hydrogen-
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ion concentration. This relation is shown in Table 129, the criterion of 
attack being quantity of hydrogen evolved 83 from specimens of equal area:, 

TABLE 129.-Irol! VS. Acids. 

Acid 0.20 N 

Hydrochloric ..................... . 
Sulfuric .......................... . 
Phosphoric ........................ . 
Tar.taric ......................... . 
Malic ............................. . 
Acetic ............................ . 
Propionic ........................ . 

pH 

.81 

.98 
1.73 
2.01 
2.24 
2.57 
2.74 

Duration 
(hrs.) 

18 
18 
96 
96 
96 
96 
96 

Hydrogen 
Evolved (cc.) 

25 
25 
16.5 
17.3 

8.2 
2.5 

None 

Yet aeration and agitation obscure the effect of hydrogen-ion as a factor 
and bring into prominence the effect of total acidity.13l (See Table 130.) 

TABLE 130.-11'on 11.1. Acmted Acid. 
Mg. per sq. dm. per day 

Hydrogen Oxygen 
Saturated Saturated 

Sulphuric 6% .......... ',' .................. , 180 2100 
Acetic 60/0 •.•..•.•....••.•.•••.. , •••.•••• 37 3200 

Iron is commercially useful in handling strong concentrations of crude 
phosphoric acid (sometimes), nitric acid, and sulfuric acid, and in handling 
chromic acid. Chromic and nitric acids are strong oxidizing agents and 
thus maintain an insoluble and protective layer of ferric oxide on the 
surface of the metal,42 Since this layer tends to be dissolved off by the 
acid reaction and to be maintained by the oxidizing reaction, the oxidizing 
capacity of the solution must be dominant to produce passivity. In inter
mediate and dilute concentrations of nitric acid, the oxidizing reaction is 
overpowered by the acid, and the attack on iron is strong. 

Chromic being a weakly ionized acid, and yet a strongly oxidizing one, 
is not usually corrosive to iron. Because of this passivity, iron is com
monly used for the construction of tanks for holding chromium plating 
baths, where the solution runs in the neighborhood of 25% chromic acid. 
Friend 48 has recorded that dilute chromic acid seems to have 110 action on 
cast iron over a one year period, and Evans 42 fOl1nd that chromic acid 
did not dissolve flaky ferric oxide. He observed, however, that chromic acid 
in the presence of sufficient stronger acid (sulfuric) failed to produce 
passivity, but rather enhanced corrosion. 

The good resistance of iron to concentrated sulfuric acid 43 is fortunate 
since it makes possible the use of the various grades of iron in the construc
tion of sulfuric acid plants~ and the general handling, shipment and storage, 
piping, and valving of strong sulfuric with cast iron and steel equipment. 
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In the following tables are given several sets of data outlining the action 
of concentrated sulfuric acid. Wells and Fogg 12(; have summarized as 
follows: 

"Acids of all strengths from chamber acid to 1000/0 R,SO. have very 
little action on cast iron at ordinary temperatures. If boiling, the weaker 
acids attack cast iron vigorously. The action decreases as the strength 
of the acid increases until at 98% H,SO. the iron is scarcely attacked 
a.t all." 

They also state that acid below 100% acts more rapidly on wrought iron 
than on cast, especially at high temperatures. The data below do not show 
consistently better behavior for cast iron. The results in Table 131 were 
obtained in air-excluded sulfuric at 65° to 68° F. with a test period of 72 
h011rs :76 

TABLE 131.-11'011 vs. Air-Free S!llfuric Acid. 

Mg. per sq. dm. per day 
Sulfuric Acid Sulfur Trioxide 

Cast Ingot Wrought 
0/0 0/0 Iron Iron Iron 

48.8 39.9 1600 
61.2 50.0 39 78 
67.7 55.3 21 20 
73.4 59.9 17 16 
79.7 65.0 39 29 
83.7 68.4 35 2'7 
85.1 69.5 33 26 
88.2 72.0 41 36 
90.6 '73.9 45 34 
92.0 75.2 25 26 
93.0 75.9 19 25 21 
94.1 77.0 19 23 17 
95.4 77.9 31 37 33 
96.8 79.0 25 20 25 
98.4 80.3 17 13 16 
98.7 80.6 14 13 15 
99.2 81.0 14 10 13 
99.30 81.07 14 10 13 
99.50 81.25 14 10 12 
99.77 81.45 17 10 12 

100. 81.63 22 23 19 
81.8 51 97 81 
82.02 48 72 113 
82.28 34 110 170 
82.54 39 240 270 
82.80 38 145 330 
83.50 20 190 390 
84.20 68 260 230 
84.62 69 350 190 
85.05 19 500 390 
86.00 18 62 120 
88.24 11 8 13 
90.07 10 5 5 
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The data in Table 132 were obtained at 65° to 70° F. in 50 to 65 hours 
exposureY 

TABLE 132.-Iron vs. Sulfuric Acid. 

, Mg. per sq. dm. per day 
Sulphuric Cast Mild 

0/0 Iron Steel 

60 270 130 
65 52 20 
7() 30 20 
75 30 18 
80 33 18 
85 33 16 
90 64 75 
95 75 80 

100 64 160 

The data in Table 133 were obtained in 28-day, agitated tests at 86° F. :11 

TABLE 133.-IrOII VS. Sulftwic Acid. 

Sulfuric Acid Mg. per SQ. 
% dm. per day 

80 300 
8S 55 
87.9 55 
89.3 14 
89.3 15 
90 130 
94 90 
97.4 10 

Concentrated sulfuric acid is moisture-absorbing and thus self-diluting. 
If left open to moist air, the add will in time drop in concentration to as 
low as 35 to 40%, which is within the very corrosive range. This point is 
well to keep in mind. 

Motion of concentrated sulfuric acid past an iron surface is sometimes 
an accelerating condition due, it is assumed, to removal of the protective 
coating of hydrous ferrous sl1lfate. The effect is illustrated by the, data in 
Table 134 from 48 hour tests.131 

TABLE 134.-It-on vs. Sttlfuric Acid. 

Acid com:entration 
% 

80.5 
89 
91.9 

. 94.8 
97.8 

100. 

At rest 

79 
320 
250 
100 
120 

1100 
.. Samples previously exposed at rest. 

Mg. per sq. dm. pCI' day 

0.3 ft. per sec. 2 ft. per sec. 

240 
140 

1100 
170 430 

1200 1000* 
+ 3800* 
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As the tests in 89 and 100% acid will indicate acceleration does not 
always result. The important point is that the possibility exists. Fawsitt 
and Powell 45 mention that agitation of acid in a drnm by shaking or 
hammering the drum is sufficient to accelerate action noticeably. 

A second characteristic of the action of concentrated sulfuric on iron 
is the slowing down of corrosion rates with time, impOliant as a factor for 
consideration in applying corrosion rate data. Here again, the rule is not 
entirely inviolate, as indicated by the rate in Table 135 in 80.5% acid. The 
tests were made in acid at rest at room temperature.lSI 

TABLE 135.-Iro,~ vs. Sulfuric Acid. 

Acid concentration Mg. per sq. dm. per day 
% First 48 hrs. Second 48 h rs. 
m5 ~ 1~ 
89.0 320 200 
Mj ~ ~ 
94.8 100 <6 
97.8 120 63 

100. 1100 <6 

These results as well as those given before point to considerable variability 
in the action of concentrated sulfuric on ferrous metals. 

Finally, Whitman and Russell 131 found that steel specimens corroded 
at a very much greater rate at locations abraded by the glass rod by which 
they were kept in motion-a rate as high as 150,000 mg. per sq. dm. per day 
being obtained. The conclusion is reached that strong abrasion as well as 
agitation is sufficient to upset the protection of the sulfate film. 

The action of fuming sulfuric acid is indicated by the data 76 on page 
251. Although cast iron is attacked less from the weight loss standpoint, 
it is subject to an embrittling action when used with fuming sulfuric, due, 
it is believed, to reaction between sulfur trioxide of the acid and the silicon 
in the metaP. 61 

The data in Table 136 were obtained in sulfuric-sulfur trioxide mixture 
at 65° to 72° F., in SO to 60 hours exposure.9 

TABLE 136.-Iron vs. Slllful'ic-Sltlfttr Trioxide. 
0/'0 Mg. per sq. dm. per day 

Free SO, Cast Iron Mild Steel 
24 50 80 
20 18 80 
15 30 220 
10 42 260 
5 50 200 

In the pickling of iron and steels, usually accomplished in hot 2 to 15% 
sulfuric acid, it is desirable to prevent solution of the metal, yet at the 
same time to have the scale completely removed.4• 5 Certain organic sub
stances added to the hath act as inhibitors to action on the metal, by forming 



254 CORROSION RESISTANCE OF METALS AND ALLOYS 

a film that obstructs the cathode (hydrogen evolution) reaction.24 Proper 
use of inhibitors prevents "over pickling," pitting of the metal surface, 
hydrogen embrittlement, and excessive depletion of acid.4 , 0, 10,28 Chappell 
and Ely 22, 23 tested the effect of a number of inhibitors, the better ones 
suppressing corrosion to 1 to 2% of that occurring in the absence of 
inhibitors. The tests were made in 4% sulfuric at 1600 F. 

Chapman 20 has given the data in Table 137 on steel in concentrated 
mixtures of nitric and sulfmic, presumably at room temperature. 

TABLE 137.-SI!lfuric-Nitric Mi.t·ture. 

Mixed Acid Mg. pCI' sq. 
drn. per day 

Nitric .................. 45% 13 
Sulfuric ................. 530/0 } 

Water.................. 20/. 
Sulfuric ................ 74% } 
Nitric .................. 90/0 8.5 
Water .................. 170/0 

Bate 0 found concentrated mixtures of nitric and sulfuric acids with up 
to 20% water were well resisted by cast iron and steel. With 25% water 
the attack was greater. His tests were made at 65° to 72° F., over a 50 to 
65-hour period. (See Table 138.) 

Sulfuric 

70 
75 
80 
85 
90 
95 
45 
50 
55 
(i0 
05 
70 

TABLE 138.-Iron vs. Sttlfuric-Nitric Mixturl! 

Concentration % Mg. per sq. dlll. pel' day 

Nitric 

30 
25 
20 
15 
10 
5 

30 
25 
20 
15 
10 
5 

Water 

25 
25 
25 
25 
25 
25 

Cast Iron 
27 
27 
30 
33 
50 
50 
55 
60 
62 
72 
72 

260 

Mild Steel 
27 
22 
2S 
22 
27 
15 
74 
77 
91 
97 

160 
18,000 

Nitric is extremely corrosive to iron and steel in dilute and intermediate 
concentrations. Five-hour tests with mild steel gave the data in Table 139.90 

Yet in concentrated acid, iron is in the passive state, with no appreciable 
corrosion.42. 90 

Normality 
1/10 
1/5 
1/2 
1 

TABLE 139.-Iron vs. Nitric Acid. 
Mg. per sq. dm. per day Normality 

1,630 2 
4,200 S* 

20.500 S.G.1.42 
53,000 

" 50 minute test. 

Mg. per sq. drn. per day 
IlZ,OOO 

1,400,000 
120 
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According to IVlonypenny,OO acid of 1.3 to 1.35 specific gravity (47 to 
56%) at first attacks iron, then tel1rls to hecome nOll-reactive. The COllllllnn 

grade of concentrated acid is 65 to 70%. This lies within the substantially 
non-reactive range and is often shipped, mixed with concentrated sulfuric, 
in iron drums and tank cars. Thompson 118 has reported corrosion rates 
of 10 to 100 mg. per sq. dm. per day for iron and steel in 68% acid. Yet 
Bate 9 records very strong action of concentrated nitric carrying nitrous 
acid on cast iron. The tests were made at 65° to 70° F., and ran 50 to 60 
hours. (See Table 140.) 

TABLE 140.-IrOIl 'I}S. Nitric-Nit1'ous Mixture 

Concentration % Mg. per sq. dtn. per day 
Nitric Nitrous Cast Iron Mild Steel 

94 0.7 6,000 40 
90 3.2 4,000 93 
8S 2.4 
80 2.9 
75 3.6 
70 2.0 

4,200 84 
3,500 100 
4,300 103 
4.700 103 

65 1.0 4,500 107 

Crude concentrated phosphoric acid is well resisted by iron 20. 90. 101 

due presumably to the presence of some substance other than phosphoric. 
Arsenic has been inhibiting when added to pure phosphoric. Pure phosphoric, 
dilute and concentrated, is very corrosive to iron. 

Is one type of ferrous metal better than another in handling acid solu
tion? This point has been widely investigated; the only clear-cut generaliza
tions resulting are that no one type of metal among the common unalloyed 
and low-alloyed irons and steels invariably is superior to the others, and 
that the apparent superiority of one type in any single set of conditions may 
not hold if the conditions are only slightly varied. 

On page 251 70 are corrosion-rate data for three types of iron in sulfuric 
acid. The differences in apparent resistance are noticeable, yet it is very 
doubtful whether, in view of the vagaries of corrosion in general, these 
differences are at all reproducible or important. The data are given as an 
illustration of comparisons that are not widely useful, although the data as 
a whole are important. 

By substantial additions of alloying elements to cast iron, resistance to 
acids may be greatly improved. Thus the silicon-iron alloys * are extremely 
good against acids. Another commercial alloy cast iron carrying 14% 
nickel, 6% copper, and 2 to 3% chromium is useful with acids. Throughout 
most of the range of acid solutions, this metal is hetter than ordinary cast 
irol1, sometimes-as in aerated dilute sulfuric-being as much as 100 times 

* See chapter on Silicon Iron. 
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better. Figure 36,120 carries corrosion rate data of this alloy in sulfuric 
at room temperature and hot, both at rest and agitated (mildly aerated). 
Tests in hot 900/0 sulfuric, both at rest and agitated, showed no advantage 
for the alloy over ordinary cast iron. It is particularly useful in dilute and 
very dilute acids. In intennediatc concentrations, the attack is moderately 
high, as indicated for phosphoric in Figure 37. The rates for ordinary 
cast iron under similar conditions were 50 to 100 times greater. 

Against strong acid-oxidizing conditions (e. g. dilute and intermediate 
concentrations of nitric, and acids carrying ferric. salts) the alloy is not 
suitable. 
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Further comparisons between ordinary cast iron and this alloy cast 
iron are given in Tahle 141.0 

Acid COtlc. % 

Sulfuric 5 by vol. 
" 78 by vol. 

HYdrochloric 5 by vol. 
Acetic 25 by vol. 

Alkaline Solutions. 

TABLE 141.-Iron vs. Acids. 

Time 
Hours 

120 
4 

120-648 
168 

Temp. 
OF. 

68 
203-212 

Room 
Room 

Mg. per sq. dill. per day 

Ordinary 
Cast Iron 

12,000--14,000 
6,200 

4,400 
3,800 

Alloy 
Cast Iron 

27 
3,200 

25 
6.8 

I~ genera~, iron and steel are, for cOl11mercial purposes, resistant to 
alk~ltl1e solUb?l1s. In this group of substances are the hydroxides of 
S?~lU111, potassIum, barium and the alkaline salts such as sodium carbonate. 
slhcate and phospbate. Aqueous solutions of these salts carry sodium 
hydroxide. 
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As already stated, iron is more resistant to alkaline solutions than to 
neutral. The boundary between the alkaline and neutral zones marking 
the first appearance of this greater resistance lies at a pH of 9 to 10. A 
very low concentration only of the stronger alkalies, such as sodium 
hydroxide, tri-sodium phosphate, and sodium silicate, is required to throw 
the solution on the alkaline side of this boundary. A some\vhat higher 
concentration of the more weakly alkaline substances, as sodium carbonate 
and ammonia, is required, and the very weak alkalies like borax and 
eli-sodium phosphate, even in substantial concentration, barely attain the 
"alkaline zone." 

The relation between concentration of alkali and corrosion rate of steel 
is given in Table 142. In these tests, the solutions were open to the air 
at room temperature, and the duration was 22 clays.G7 

NaOH 
Grams/liter 

o 

1 
10 

100 
540 

.001 

.01 
.1 

TABLE 142.-Iroll VS. Alilalille So/lttiolls. 

Mg. per sq. 
urn. per uay 

10 
9 
9 

11 
.4 
.03 
.08 
.03 

Ca (OR). 
Grams/liter 

o 
.0013 
.013 
.13 
.67 

1.3 

Mg. pe,rsq. 
dm. per day 

10 
9 
8 
6.5 
o 
o 

The resistance of iron to alkaline solutions is clue to the development 
of a thin protective oxide filtn on the metal surface. Tests 112 have shown 
that neutral and alkaline solutions corrode iron in the first few minutes 
of exposure at practically the same rates, but that with time the rate drops 
more rapidly in the case of alkaline solutions. The data are plotted in 
Figure 38. 

Conditions that may change the physical structure and adherence of this 
protective coating, or constituents in the solution that may have greater 
penetrating capacity, such as chloride, are causes of higher corrosion rates 
than the negligible rates ordinarily occurring in alkaline solutions. Aeration, 
elevated temperatures, the presence of dissolved carbon dioxide and of 
chlorides are accelerating conditions. 

Actual corrosion rates of iron and steel in alkaline solutions at room 
temperature range under 1 mg. per sq. dm. per clay. Very weak alkaline 
solutions corrode at rates intermediate between these, ancl the rates obtained 
in neutral'solutions, or 10 to 20 mg. per sq. dm. per day. 

The protective film that develops on ferrous metals in an alkaline S0111-

tion is destroyed if the metals are withdrawn from the solution. Thus 
alternate exposure to alkaline solutions and either neutral solutions or the 
air will lead to rusting. Where rusting is undesirable, other metals are used. 
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55 

In hot concentrated caustic solutions the protective film on ferrous 
metals is destroyed or at least damaged, and corrosion rates become rela
tively high. In spite of this, certain types of equipment for handling hot 
concentrated caustic are commonly made of heavy iron and steel con
struction. In the case of cast iron, and undoubtedly steel, resistance is 
materially improved by additions of nickel. A number of corrosion rates 
are listed below: 

1. Submersion in evaporator concentrating caustic soda from 30 to 500/0, at 
179 0 F., for 380 hours. 72 

Steel .. . . . . . . . . . . . . . . .. 20 lllg. per SCj. dm. per day 
Cast Iron .............. 35 mg. per sq. dm. per day 

2. Submersion in caustic soda during concentration from 32 to 52%, at 185' 
to 1960 F., for 4% to 5lh hI's. under 660 tnm. mercury average vacuum. 72 

Steel . . . . . . . . . . . . . .. 3,500 mg. per sq. dm. per day 

3. Submcrsion 07 in vacuum evaporator during cvaporation of (1.) caustic 
soda carrying originally 950 g111. NaOH and 12 gm. each NaCl and Na,CO. 
per liter; (2.) caustic potash carrying 950 gm. KOH per liter-over tem
perature range from 3200 to 750 0 F. for (j hr8. (See Table 143.) 

4. Submersion in eValJOrator concentrating caustic soda, made by the 
"ammonia-soda" process, from 50 to 65% uuder vacuum of 26 in., for 
54 days. 72 (See Table 144.) 
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TAB],'; 143.-1"011 r's. Caustic SOllltiolls. 

Mg. per 5fl. dill. pCI' day 
Caustic Soth Caustic Potash 

Cast irons ....... (unalloyed) 25-130 105-150 
Nickel .......... 3.{)6'lo 
Nickel .......... 3.02% 
Nickel .......... 6. 50 '}'o 
Nickel .......... 12.36% 
Chromium 3.09'}'o 
Chromium ...... 7.27'}'o 
Chromiulll ...... 11.58% 
Nickel 5.86%, Chromium 4.88% 
Copper ......... 3.95% 
Copper ......... 5.08'}'o 

8.9 
12 
9.3 

.48 
19 
13 
5.5 

.48 
48 
35 

TAnLE 14·t-hol! !'S. Callstic Solution. 

Cast Iron Mg. per .sq. 
Nickel Content um. per day 

o 366-458 
3~ 235 
5 247 

15 152 
20 17 
20* 31 
30 2 

.. Specimen carriell 2% chrol11ium. 

15 
10 
2.2 

54 
65 
50 
1.4 

115 
160 
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Very high concentrations of cat1stic and fused caustic are severely 
corrosive to cast iron. Under these conditions, also, nickel is beneficial: 

1. Rods rotated at high speed in caustic during 
to anhydrous. 72 

Cast iron ........•....................... 
Cast irOIl with 20% nickel ................ . 
Cast iroll with 300/0 nickel ................ . 

concentration from 75% 

Mg. per sq. 
dm. per day 

6,660 
760 
680 

2. Submersion in caustic carrying 5 to 10% \vater at 675 0 F. for 4 hours.72 

Mg. per sq. 

Cast iron ............................... . 
dm. per day 

5,979 
2,591 
2,118 

Cast iron with 1.34% nickel ............. . 
Cast iron with 3.54% nickel .............• 
Cast iron with 15.12% nickel ............. . 299 

3. Submersion in anhydrollS caustic at 675 0 F. for 4 hours and 24 hours.72 

Mg. per sq. dm. per day 
4 hrs. 24 hrs. 
844 675 
707 619 

Cast iron ......................... . 
Cast iron with 2.91 % nickel ......•. 
Cast iron with 16.66% nickel ....... . 283 101 

Hot moderately concentrated caustic solutions have a tendency to 
embrittle steel-a subject that has been discussed already. * 

• See paragrapl1S under Boiler Corrosion. 
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Aqueolls solutions of ammonia, although much weaker in hydroxyl-ion 
concentration than caustic alkaline solutions, have slight to no action on iron 
and steel. Ammonium hydroxide has the capacity of passivating iron com
pletely. For instance, in aerated, agitated solutions ranging from .02 to 
25% ammonia concentration, at room tel11[lerature, no faintest sign of cor
rosion took place.72 Ammonium chloride added to an 0.6% solution of 
atnmonia catlsed localized attack; yet when added to a stronger solution-
8%-the specimens again were passive. Strickland 115 on the other hand 
found rates of 15 to 50 mg. per sq. elm. per day in an 8-day test in hot 
concentrated ammonium hydroxide. 

The varieties of iron are widely used in storing and handling ammonia 
in aqueous solution, gaseous, and as moist vapors. 

Two-Metal Galvanic Corrosion. 
In galvanic behavior iron acts as an anodic (corroded) metal to copper, 

nickel, bronzes, brasses, chromium, stainless steels (usually), platinum, and 
as a cathodic (protected) metal to aluminum, zinc, and cadmium. Tin and 
leaet are close to iron in electrochemical character; tin may be cathodic or 
anodic depending on factors such as aeration, ancI lead is usually cathodic. 

As already pointed out the corrosion of iron by neutral solutions requires 
the presence of oxygen dissolved in the liquid. The coupling of cathodic 
metals like copper to iron increases the area of metal against which the 
cathodic oxygen reaction takes place, although all the dissolution of metal 
will still be confined'to the iron. This feature of galvanic corrosion has 
already been discussed. In considering the galvanic behavior of iron par
ticularly, it is convenient to keep it in mind, since iron in neutral solutions 
is susceptible to more pronounced two-metal galvanic attack than other 
metals. 

Any neutral solution normally corrosive to iron will corroele at a greater 
rate when a cathodic metal is cottpled with the iron., The point is illustrated 
by tests of Evans 39 in which strips of irol1 alone and coupled with cathodic 
metals were submerged in dilute sodium chloride for 14 days. The strips 
were 4 cm. by 2.5 cm. and were placed 2.2 cm. apart. The results are given 
in Table 145. ' 

TABLE 145.-Iron Couples vs, Sodimn Chloride. 

Contact Strip Mg. per sq. dm. per day 
None,................................... 27 
Lead .................................... 34 
Nickel ............................... , . . . 53 
Copper ............. ,.................... 75 

The degree of acceleration would have been much greater if the cathode 
areas had been larger, in accordance with the usual factors of galvanic action. 
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Evans 30 further made tests showing the acceleration of attack on iron 
by coupling with copper in both sodium chloride and tap water. The iron 
specimens had an area of 20 sq. cm. and a breadth of 2.5 cm., the copper 
cathodes wel"e of equal and double area respectively. The tests were made 
at room temperature, and ran for 14 days. (See Table 146.) 

TABLE 146.-Il'on:Copper Couples. 

Mg. per sq. dm. per day 
.1N Sodium Chloride Tap water 

Uncoupled ........................ . 27 13 
Cathode breadth-2.5 em. . ......... . 75 16 
Cathode breadth-5.0 em. . ......... . 114 21 

The figures in Tables 147 to 150 indicate the order of galvanic attack 
of iron in couple with copper, in sulfuric and sodium chloride solutions, ancl 
the de.pendence. of the. attack on cathode surface treatment, on relative 
areas, and on total resistance.72 

TABLE 147.-Tron:Coppej· COI!ples 'VS. Sulfuric Acid. 

Conditions: 5% sulfuric; iron anode (0.14 sq. dm.), copper cathode (3.3 sq. 
dm.); fully aerated, and agitated solution; 86' F.; 20 hrs., 
cathode finished with French emery #0. 

External Resistallce 
Ohms 
.026 
.026 
.105 

Mg. per sq. dm. per day 
15.800 
17,800 
17,200 

Note: Uncoupled corrosion rate of iron-1723 mg. per sq. dm. per day 

TABLE 148.-h'oll:Copper Couple ·tls. Sodium Chloride. 
Conditions: 3% sodium chloride; iron anode (0.14 sq. dm.), copper cathode 

(3.3 sq. dm.) ; fully aerated, and agitated solution; 86° F. 

1. 2. 3. 4. 5. 
Cathode treatment French French French Bright Bright 

emery #0 emery #0 emery #0 dip dip 
External resist. 

ohms ........ , ...... 0.105 0.105 0.223 0.223 0.223 
Max. current 

amps ................ 0.0607 0.G705 0.0652 0.0628 
Ave current 

amps ................ 0.0444 0.0374 0.0509 0.0544 0.0535 
Hours .. , .............. 20 20 6 6 6 
Equiv. wt. of iron in 

gms ................. 0.9218 0.7786 0.3221 0.3446 
Actual loss in wt., in 

0.7813 0.3183 gms ................. 0.9198 0.3397 0.3342 
Corrosion rate 

mg. per day ...... ~ . 1106 934 1273 135'7 1337 
mg. per sq. 

7900 6600 9100 9700 9500 dm. per day ....... ,. 

Note: Uncoupled corrosion rate of 11'on-350 illS'. per sq. dm. per day. 
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TABLE 149.-Iron:Copper vs. Sodium CMOI·ide. 
Conditions: 3% sodium chloride' iron anode (0.14 sq. dm.), copper cathode 

(8.40 sq. dm.); fuhy aerated and agitated solution; 86° F. 
internal rcsist.-3.17 ohms. 

Total Resistance Cmrent in Amperes 
Observed Calculated Ohms 

3.41 
5.41 
7.41 
9.41 

13.41 
23.41 
33.41 

.0525 .0529 

.0413 .0409 

.0333 .0333 

.0279 .0281 

.0213 .0214 

.0135 .0134 

.0101 .0098 

TABLE lS0.-Iron:Coppel' COllple vs. SodimH Chloride. 

Conditions: 3% sodium chloride; iron anode (0.14 sq. dm.), copper cathode; 
fully aerated, agitated solution; 86° F.; resistance-3.41 ohms. 

Cathode 
Area 

Sq. dm. 
1.01 
2.97 
5.16 
8.35 

10.00 
11.63 
18.50 

infinite 

Anode Loss Time Current-Ampere 
Grams Min. Observed Calculated 

.2267 1140 .0115 .0113 

.5655 1085 .0300 .0276 

.7920 1140 .0400 .0403 

.9405 1095 .0495 .0527 
.0577 .0575 

1.0898 1095 .0572 .0615 
1.2494 1080 .0666 .0728 

.1058 
These rates. both in sodium chloride and sulfuric, are exceptionally high due to the high order 

of aeration and agitation used in the tests. 

In acid solutions the total corrosion of anodic iron, of course, is greater 
by virtue of the greater corrosiveness of the solution. In alkaline solutions 
the total rates are less than those in neutral, due to the milder corrosive
ness of alkalies to iron. There may be no two-metal galvanic acceleration 
in the case of alkaline solutions at room temperature. Concentrated solu
tions at high temperature are very corrosive to anodic iron. 

Two-metal galvanic relationships are impOliant in the consideration of 
protective metallic coatings on iron. When the coating, usually very thin, 
is anodic to iron, the protection is good so long as no extensive surface of 
iron is exposed. When the underlying iron is anodic its exposure at pores 
and cracks may lead to pitting. Zinc and cadmium plate are ordinarily 
anodic and very effectively protective to iron in exposure to the atmospheres 
and waters. Nickel ancl chromium plate are cathodic, and pores in either 
lead to pitting of the iron. Tin and iron are so close in electrochemical 
behavior that the polarity may change with the slightest changes developing 
as corrosion progresses in the nature of the exposure conditions, these 
changes centering around the oxygen availability and the metal iOll con
centrations that build up at the metal surface. This oxygen availability is at 
once the most important, the 1110st inconsistent, and the least readily measur
able factor in two-metal galvanic as well as in ordinary corrosion. 
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Fran]. the practical standpoint the advisability of coupling iron with other 
metals in: equipment depends on how mnch accelerated corrosion the nature 
of the design permits, on the oxygen availability and the degree to which the 
corrosion process is sensitive to changes in oxygen availability, on the 
electrical conductivity of the solution, and particularly on the relative areas 
of cathode and anode materials. 

Another phase of two-metal galvanic corrosion has to do with action 
set up between two kinds of ferrous metals-e. g. cast iron and steel. Fre
quentlythe rivets on a ship are found more corroded than the plates fastened 
by them, but action of this sort is not necessarily galvanic in nature. It 
is more likely due to factors such as the poorer protection of paints on the 
extended rivet heads. That galvanic action between ferrous metals is 
possible, however, seems to be strongly indicated by Friend's data 102 on 
5-year exposure periods. Mild steel rivets in a 140/0 chromium steel plate 
were almost completely gone, but in mild steel plates had not suffered 
accelerated attack in three locations out of four. In the fottrth the rivets 
werc badly attacked. In the case of coupled bars of equal area, wrought 
iron distinctly suffered accelerated attack, with corresponding protection of 
mild steel. In a steel and cast iron couple, the cast iron in three locations 
distinctly suffered, yet in the fourth the mild steel suffered. It is the nature 
of galvanic couples of metals closely similar in electrochemical behavior to 
have reversible polarity, the direction depending on characteristics of the 
corroding solution or the products of corrosion. 

Bennett 15 has called attention to the fact that copper-bearing steel is 
cathodic to non-copper-bearing steel in sea water, even though, out of con
tact, the two behave similarly. 

Galvanic action between mill scale and the clean surface of ferrous metals 
is suggested by Handy 62; metal partially covered with mill scale had per
forated by pits before clean metal 011 the same pipe had lost 20ro in 
thickness. 

HIGH-TEMPERATURE CONDITIONS 

Iroll, like Illost other metals, acquires a visible oxide coating at tempera
tures of 400° to 600° F. The coating is protective, the rate of oxidation 
increasing with time. Up to temperatmes of about 1000° to 1100° F.B4 
rates of oxidation are sufficiently low so that the metal is still useful. 
Above this range rates increase relatively rapidly, and the oxide coating 
furthermOl'e is likely to scale off; for many purposes the plain irons and 
steels are not adaptable for continuous operation in oxidizing atmospheres. 
Because of low first cost and cheap replacement the metals are used in 
many cases at temperatures causing rather rapid oxidation. Even at 1300° 
to 15000 F.DO the oxide that forms has some protective effect. 
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To illustrate the order of oxidation attack at different temperatures the 
results in Table 151 are given,64 A mild steel was used, the atmosphere'was 
ordinary air, and the duration 24 hours: 

OF. 

212 
392 
572 
752 
932 

1112 

TABLE 1St-Steel vs. Hot Oxidizing Gas, 

Gain 
Mg, per sq. 
um, per day 

Nil 
3.3 

12.7 
45 
62 

463 

• F. 

1292 
1472 
1652 
1832 
2012 
2192 

Gain 
Mg, per sq . 
dill. per day 

1,190 
4,490 
5,710 

13,500 
20,800 
39,900 

These results unfortunately gave no inkling of the relation between time 
and oxidation. Other data 91) indicate, however, that at 12920 F. oxidation 
rates at the end of 6 hours have fallen off very considerably from those at 
the beginning of the 6-hotll" period, clue to the protection of the oxide. 
The average oxidation rate over the first 24 hours would therefore be con
siderably greater than the rate at the twenty-fourth hour, provided that 
the oxide formed was truly protective. In any case 10000 to 12000 F. 
is generally considered the upper range of continued usefulness of iron 
and steel 50 far as oxidation is concerned. 

Steam, cal-bon dioxide and carbon monoxide are oxidizing- to iron at 
these elevated temperatures.ao, 88 Steam breaks down in contact with iron 
at elevated temperatures with consequent oxidation of the iron and hydro
gen evolution (see 46, 78, 100, 116, 117). At 1000 0 to 11000 F. the rate of oxida
tion through breakdown of the steam becomes rapid enough to be 
serious.53, IVG, 110 

Sulfur dioxide is oxidizing as well and likely to be even more deterior
ating,02 whether entirely through oxidation or through combined oxidation 
and sulfidation, than the other gases mentioned. A comparison of the 
action of different gases in 24 hour exposure at 1292° F. is given in Table 
152.61 Sulfur dioxide was no more corrosive under these conditions: 

Pure iron ... , ..... ,. 
Mild carbon steel .. ,. 
3 % nickel steel,., .. . 
Cast iron .......... . 

TABLE 152.-Iron VS. Hot O.ddizillg Gas. 

Oxygen 

5111 
1042 
4003 
1177 

Gain-Mg. per sq. elm. per day 

Steam 

6223 
365 
869 

2261 

Carbon 
Dioxide 

5873 
1002 
984 

1395 

Sulfur 
Dioxide 

3540 
985 

3019 
675 

Reducing gases carrying sulfur ate strongly deteriorating. In 160-hour 
tests 120 at 932 0 F. and atmospheric pressure, hydrogen sulfide attacked mild 
steel at the following rates: 
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R~lst' : : : : : : : : : :: : : : : : : : : : : : : : : : : : : : : : : 

Mg. per sq. 
dm. per day 

2,350 
2,050 

No slowing clown of rates with time was noticeable. 
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Oxidation rates and scaling tendency in the temperature range above 
12000 F. become problems in the heating of iron and steel preparatory to 
hot working and in heat treatment. 'vVork on these problems has aimed to 
outline scaling rates and the modifications in heating atmosphere that may 
be used to suppress scaling (see References 17, u::!). A curve covering the 
loss in weight in exposure for one hour to air is given in Figure 39 for 
low carbon stee1.87 Heating in non-oxidizing atmosphere is a preventive 
of scale losses. 

FIGURE 39. Steel vs. Air at High 
Temperature. 

::!> 
Q 250.00 

Cl 

~ 

0 

8200.000 

..5i 
8_ 
0>150,00 

L 
'<71 
cg 

,,:: 100,00 

2 
" 0: 

a 

0 

'/ 
/ 

/ 
/1 

/ 
§ 5QOO 

"B 
of- / 

/ 
"0 

§ o 
900 

_..-/ 
1000 1100 I~OO IlOO 1'100 1500 1.00 

OF 

The investigations of Pilling and Bedworth 911 and of Pfeil 08 have 
sought an explanation of the mechanism of oxidation in the higher tem
perature range. 

Irons and steels absorb carbon and nitrogen uncler suitable heat condi
tions. On this capacity is based the processes of case-hardening (carburiz
ing) and nitriding of steels, in which the steel acquires a hard surface. In 
the former steel is exposed to carbon or gaseous carbon compounds at 
15000 to 19000 F. In nitriding, steel of suitable composition, exposed to 
ammonia at 900 0 to 1000a F., breaks down the ammonia and absorbs the 
nitrogen.27 

In ammonia mixtures, either cracking 01' synthesizing, steel and iron 
undergo over a period of time an intercrystalline deterioration.1l0, 121 The 
rate of decomposition of ammonia is very slow below 5700 F., but at 8500 

to 12000 F. the rate is rapid. Exposure of a few hours, or at most 24 hours, 
in a current of ammonia at about 1200° F. will destroy the usefulness of the 
metal for many structural purposes. 
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Cast iron is subject to a type of deterioration known as "growth." With 
repeated heatings at elevated temperatures the iron increases in volume, 
sometimes as much as 40 to 50%. The degree of growth increases with 
temperature and is in addition much greater above the critical temperatures 
for the iron than below. Results of a recent investigation on growth are given 
in Figures 40 and 4l,134 
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FIGURE 40. Growth of 

Cast Iron in Steam at 
900 0 F . 
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Plain H 3.36 0.82 
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TC Si Ni 
Plain 3.26 2.02 
NiCr 3.43 1.08 2.33 
Ni 3.82 0.45 3.97 
NiCuCI' 2.88 1.72 14.31 
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PIGURE 41. Growth of 

Cast Iron in Carbon 
Dioxide at 1500° F. 
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Growth at temperatures above about 13000 F. is ascribed generally to 
graphitization of the combined carbon, the oxidation of the silicon-iron 
matrix, and the expansion of occluded gases. In the lower temperature 
range growth is due to decomposition of the combined carboll into ferrite 
and graphite, and, in Wood's 134 opinion, to some other factor, possibly to 
internal oxidation or to ocduded gases. 

Molten metals are handled usually in cast iron and steel. Attack takes 
place, but relatively slowly, and the use of the metals is usually economical. 
In handling lead, cast iron is used for the most part below l300° F. and steel 
above this temperature.107 Strong corrosion by lead has been traced to 
the action of lead oxide. 

The alloying action oi zinc on iron becomes strong at 8600 F. and 
gradually increases in intensity to 900 0 F. Above 9000 F. continued opera
tion will destroy a pot in three days if the heat is highly 10calized.71 Daniels 2U 

sets 900° F. as the "critical temperature which must not be exceeded if 
kettles are to be in use for a long period without replacement." Below this 
temperature a solid zinc-iron compound for111s a highly protective coating, 
but above 930 0 F. this breaks away. He has given the relation in Table 153 
between temperature and life of a 1.5-inch thick kettle. 

~ -----
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FIGURE 42. Cast Iron vs. Air at 1500° F. 

Other molten metals may be damaging to iron and stee1. Genders 54 

has studied the problem of fracturing of steel when exposed under stress to 
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TADLE 153.-Irol! vs. AIoUel! Zinc. 
oR Uk 
810 2410 years 
890 1487 years 
932 28.1 days 

1004 19.6 days 

molten brazing' solder and copper, and others lOS have demonstrated the same 
effect with otller melts. A voidance of stress seems to be a preventive of 
cracking under these conditions. 

Improved heat resistance of iron and steel is gained by alloying. Addi
tiolls of chromium and nickel are treated in another chapter. Tron and 
steel whose surface has been treated at high temperature with aluminum 
is useful up into the 15000 to 16000 F. range,lOU and particularly for su1fU1"
bearing gases. Cast iron alloyed with nickel, copper and chromium has 
considerably better resistance to both growth and oxidation than ordinary 
cast iron, as shown in Figure 42.120 
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Chapter XII 

Silicon-Iron 

Althongh limited ill usefulness by low tensile strength and hardness, 
silicon-iron alloys carrying 13 to 15% silicon are important for unusually 
effective resistance to acid corrosion. Produced in cast form only, these 
alloys are so hard that in most cases ordinary machining operations cannot 
be applied. In spite of this drawback silicon-iron equipment is rather widely 
used for special purposes in the chemical plant.1, 6, 14, 20, 21, 28 

In acid exposure of both oxidizing and non-oxidizing character the 
silicon-iron alloys have perhaps better intrinsic resistance than any other 
type of metal. This is particularly true of the more active acids like nitric, 
sulfuric and phosphoric. 

Increasing silicon in iron progressively improves corrosion resistance to 
acids, but really useful behavior is 110t attained lIHtil the silicon content 
reaches 13 to 15%. It is generally believed that these alloys acquire in 
exposure a st1perficial but extremely protective surface layer of silica. 
Unfortunately the resistance of these is gained only with the nearly com
plete loss of ductility. 

A fair body of corrosion data exists on silicon irol1.1, 2, 3, ri, 6, 7, 0, 11, 13, 

15,17,22 011 examining them critically two facts stand out-the remarkably 
low order of 111il1il1111111 attack in exposure to strong acids like sulfuric and 
nitric, and the great scatter of rates over a range above this minimum. 

Two reasons account for the scatter. The first is the fact that the alloys 
tested range from 13 to 15 % silicon, and so strong is the effcct of silicon 
content as a factor in detcrmining resistance that a difference in corrosion 
rates of a thousand times or more may exist between a 13% and a 15% 
silicon casting. An example of this is the result in Table 154 of tests where 
specimens were il11mersed 98 to 135 clays in flowing acid mine water,18 
at room temperature. 

On the other hand it is a fact that when a cOll1mercial alloy is held 
consistently to a definite silicon content-as 14.35 to 14.650/0 silicon, 
which is true of the product of one 'manufacturer-the resistance becomes 
consistent. 

274 
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TARLE 154.-Silicoll-Jnm 1'.1". Afid-O.t·idi.~iJlfJ Mille TVa/fr. 

""Vater composition 1\[>:". per sq. dm. per day 
Substance % 13-14% Silicon 14-14.5% Silicon 

Sulf~ri~ .................. .21 
Ferne Iron ...... . . . . . . . . . . .09 490 .4 
Sulfuric .................. .14 
Ferric iron ............ . . . . .006 272 .04 
Sulfuric ...... , .. ,........ .04 
Ferric iron. ..... .. .. .. . ..• .014 222 .2 

The seconJ reason [or the scatter of rates is that corrosion rates of 
silicon-iron in strong acids characteristically decrease with time over the 
first few hours exposure. For this reason rates over an 8-hour period or a 
24-hour period, for instance, are much higher than those covering longer 
periods. Thus rates in 120-day tests have ranged down below 1 mg. per sq. 
dm. per clay in acids that in 8-hour tests have given rates on the order of 
100 to 300 mg. per sq. dm. per day. It is obviolls that the higher rates over 
the first day or two of exposure will not be damaging if the subsequent or 
long-time rates are as low as 1 mg. per sq. dm. per day. 

Perhaps the most significant set of corrosion data are those obtained 
by the National Bureau of Standards G covering 1OO-days exposure in cold 
unagitated acid. The following substances gave average corrosion rates 
over this period of less than 1 mg. per sq. elm. per day: sulfuric.-10, 25, 
95% ; nitric-lO, 25, 70% ; acetic-99% ; phosphoric-lO, 25, 87% ; oxalic-
2, 8%; picric-9% ; ferric chloride-7, 48% ; commercial oleic acid; pyro
gallic acid. Hydrochloric acid was, on the other hand, more corrosive; a 
5% solution gave a rate of 15 mg. pel' sq. dm. per day, and 25% acid a rate 
of 40 mg. per sq. dm. per day. 

These results are particularly l1seful in that they correspond rather 
closely with actual experience. As a general, if 110t invariable, rule silicon
iron has extremely good resistance to solutions at ordinary temperatures of 
all acids except hydrochloric, hydrofluoric, other halide acids, and sulfurous. 
Rates after development of the protective film fall below 10 mg. pel' sq. dm. 
per day, ordinarily below 1 mg. per sq. dm. per day. 

An important point to note is that oxidizing acids as well as non
oxidizing are included in the non-corrosive group. Thus, acids that are 
intermediate between the two types may be satisfactorily handled. Such 
acids are inclined to be corrosive to the copper group of metals because of 
too high oxidizing capacity, and corrosive to the chromium alloys because 
oxidizing capacity is not sufficiently powerful to give passivity. Phosphoric, 
sulfuric, and aluminum sulfate solutions, with low ferric iron content, are 
typical. 

Hydrochloric, as stated, is corrosive to silicon-iron. Sholt time tests 
give rates on the order of 300 to 1,000 mg. per sq. dm. per day, the very 
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long time test results quoted above are 15 to 40 mg. per sq. dm. per day. 
Intermediate rates are perhaps more typical. A special silicon-iron com
position, carrying 3.5% molybdenum, has been c1evelopt'd for hydrochloric. 
Corrosion rates in 15 to 30% acid at 176 0 F. have heen given as 100 to 300 
mg. per sq. elm. per day, which as compared with other metals must be 
considered good useful resistance to this extremely corrosive condition. 
These particular rates applied to exposure following previous 48-hour 
exposure, so that it may be considered fail' average behavior.5 In other 
tests,13 in concentrated acid at room temperature, a rate of 90 mg. per sq. 
dm. per day was obtained at the end of 24-hours exposure, and an average 
rate of 20 mg. per sq. dm. per day over a subsequent 12-hours exposure. 
The slowing down of the rate was due to protective film formation. 

According to the National Bureau of Standards tests quoted above 
ferric chloride was mild in its action compared with hydrochloric. The 
oxidizing capacity of the ferric iron is in this case definitely beneficial; 
in general, it may not be beneficial, but it is not harmful. Silicon-iron 
has good resistance also against other acid-oxidizing solutions such as tin 
chloride. This behavior is interesting in view of the fact that with chromium 
alloys not even ferric iron, or stannic tin is a strong enough oxidizer to 
bring about passivity in acid chloride solutions. 

Elevated temperatures are accelerating with some solutions. Hot solu
tions of either acetic or nitric have little or no accelerating effect, and hot 
solutions of sulfuric and the large majority of acids are not as a rule 
seriously corrosive. Hot hydrochloric and other halide acids are of course 
entirely out of the question for ordinary high silicon-iron, but the 
molybdenum-bearing alloy is claimed to be serviceable at least in hydro
chloric. Hot ferric chloride is rapidly corrosive to ordinary silicon-iron; 
its effect on the molybdenum modification has not been outlined. 

One set of data covering behavior in hot acids is interesting. Silicon
iron submerged in aerated phosphoric solutions at 206Q F. for 24 hours 
(or more) gave the results in Table 155;8 

TABLll 155.-Silicon-Iron vs. Phosphoric Acid. 

Concentration % 
Pure 

50 ................................. . 
25 ................................. . 
10 ................................. . 

Crude 
dilute .. " ....•. , .•••............. , .. 

Mg. per sq. 
dm. per day 

36 
7.5 

29 

700 

The crude, dilute acid carried hydrofluoric acid and ferric iron. In view 
of the damaging effect the former has 011 silica it is presumed that this 
accounts for the· strong attack. 
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Sulfurous acid is variable in its corrosiveness to silicon-iron. Certainly 
caution must be exercised when considering the use of silicon-iron in 
handling this acid. In one set of tests 10 rates ranged from 900 to 1200 mg. 
per sq. elm. per day in calcium bisulfite solutions carrying 31 to 4~% free 
sulfurous at 295 0 F. under pressure. These conditions of course are 
extremely severe. 

The electrochemical behavior of silicon-iron is determined largely by 
the silica protection film. Acting as an anode with an impressed current, 
the alloy has had extremely high corrosion resistance in acids 16 and in 
cyanide.10 Richardson 12 has reported that in sulfuric, nitric, sodium 
sulfate, and acetic, silicon-iron had a potential difference with aluminum 
of practically zero. Coupled with iron in sodium chloride, silicon-iron waS 
at first strongly cathodic, becoming much less so with time. In dilute sul
furic silicon-iron was at first cathodic, slowly to become anodic. 

The presence ancI effect of this film is commented on by Fink*: "such 
an electrode (silicon iron used as an anode) has upon its surface, a 
chemically inert, thin, enshrouding film of low electrical resistance which 
prevents the mechanical diffusion of ions to its surface where oxidizing 
or reducing action wiII take place. An examination of the silicon-iron 
electrode surface clearly demonstrates the presence of this porous film, 
direct analysis of which has shown it to be composed suhstantially of silicon 
dioxide." Silicon-iron anodes are used for this purpose in the Bullard-Dunn 
process for cleaning- metals where, typically, the bath is a 100/0 sulfuric 
acid solution, with tin or lead salts present. Some of the first installations 
of silicon-iron electrodes in this process were in use at the end of two years. 

Alkaline solutions .. particularly caustic solutions but also even mildly 
alkaline ammonium hydroxide, are corrosive to silicon-iron. On no account 
is the alIoy serviceable in these. 

Though probably of reasonably good resistance to neutral solutions, if 
not excellent resistance, silicon-iron as compared in all-round characteristics 
with cheaper and more flexible materials has no virtue for handling them. 

4 U. S .. Patent 1,927,116. 
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Chapter XIII 

Molybdenum Alloys 

GENERAL 

Molybdenum as an alloying element is important ill the field of corrosion 
resistance. The chapter covering chromium alloys carries data on the bene
ficial effect of low contents of molybdenum in the chromium-nickel-iron 
alloys against certain of the acids, particularly hydrochloric and sulfurous 
acids. 

This present chapter will deal with two alloys that owe, in large measure, 
the definite merit they possess to their molybdenum content. One alloy 
carries 60% nickel, 20% molybdenum and 20% iron, and is a wrought 
product. The secono, more complex. carries, nominally. 58% nickel, 17% 
molybdenum, 14-% chromium. 5% tungsten, and 6% iron, and is available 
only in casting form, of good toughness. Both alloys are widely corrosion 
resistant, in the sense that the copper and the nickel group of alloys, and 
the chromium alloys are. In addition these two compositions are far more 
resistant than the other groups to hydrochlO1'ic acid solutions. 

Hydrochloric is one of the most corrosive of the acids. The chromium 
alloys are rapidly reactive with it. The nickel and copper metals cannot be 
considered commercially resistant to it when aerated, hot, or in concentra
tions higher than perhaps 10%. Furthermore lead and aluminum are not 
useful with it. These molybdenum alloys are particularly and very usefully 
resistant to hydrochloric acid. 

The simpler al1oy~60 Ni 20 Mo 20 Fe-is more resistant than the 
other against non-oxidizing acid solutions and far less resistant than the 
other against oxidizing acids. This is the principal distinction in behavior 
between the two compositions. Thus the simpler alloy gives no satisfaction 
in comtact with nitric acid, or acid solutions carrying ferric or cupric or tin 
salts; yet in these the more complex alloy is very definitely resistant. 

HYDROCHLORIC ACID 

Although pure nickel is one of the more resistant of the common metals 
against hydrochloric, still in all but cold dilute solutions it cannot be 
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considered useful. Molybdenum added to nickel brings about a very sub
stantial improvement, as indicated by the curve given in Figure 43. The 
acid was of 100/0 concentration, at 1580 F.l 

Further tests, at the same time, brought out the fact that iron to the 
extent of 200/0, along with 20% molybdenum, did not lessen resistance in any 
appreciable degree. 
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FIGUI!Il 43. Nickel-Molybdenum Alloys vs. 10% Hydro

chloric Acid at 1580 F. 

In all concentrations of 11l1aerated hydrochloric at room temperature, 
60 Ni 20 Mo 20 Fe is corroded at rates ranging below 25 mg. per sq. dm. 
per day. This may be considered excellent resistance, With aeration, 
however, the attack is accelerated very markedly, particularly in concentra
tions of 1 to 10%. Figure 44, illustrating tlle effect of aeration, has been 
taken fro111 the data of Rohrman.5 

Data on both types of molybdenum alloy are given in Table 156.* 
Although there does not appear to be much difference between the alloys 
in quiet acid at 1'00111 temperature, the simpler alloy is decidedly better in 
the warnl and boiling solutions. The duration of test is not known. 

Tests have been made 3 with specimens submerged 2800 hours in a 
10 to 1270 hydrochloric acid ill use as a pickling solution for iron, at a 

* B. E. Field, private communication. 
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FIGURE 44. 60 Ni 20 Mo 20 Fe vs. 

Hydrochloric Acid. 
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TAllLE 156.-MolybdelllllJl Alloys vs. Hydrochloric Acid. 

Room temperature, quiet 
100/0 ..••...•...•..•..............• 
370/0 ..•.•.•..•..•••.......•....... 

1580 F., aerated 
100/0 ..•.•................. ; ...... . 
150/0 ••••••••••••••.•.•••.••.••.••• 
250/0 .............•........•....... 
37% .............................. . 

Boiling 
100/0 ............................. . 
150/0 ...........................•.. 
250/0 .....................••....... 
370/0 ............•.•••.•.......•... 

Corrosion Hate-Mg. per sq. dm. per day 

60 Ni 20 Mo 20 Fe Complex Alloy with 
Cr, W 

14 14 
2 5 

144 190 
190 720 
144 480 
120 500 

1870 3840 
1R40 4100 
1960 3600 
1600 1900 

temperature of 70° to 90° F. Both types of alloy were corroded at rates 
of about 30 mg. per sq. dm. per day. 

Data bringing out the much better behavior of the aHoy carrying 
chromium and tungsten, in an oxidizing hydrochloric acid solution, are 
given in Table 157.3 The solution was 450/0 ferric. c.hloride and the speci
mens were alternately dipped into the solution and withdrawn. The dura
tion is not known. 

TABLE 157.-Molybdetlum Allo}ls VS. Fen'!e Chloride. 

60 Ni 20 Mo 20 Fe ......••.•.....•.•.. 
Complex alloy ........•.....•..••..•.. 

Mg. per sq. dm. per day 
45,000 

58 

In another test samples were exposed in the sludge filter effluent of a 
sewage disposal plant, the solution carrying 0.2 to 0.5% ferric chloride. 
(See Table 158.) 

TAllLE 158.-Molybde1!lI1tt Alloys vs. Ferric Chlm·lde. 

Mg. per sq. drn. per dar 
60 Ni 20 Mo 20 Fe ................... . 96 
Complex alloy ....................... . 0.3 
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Elevated tem peratl1l'es seem to accelerate considerably the action 0 f 
oxidizing arids on hoth alloys. In 10% hydrochloric acid carrying 10% 
by weight of added cupric chloride, at 158 0 F., the rates for both were well 
above 20,000 mg. per sq. elm. per day. 'When ferrous chloride was added, 
rather than cupric chloride, the rates were about 600 mg. per sq. dm. per 
day. The complex alloy was also tested with ferric chloride as the added 
salt, the rate being 1300 mg. per sq. elm. per day. The gooel behavior of 
the complex alloy in oxidizing hydrochloric aciel does not appear, therefore, 
to extend into the hot range. 

SULFURIC ACID 

Data 011 the action a f sui furic acid 011 these aUoys are given in Table 159.* 

TABLE 159.-M olyl>demna Alloys vs. Sl!ltIlde Acid. 

Room temperature, ql1iet 
100/0 ............................. . 
25% ............................. . 
60<;ID ••• '" '" ••••••••••••••••••••• 

77% ............................. . 
96% .. , '" ....................... . 

15R o F., aerated 
10% ... '" '" .................... . 
25% ............................. . 
60% ... '" ....................... . 
770/D ...•......•..........•........ 
96% ............................. . 

Boiling 
10% ............................. . 
25% .... ,. '" .................... . 
600/0 ...•....•............•....•... 
77% ............................. . 
96% ............................. . 

Corrosion Rate-Mg. per sq. dm. per day 
60 Ni 20 Mo 20 Fe Complex alloy 

16 
10 
2 

<1 
160 
75 
75 
75 
18 

210 
300 

3,000 
13,000 
1,300 

<1 
<1 

<1 
23 
50 
75 
50 
3 

310 
300 

5.500 
10.000 
5,000 

The addition of 10% ferric sulfate to 10% sulfuric acid, at 158 0 F. 
led to strongly accelerated attack of both alloys, as compared with, the fignres 
in Table 207 for the same conditions. 

Tests have been made on these alloys in the highly impure water of 
smoke scrubbers, both in a steam power plant and in a steam locomotive 
terminal.8 These solutions are hot, perhaps 120D to 140 0 F., and carry 
as the principal corrosive substances sulfuric, sulfurotls, and hydrO<.;hloric ' 
acids, and ferric iron. The condition, then, is an acid-oxidizing one, and 
consequently the nickel-molybdenum-iron alloy carrying chromium .,p.nd 
tungsten gives better behavior than the simpler composition. In fact ::,the 
complex alloy was found to have a much higher degree of resistance than 
any of the other metals tested. A number of rates are given in Table 160. 

* B. E. Field, private communication. 
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TABLE 160.-11:[o{ybdc1l1tJ1l Alloys VS. Oxidi:::ing-Sulftdi:::iag Acid. 

Con'osion Rate-Mg. per sq. dm. per day 

60 Ni 20 Mo 20 Fe Complex alloy 
Effluent from scrubber, power plant 

263 hours ................ " ...... . 
45 days ............... , ......... . 

In scrubber, power plant 
35 days ...................... , .. . 

In scrubber, locomotive 

7 
36 

128 

100 days .................. . . . . . . • • 206 

3 
o 

6 

These results indicate that the complex alloy probably would have good 
resistance to sulfidizillg conditions, though no data other than these are 
available to prove it. The combination of sulfurous acid and chlorides 
makes a very strong corrosive, and the authors know of no other alloy 
that is really useful for handling it. 

NITRIC ACID 

In nitric acid the 60 Ni 20 Mo 20 Fe alloy is rapidly attacked, as it is 
in any acid-oxidizing solution. The complex alloy with chromium and 
tungsten, on the other hand, has fairly good resistance though not so good 
as the bettcr grades of stainless steels. In Table 161 are given j'ates for the 
complex casting alloy.* 

TABLE 161.-Mol:l'bden!t1ll Allo3'S ~'S. Nitric Acid. 

Per Cent 
Concentration 

10 
20 
30 
40 
50 
60 
70 

Corrosion Rate-Mg-. per sq. elm. PCI' day 

Room temp. 1580 F. Boiling' 

80 250 275 
330 1100 
475 
830 

60 900 
1000 

30 820 13,000 

T'UOSl'HORIC ACIIl 

Hot aerated pure phosphoric acid and hot crude acid are far more cor
rosive to the 60 Ni 20 Mo 20 Fe alloy than to the complex alloy carrying 
chromium and tungsten. Crude phosphoric acid carries ferric iron, 
which makes it oxidizing. The rates in Table 162 were obtained in acid 
at 1760 F., the duration being 24 hours or greater.4 

'J~ ll. E. Ii'ield, private COmllltlllication. 



284 CORROSION RESISTANCE OF METALS AND ALLOYS 

TADLE 162.-MolybdemI1ll AlloJ's VS. Phosphoric Acid. 

Corrosion Rate-Mg. per sq. dm. per day 
60 Ni 20 Mo 20 Fe Complex alloy 

Pure acid, aerated 
100/0 .•...........•......•......... 
250/0 ............................. . 
500/0 .........................•.... 

Crude acid 
Dilute, aerated ...... ' ............ . 
Concentrated, not aerated ........ . 

700 
530 
240 

4300 
2000 

48 
40 
17 

90 
64 

Aeration probably made the pure acid more corrosive to the simple alloy, 
and perhaps less corrosive to the other. 

WET CHLORINE 

Wet chlorine is a particularly c01'1'osive substance. It is stated * that 
the complex casting alloy, carrying chromium and tungsten has good resist
ance against this condition. A single rate, 240 mg. per sq. dm. per day, 
has been obtained. The 60 Ni 20 Mo 20 Fe alloy is not useful with wet 
chlorine. 

* n. E. Field, private communication. 
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Chapter XIV 

Chromium Alloys 

Chromium confers on its alloys with iron and nickel a degree o(resist
ance to corrosion and high heat, under a large range of conditions, not 
equalled by other metals.* 

At the present state of development of the series the principal "nucleus" 
alloys are as follows: 

Corrosion resistant 
18 Cr 8 Ni hal. Fe 
12-18 Cr bal. Fe 

Heat resistant 
12-20 Cr 60-80 Ni hal. Fe 
15 Cr 35 Nj hal. Fe 
30 Cr 15 Ni bal. Fe 
28 Cr bal. Fe 

Innumerable variations of these are produced coml11ercially, and a con
siderable degree of interchangeability in properties among these groups 
exists. 

CORROSION -RESISTANT ALLOYS 

For substantial useful rust resistance the chromium content of the 
chromium-iron alloys must be around 12 % or greater, resistance against 
the broadest range of conditions being attained in this alloy group with per
haps 20 to 30% chromium. These chromium-iron alloys have a wide 
tttility, yet certain limitations appear in the processeS of production and 
working, and also in mechanical properties. The 12 to 18% chromium 
alloys, if the carbon :chromiu111 ratio is greater than a definite minimum. 
must be properly heat treated to bring about the best degree of rust and 
corrosion resistance; this fact is well recognized and is rarely a limitation. 

Nickel in this group, in sufficient ratio with the chromiul11, has as its 
principal effect the development of austenite; austenite is characterized by 
better all-rounel mechanical propeliies, particularly toughness. From the 
corrosion standpoint likewise nickel contributes important benefits, to be 
brought out later. 

In the 18-8 composition, the 180/0 content of chromium is considered 
sufficient to give the full benefit of chromiu111 to corrosion resistance and the 
8% nickel to give the austenitic structure, with its favorable mechanical 

* Excellent books on the chromium alloys are tho"e of Monypenny "" a11<1 Tburn.·o 
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propcrties, and furthcr improvemcnt in corrosion resistance. In Europe 
othcr austcnitic alloys*-13 Cr 13 Ni, 15 Cr 10 Ni, 20 Cr 7 Ni-arc widely 
used for gcneral corrosion-rcsistant purposes. 

HEAT-RESISTANT ALLOYS 

AIIoys for handling high heat developcd originally with chromium addi
tions to nickel rather than to iron. One of the early compositions, 20 Cr 
80 Ni, is still considered the most suitable for the highest heat. Dilution 
of this with iron was found to give good results at temperatures almost 
to the safe limit for 20 Cr 80 Ni, and so 15 Cr 60 Ni 25 Fe developed. 
Later in the interests of cost and better resistance to sulfidizing substances, 
fmtller iron was substituted for nickel, the series including the nickel-free 
25-30 Cr Fe as the other limit. 

It is obvious that the alloys used principally for handling heat will have 
useful corrosion-resistant properties, and the 18-8 and chromium iron 
series very considerable value at elevated temperatures. The discussion that 
follows first considers corrosion and then goes on to cover the effect of heat. 

PASSIVITy-ACTIVITY 

The outstanding individual property of chromium alloys is the capacity 
to be passive. The range of solutions in which passivity takes place is a 
very broad one, yet, with many solutions there is a point, as the conditions 
become more severe, where a slight change in some condition-increase in 
temperature, decrease in oxidizer, or change in concentration-throws the 
metal from a state of passivity to one of activity. In general the chromium 
alloys in the active condition are rapidly corroded, in the passive condition 
virtually un attacked or relatively slowly attacked. The passivity-activity 
boundary, shifting often with delicate changes in exposure condition anc! 
likewise with delicate changes in the composition and structure of the alloy, 
becomes in a sense the limit of usefulness of the alloy. 

As an example, a boiling sulfuric acid solution of .020/0 concentration 
and less is passivating to 24 Cr 10 Ni,G7 with corrosion rates of less ,than 
1 mg. per sq. elm. per day. On the other hand concentrations of .050/0 and 
greater are activating, with rates of 200 mg. per sq. dm. per clay and 
greater. 

* AUstellite ill these alloys as well as in'18.8 is not the stable condition at ordinary tempera~ur~; 
btlt is retained down 10 ordinary temperature by rapid cooliug frull! the temperature range wltlun 
which it is stable. Martensite and austenite are equally corrosion resistant. The rapid cooling that 
retains the austenite has the vet'y important effect, as discussed later, of preventing carbide fOt'matian, 
since precipitation of carhide lessens resistance. Cold·working of a fully austenitic allay will develop 
martensite, without lessening resistance. 



CHROMIUAf ALLOYS 287 

Again, in hailing 65% nitric acid, 18 Cr 8 Ni .OR C. quenched at 1800° 
F., was corroded at a rate of 60 mg. per sq. rIm. per day, yet when quenchcd 
at 1800" and drawn at 120C)" the rate was 2800 mg. per sq. rim. pCI' day.M 

Still again, in concentrated (1.2 spec. grav.) nitric acid, 7.5 Cr Fe and 
alloys with higher chromium content are passiye with rates tinder 12 mg. 
per sq. elm. per day, whereas with 4.7% chromium and less rates are over 
2000 mg. per sq. dm. per day.GO 

Finally there is the case of two alloys of the same composition-17 Cr Fe 
-, one remaining fully active, the other fully passive in a very dilute, 
boiling sulfuric-nitric solution. The active metal failed rapidly when used 
to line a container, yet the passive metal stood up indefinitely. The reason 
why one alloy remained passive while the other was active escaped dis
covery at the time. 

In the examples just cited the passivity-activity boundary may he viewed 
as a very narrow zone separating good behavior of the alloy from poor. 
Often this boundary is a broader zone wherein exposure conditions seem 
to be neither fully activating nor fully passivating. Th.us 42 the potential of 
18-8 in two series of measurements in air-saturated salt solution of high 
concentration persisted over a 50-hour period at a value intermediate 
between those characteristic of fully active and fully passive 18-8. 

Some exposure conditions are so effectively passivating tbat a few per 
cent of chromium only is necessary for passivity. Concentrated nitric is an 
example; in 35% acid 10 Cr Fe is passive. Others are so strongly activating 
that none of the variations of stainless so far developecl become passive 
in them. Concentrated hydrochloric is an example. 

Of the chromium alloys, the passivity range of 18-8 and its variations 
is as extensive as any. It is on this that the widespread use of the alloy 
is based. Yet with many substances with which it is successfully used there 
are limits to its passivity, and the boundary zone must be kept in mind. 
Any strong acid solution when of low oxidizing power activates it. Neutral 
solutions like sea water will activate it in the presence of special concentra
tion cells of the kind set up, for instance, by barnacle adherence or by pores 
in welded metal. Even in outdoor high sulfur and marine atmosphere, 
local activation and pitting often develop at the crossing of wires in a 
window screen. 

The general picture of passivity phenomena suggests the complexity 
of chromium alloys in corrosion behavior. Without the first step towards 
simplification afforded by the concept of a passivity-activity boundary, the 
problem would indeed be a most difficult one. I t is well to note here 
that with other metals passivity is a very minor concern if existent at all. 
Changing exposure conditions in the case of these other metals leads only 
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to proportIonate changcs in corrosion resist~ncc. without the very marked 
difference that occurs with stainless when the boundary is crossed. 

We shall now attempt to bring out some of the more important implica
tions of passivity-activity, first those dealing with the exposure condition 
and then those concerned with the metal itself. 

Early in the development of stainless it was believed that a passivating 
treatment in concentrated nitric would give stainless a resistance against 
otherwise activating solutions. The original thought has been somewhat 
revised since 110 passivating treatment has becn found which produces per
manent effects in solutions which are activating. Passivating treatment may 
delay corrosio11 under activating conditions and is useful in hastening and 
making passivity more complete when used in mildly passivating solutions. 
However, passivateu metal will become active under activating conditions, 
even though first tests may show it to he completely passive. 

Another point worth bringing out is that the passive metal is passive 
in a relative sense only-actually corrosion is going 011, though often 
extremely slowly. Passive metal in strong hot acid solutions may have 
rates of 15 to 20 mg. per sq. dm. per clay, whereas active metal will corrode 
at rates of several thousand. Passive metal in the atmosphere may corrode 
enough to form an extremely fine sllperfidallayer of iron rust, if indeed it 
corroded to a visible extent, whereas active metal will lose its surface within 
a year or two. 

Since even passive metal is corroding, maintenance of passivity requires 
the continuous replenislullent of tl~e agent-i. e. oxidizing substance-that 
produces it. As an example-in ordinary sea water the dissolved oxygen 
in the water is sufficient to maintain passivity, whereas beneath a barnac1e or 
other properly adherent substance, metal becomes active since the rate of 
oxygen replenishment is too slow to maintain passivity. Activation and 
pitting result. 

Still another important point is that when corrosion of the chromium 
alloys does take place the action is often localized. This is particularly true 
when the exposure conditions are passivating yet on the border line of being 
activating. The'simplest case is illustrated again by activity established 
beneath an adherent deposit. At any rate when once a pit starts and so long 
as the localized activating condition persists, a concentration cell is set 
up with the metal surrounding the pit becoming cathodic. This cell becomes 
extremely intense in good electrolytes, since the area of effective cathode 
becomes very large as compared with the anodic pit. A penetration rate 
as high as one inch per year bas been observed beneath a deposit in Slea 
water exposure. 
:., Factors within the metal that are important determinants of the passivity 
range are equally as complex as those in the exposure condition. Chromium 
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content of course is the most important single consideration. Increasing 
chromium, other things being equal, invariably broadens the passivity range. 
The maximum benefits are derived at 25 to 300/0 chromiulll in the n011-

nickel-bearing alloys, and 18 to 30% chromium in the nickel-bearing 
austenitic aIloys. 

Carbon content is an extremely important consideration. A carbon 
content cannot be avoided in these alloys, yet it can l)e held so low that, 
with proper heat treatment, no disadvantage results. It becomes damaging 
when present as a precipitated chromium carbide. The chromium content 
of the cm-hide is sixteen times the carbon content, and is derived from 
the iron-chromium solid solution. The difflcnlty enters in when withc1ra.wal 
of chromiUI11 from the solid solution has gone 011 to the extent that the 
chrol11hull remaining in the solid solution is less than roughly 11 %, for 
then the alloy is no longer broadly passive. TIle distrihution of chromium
depleted zones is a function of the loci of carhide precipitation. In the 
ferritic (straight) chromium steels, the precipitation is generally, though 
not always, at random, giving rise to a fairly general chromium depletion 
of low intensity. In the austenitic chromium steels, except where cold
worked, the precipitation is largely restrictecl to the grain bounclaries, 
giving rise to a local depletion of relatively high intensity. Obviously the 
latter has the more serious consequences, as discttssed later under grain 
boundary attack 

Increasing carLon content, within the range found in commercial alloys; 
causes a problem simply through the fact that increasing care need he taken 
in giving proper heat-treatment, anc! in this sense carbon may be considered 
as contracting the passivity range. Metal is not always, in practical use, 
left in its proper heat-treated condition. 

The principal contribution of nickel to the corrosion resistance of 18-8 
is to intensify its response to passivating conditions, Or in other words to 
expand the passivity limits. According to Bain 6: "there is reason to 
believe that nickel itself possesses to some extent the ability to protect 
itself with an oxygen layer ... it may l)e demonstrated that the restoration 
of the inert film on a previously stripped nickel-chromium stainless steel 
is well-nigh instantaneous, vastly more rapid than on the straight chromiul11 
alloy. There is the ample explanation for the wider range of industrial 
applications for the nickel-bearing alloys and for their complete impervious
ness in a greater number of environments," 

Nickel does have other effects, and positive ones, on corrosion resistance 
in the case of the higher nickel alloys. Two of these effects will be men
tioned here. Nickel itself has a very high resistance to neutral chloride 
solutions, and to acid solutions of low oxidizing capacity. These are two 
conditions that for 18-8 lie at the passivity-activity boundary. Thus acid 
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like sulfuric, if not fairly well aerated, will activate 18-8 and corrode it 
rapidly. Likewise in brine solutions 18-8 may be activated locally and 
pitted. Experience has shown that 14 Cr 80 Ni, though possibly not so 
broad as 18-8 in its passivity range, is far more resistant than 18-8 when 
the two are in the state of activity. Thus in hydrogen-saturated 5% sul
furic the rate for 14 Cr 80 Ni was 68 mg. per sq. dm. per day. 18-8, on 
the other hand, in hydrogen-saturated acid gave a rate of 440 mg. per sq. 
dm. per day. It is well to recall here that the chromium alloys may be at 
times reasonably satisfactory in use in exposure that may not produce 
complete passivity and yet that still is remote from a condition of complete 
activity. 

In another example, local activation in sodium chloride solutions has 
led in a number of cases to very deep, steep-walled progressive pitting of 
18-8 under the same conditions where the pitting of 14 Cr 80 Ni has been 
shallow and not progressive. In fact penetration rates of 18-8 have been 
eight to ten times greater than for 14 Cr 80 Ni. 

The 8% nickel in 18-8 does not accomplish its purpose in one respect
it does not prevent impoverishment of chromium at grain boundaries when 
the alloy has had to be subjected to heating in the intermediate range of 
temperature. (See' later under grain boundary attack.) 

Molybdenum additions are frequently used in 18-8 for its effect in 
expanding passivity ranges. This is very definitely marked against sulfuric, 
sulfurous acid at high temperatures and pressures and acids and neutral 
chloride solutions, including sea water. A good many test results are 
available as expressions of this fact. 40, 07. 82. 88 

Two final observations on passivity would seem useful. One has to 
clowith the effect of abrasion on passivity. It has been demonstrated 40 that 
18-8 freshly ground just before immersion and then submerged in a 
paBsivating solution requires a number of hours to acquire complete 
passivity. It was found likewise that in air exposure following grinding 
twenty-four hours more or less were required to develop complete pas
sivity. The implication is evident that exposure in a solution that is 
passivating and yet not far removed frol11 the passivity-activity boundary 
may lead to corrosion if the exposure involves a strong abrasive condition 
as well. Pitting of pump shafts at packing, handling sea water, may be in 
some cases accountable to this. 

Mention has been made of the pitting that may result beneath adhering 
substances. The same type of action may result, and has resulted, at 
minute fractures or pores in the surface of 18-8. Oxidizing capacity is 
not replenished sufficiently within the pores or cavities to maintain passivity 
there; once activated the surface surrounding the point is thrown cathodic 
and penetration within the pore is rapid. 
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INTERGRANULAR DISINTEGRATION 

The intergranular disintegration r;, 7, 1::, ;;1, n~, r..i, 7-1, 7(;, 7S, 711, 1I1l, 104 of 18-8 

has been so much discussed and studied, and mentioned in the technical 
journals that the simpler facts of its occurrence are often only hazily realized 
by those who have not had occasion to go into the subject thoroughly. 

In the first place 18-8 when properly produced and processed is not 
susceptible to intergranular attack The alloy is made susceptible only 
when held for an appreciable time within the vicinity of 9500 to 14000 F, 
In the progress of welding, a condition of susceptibility develops at the 
weld and particularly in a zone either side of the weld, where this tem
perature range has obtained. 

The corrosiYe conditions that may cause grain boundary attack, once 
the alloy is made sensitive to it by heating in the damaging temperature 
range, cover those on the border line of passivity-activity to those ordinarily 
considered fairly safely removed from this. Dilute weak acid solutions, 
such as carbonic, have been known to embrittle, as well as brines, The 
standard test for embrittlement susceptibility is immersion in a boiling 
sulfuric-copper sulfate solution. Such a solution is strongly oxidizing as 
well as strongly acid. Without the copper the acid would rapidly activate 
the metal over its entire surface. The copper brings about passivity except 
at grain boundaries depleted of chromium. 

What is the special condition of the metal that makes it susceptible to 
intergranular attack? There is fairly general agreement as to the specific 
effect of improper heat-treatment. Bain, Abom, and Rutherford 7 describe 
it as follows: 

"The hypothesis which appears to explain both the symptoms and 
the remedy postulates that the carbon largely dissolved at high tem
perature and permanently retained in supersaturated solution at 
ordinary temperatures is rejected in the form of a chromium-rich carbide 
in the grain boundaries at intermediate temperatures, The formation 
of such a carbide draws heavily upon the chromium content of the 
metal adjacent to a carbide particle, thereby impoverishing' it in 
chromium below the concentration' required for normal corrosion 
resistance, Accordingly, a vulnerable pathway through the metal is 
opened up along grain boundaries wherever fine carbide precipitation 
occurs," 

Solution penetrates along the grain boundary zones and since these 
alone are in the active condition, all the attack is concentrated on them. It 
is probable that the remaining passive metal acts cathodically. At any rate 
the progress of embrittlement may be extremely rapid, 

Annealing of 18~8 is accomplished ordinarily by heating at tempera
tures between 18000 and 2150° F. To prevent carbide precipitation, cooling 
through the damaging range-9S0° to 1400° F.-must be rapid. 
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Strauss 78 has mentioned that 0.14 carbon 18-8 cooled from 21000 

to 7500 F. in four minutes showed a tendency toward intercrysta11ine 
embrittlement. Bain, Ahorn, and Rutherford 7 have reported grain
boundary attack on 0.08 carbon 18-8 following two minutes heating in the 
damaging range; and also that two seconds at 1400° F. will induce pre
cipitation. The heat of welding is a well-recognized sensitizer. 

The dependency of susceptibility on carbon content, time, temperature, 
grain size, is best indicated by the curves in Figures 45, 46 and 47. 

Means of avoiding susceptibility to grain-boundary attack have been 
developed. One method is to make sure that the metal is cooled rapidly 
through the damaging range, a method used as a natural course in the pro
duction of the alloy, following annealing and forging. High temperature 
treatment and rapid cooling is often also used following welding. 

Another method is based on the observation that prolonged heating in 
the damaging temperature range will in time return the metal to its stable 
non-susceptible condition. This change is believed to be due to the fact 
that chromium-impoverished zones become replenished in time by further 
diffusion of chromium. Complete recovery is a very long-time process, 
except in the case of cold-worked metal. Bain, Aborn, and Rutherford 7 

have referred to 0.08 C 18-8, 50% cold worked, that at 11000 F. was 
sensitized to a maximum extent in 2-3 minutes and completely recovered in 
10 hours. 

Perhaps the most positive means is the addition of carbide-forming 
elements to 18-8. Titanium has received the most study, though others 
like columbium are effective. As a stabilizer, titanium acts by taking the 
place of chromium in the formation of the carbide, with the result that 
chromium impoverishment does not occur. The curve in Figure 48 best 
illustrates the comparison between titanium-stabilized and regular 18-8. 
These investigators have fonnd that a titanium content of about six times 
the carbon content in excess of 0.02% is a sufficient stabilizer. 

Tests 54 made on welded specimens of low carbon, high carbon, and 
titanium-stabilized 18-8 in the boiling sulfuric acid-copper sulfate mixture 
gave the results in Table 163. 

C 
.07 
.15 
.07 

TABLE 163.-Intercrystalliue Attack of 18-8. 

Cr 
17.4 
19.6 
18.1 

Alloy 

Ni 
9.1 
8.4 
9.1 

Ti 

.38 

Penetration 
in Mils pcr 

500 Hrs. 

trace 
120 
o 
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FIGURE 48. Effect of Titanium on Sensitivity of 
18-8 to Intergranular Attack! 
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Two-METAL GALVANIC CORROSION 

The activity-passivity relationship of the chromiulll alloys has an 
important influence on their two-metal galvanic behavior. In the active 
condition 87 stainless steels, for instance, are electrochemically not unlike 
ordinary iron and steel. Given a solution of the type that will produce 
the active condition and at the same time is a good electrical conductor, 
the more cathodic metals like copper al1d copper alloys will accelerate the 
attack of stainless much as they will steel. 

Tests 40 on 18-8 and Monel metal couples in a nitrogen-saturated 5% 
sulfuric solution at 86° F.-a non-passivating condition-have given the 
results in Table 164. The electrodes were of equal area. The 1?-8 
behaved anodically fro111 the start. 

'fAilLE 164.-18-8 : Monel COllplc in NOI/--o.t·idi:::z'71g Arid. 

Time from Start Anode CUI'rent 
Min. Amperes 

0 1M! .00080 
30 1M! .00083 
60 1M! .00070 
90 1M! .00055 

120 1M! .00055 
1170 1M! .00038 
1200 1M! .00038 
1260 1M! .00038 
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On the other hand these alloys when passive are extremely stable in 
galvanic couple even with the copper metals. In fact the 14 Cr 80 Ni 
alloy in sodium chloride has been found to remain passive, and even to 
develop passivity following activation with hydrochloric acid. in contact 
with a much larger area of graphite, a substance noted for its efficiency 
as a cathode. 

In line with these generalizations it is safe, so far as damage to stainless 
is concerned, to couple it with other metals in exposure to any of the solu
tions against which it presents its passive surface and against which there
fore it is useful. Coupling with other metals will not break down passivity; 
the damage to the stainless results only when by some other condition of 
exposure a localized or larger area of the surface becomes active, and at 
this area two-metal galvanic acceleration takes place. 

The effectiveness of stainless as a cathode material is very important 
to consider in view of the fact that when passive it is strongly cathodic 
to other metals and therefore potentially able to damage the other metals 
more or less severely. It has been thought in the past that the protective 
oxide film on stainless would prevent the steel from being effective as a 
cathode and therefore that it could be used coupled with iron, for instance, 
without danger of galvanic attack. 

As a matter of fact this belief has proved to be justified in a limited 
way. In milk, 57, 101 for instance, stainless will not accelerate corrosion 
of copper, nickel and the alloys of either, and tin, even though by potential 
reading the stainless is rather strongly cathodic. Aluminum, iron, and 
zinc, on the other hand will suffer appreciably when coupled with stain
less, yet the degree of galvanic attack on these is considerably less when 
coupled with stainless than with copper for instance. The following 
results are typical of those obtained using cathode and anode specimens 
of equal area (0.5 sq. dm) in quiet immersion in sweet milk at 149° F. 57: 

18-8 coupled with nickel- <.01 milliampere. 
Copper coupled with nickel-1.9 to 0.62 millia.mperes. 
18-8 coupled with aluminum-.17 to .10 milliampere. 
Copper coupled with a.luminum - 8 to .90 milliamperes. 

Ii must be kept in mind, however, that milk is quite individual ill 
bringing about this low degree of effectiveness of stainless as a cathode. 
In sea water,18-22 sodium sulfate and sulflurous acid,100 concentrated 
sodium chloride solutions and acetic acid 40 stainless has behaved like 
any other cathode material in catlsing galvanic attack on the other metal 
of the couple. These solutions are typical of those to which stainless 
normally offers its passive surface. At times, it is true, stainless has 
been somewhat less effective than other cathodes, yet at others more 
effective. These variations therefore are not due to a specific property 
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of the metals but rather to the metals-exposure relation. There is a 
suggestion 100 that stainless as a cathode is more effective when depolariza
tion is due to oxidizers rather than hydrogen evolution. 

Tests have been made 100 on iron coupled with 18-8 and platinum 
respectively in fully aerated, agitated 3.5% sodium sulfate at 860 F. The 
area of iron (.142 sq. dm.), anodic in both couples, was slightly over 
one-half the area of the cathode. The results were as given in Table 165. 

TABLE 165.-lron COllples vs. Aerated Salt So17ttion. 

Corrosion of Iron-Mg. 
18-8 vs. Iron Platinum vs. Iron 

Total corrosion ...................... . 102.6 107.4 
37.4 36.9 
65.2 70.5 

Uncoupled corrosion ................ . 
Galvanic corrosion .................. . 

Aerated, agitated 5ro sulfuric acid at 86° F. gave the results in Table 
166, with Monel metal specimens anodic. The anode area was .15 sq. dm., 
the cathode .26 sq. dm. 

TABLE 166.-1\1 onel Couples vs. Aerat/?d Acid. 

Corrosion of Monel-Mg. 
18-8 vs. Monel Platinum vs. Monel 

Total corrosion ...................... . 42.4 49.1 
U nconpled corrosion ................ . 33.7 34.2 
Galvanic corrosion ...............•.... 8.7 14.9 

In a saturated impure solution of sulfur dioxide at 1220 F., the data 
in Table 167 were obtained in aerated, agitated exposure of 20 hours. The 
bronze was anodic. 

TABLE 167.-Bronzc Conples vs. Sulfurolls Acid. 

Anode area. 
Cathode area 

Total corrosion ...................... . 
Uncoupled corrosion ................ . 
Galvanic corrosion ................... . 

Corrosion of Bronze-Mg. 
Valve Bronze Valve Bronze 

vs. 18-8 vs. PIa tinU1ll 
0.153 sq. dm. 0.154 sq. dm. 
0.430 sq. dill 0.413 sq. dm. 

52.5 48.1 
8.8 8.8 

43.7 39.3 . 

Tests 40 in saturated sodium chloride solution, aerated and agitated, 
at 185 0 F. have given the results in Table 168. 

TABLE 168.-Cast Iron Couples vs. Aerated, Hot Salt Solution. 

Anode area. 
Cathode area 

Total corrosion ...................... . 
UnC01.1pled corrosion ................ . 
Galvanic cmrosion ...............•.... 

Corrosion of Cast Iron-Mg. 
Monel Cathode 18-8 Cathode 

0.15 sq. dm. 0.15 sq. dm. 
0.35 sq. dm. 0.35 sq. dm. 

79.9 101.7 
33.0 33.0 
46.9 68.7 
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Another interesting and important observation has been madc on 
the two-metal galvanic behavior of chromiu!11 alloys.10o This is that 
an alloy activated before being placed in coupled immersion in a solution 
which normally passivates it, is still able to develop passivity all immer
sion. Thus the development of passivity is indicated in the data in Table 
169 on a couple consisting of freshly ground 18-8 and Monel metal, 
in fully aerated, agitated 5% sulfuric at 86° F. The Monel area was 
0.15 sq. dm., the 18-8 area .270 sq. dm .. : 

TABLE 169.-18-8:Mollel Z'S. Aeroted Acid. 

Time from Start 
Min. 

o 
30 
60 

1020 
1140 

Anode 

18-8 
18-8 
18-8 

Monel 
Monel 

Current 
amperes 

.0060 

.0038 

.0031 

.00012 

.00012 

Hydrogen deposition at an 18-8 cathode does 110t destroy its passivity 
in simple galvanic couples, as current and potential measurements made 
in connection with the tests described above have shown. It is true, 
however, the strong evolution of hydrogen that results fro111 an impressed 
current on a stainless cathode does destroy passivity. G2, 100 

ACIDS 

The effect of acids on the chromium alloys is dependent on whether 
the oxidizing capacity or the acidity of the solution gains the upper hand. 
In one case, as strong nitric, the alloys are thoroughly passive, with rates 
ranging below 1 mg. per sq. dm. per day. Strong nitric is very powerfully 
oxidizing and rather mild in hydrogen-ion concentration. In strong hydro
chloric, on the other hand, acidity dominates the very mild oxidizing 
capacity of dissolved oxygen. Consequently corrosion is rapid. 

The boundary between conditions that maintain passivity and those that 
produce corrosion is often a fairly definite one. Results in sulfuric acid 
bring this out clearly. A 3% sulfuric acid solution through which hydrogen 
was bubbling has corroded 18-8 at a rate of over 400 mg. per sq. dm. per 
day which is rapid when viewed commercially. The same solution with 
oxygen rather than hydrogen bubbling through it gave a rate of 4 mg. per 
sq. dm. per day-a passive condition. 

Of course acid solutions are not frequently encountered that have either 
oxygen or hydrogen bubbling through them, but the comparison is useful 
as an illustration of the importance of oxidizing capacity, or rather the 
struggle between oxidizing capacity and acidity. Most acid solutions 
handled at room temperature carry a moderate concentration of dissolved 
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oxygen absorhed from the air. This is sufncient to produce passivity ill 
11Iost solutions that have not a very high hydrogen-ion concentration. 

Acting with oxidizing capacity ancl acid strength are a number of other 
factors that determine the passivity-activity boundary. These are chromium 
content, nickel content, and carbon content, and heat treatment. All these 
factors are dependent on each other in their influence and it is for this reason 
that the boundary is not always readily anticipated. It i~ possible, however, 
to outline fairly accurately the behavior of 18-8 stainless steel that has been 
properly heat-treated (i. e. that has not been held between 9500 ancl 14000 F: 
for an appreciable length of time) : 

1. Acid solutions of high hydrogen-ion concentration are resisted only 
if the oxidizing capacity of the solution is strong. Nitric of 1 to 15'7'0 con
centration is an example of an acid that has sufficiently high oxidizing capacity 
to take care of the high hydrogen-ion concentration. Sulfuric acid of 1 to 15% 
concentration when strongly aerated produces passivity but if not strongly 
aerated is corrosive. Hydrochloric acid of 1 % or higher even though strongly 
aerated is not resisted. 

2. Acid solutions of intermediarl:e hydrogen-ion concentration are well 
resisted so long as the oxidizing capacity is moderate. The dissolved oxygen 
normally present in a solution, quiet or in motion, that is freely exposed to 
the air is often sufficient for passivity in stich solutions as sulfuric, tartaric, 
formic, phosphoric, of 0.1 % cOllcentr~tion and less, or acetic of any concen
tration. On the other hand these solutions in the absence of dissolved air 
or when carrying reducing agents, are likely to be corrosive. In this class 
also are strong sulfuric and nitric solutions (e. g. over 30%), which are not 
high in hydrogen-ion concentration. 

3. Hydrochloric acid differs somewhat from the other acids in that pas
sivity is more difficult to produce. In fact though there have been cases of 
passivity in hydrochloric this is the unusual condition even in very low con
centrations 0 f hydrochloric. 

4. Oxidizers like ferric and cupric salts, in acid solutions, are more 
favorable to passivity than dissolved oxygen. The presence of these in sul
furic solutions is particularly beneficial. 

5. Oxidizing capacity, when insufficient to maintain passivity, is an 
accelerant of corrosion. It is important to note that under conditions at the 
active-passive boundary corrosion may be extremely active or almost com
pletely absent, depending on whether the passivating effect of the oxidizing 
capacity has the upper hand Or not. 

6. Pitting attack is a result of localized activity on a passive surface. 
The presence of chlorides and other halides in acids frequently leads to pit
ting. Generally speaking, however, the conditions that cause pitting are not 
clearly apparent. 

7. Elevated temperatures shift the active-passive border line in such a 
direction that a good many of the conditions that produce passivity at room 
temperature cause rapid corrosion at elevated temperatures. An important 
reaso!') for this is the lowering of dissolved oxygen content by rising tempera
tures. Passivity is maintained in hot nitric because the oxidizing capacity of 
the solution is not altered by the temperature rise. Boiling solutions of 
sulfuric, tartaric, phosphoric, formic, etc., may be on the other hand extremely 
corrosive. 

Nitric acid. Nitric acid 9, 28. 56, eo, Ou, 67, 77, 82 solutions, very strongly 
oxidizing, are widely handled by the chromium alloys. The chromium in 
the alloys is principally responsible for their resistance, nickel contributing 
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in a minor way. Typical corrosion rates are 10 mg. per sq. dUl. per day and 
less. Corrosion has a tendency to be greater in the more dilute-l to 20%
range, but with chromium contents of 18% ancl greater even these con
centrations are ordinarily well resisted. With 13 to 14-70 chromi.um, 
whether straight chrome iron or with up to 80% nickel, rates in 1 to 200/0 
acid range up around 300 to 400 mg. per sq. elm. per day. Yet in 25-30% 
acicl and higher rates for these are 10 mg. per sq. dm. per day and less. 

Pilling and Ackerman (J;; have made tests in nitric on a large number of 
Cr Ni Fe compositions. Their results are unusual in that the rates are 
far higher than rates reported by other investigators. Prior heat-treatment 
consisted of a 30-minute anneal at 1832° F. followed by furnace cooling, 
which is a heat-treatment that is not favorable to corrosion resistance. The 
tests were run in thoroughly aerated agitated 5% and 35% solutions at 
86° F. In the dilute acid the rates even of 28.-32 Cr were high enough 
(I-hour exposure) to be considered on the active side of the boundary. 
In 35% acid (54 min., 2.5 hams, 20 hours) passivity was well developed 
with 10 Cr and greater, both with and without nickel, rates ranging fr0111 
85 to 1 mg. per sq. c1m. per clay, and less. 

Boiling acid in the case of the 1470 chromium alloys is nmch more 
corrosive in the 1 to 20% acid range, but in the higher concentrations boiling 
acid is often no more corrosive than acid at room temperature. \Vith 18% 
chromium and greater, rates in boiling acid range below 100 mg. per sq. dm. 
per day. and usually much below this. 

Tons of chromium alloys are used for equipment in the manufacture 
of nitric acid from atmospheric nitrogen, where the concentrations of nitric 
run 55 to 65%. On the other hand nitric carrying chlorides or other halides, 
characteristically present in acid macIe from saltpeter, is corrosive to the 
chromium alloys, the halides preventing passivity. 

Hydrochloric acid. As a rule one of the strongest reactants with 
chromium alloys, even hydrochloric exposure at times has produced the 
passive condition, with rates as low as 1 mg. per sq. elm. per day at 1'00111 

temperature. Molyhc1enU1lll11akes a very marked contribution to resistance, 
as noted in Table 170. 67 

TABLE 170,---24 CdO Ni vs. Hydrochloric Acid. 

1500 1m .. 77°_86° F. 
1% conc ......•...•.•.• 
2%" .............• 
5%" ............. . 

10"!0" ............. . 
150/0" •.••...•...... 
200/0" " ......•..••• 

Corrosion Rate-Mg. per sq. dm. ver day 
24 Cr 10 Ni Molybdenum Tungsten Silicon 

Addition Addition Addition 

19 

<1 
<1 
400 

<1 
29 
89 

3 
21 
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Passivity was likewise in evidence in boiling acid, over a 300-hour 
period. See Table 171. 

TABLE 171.-24 CI' 10 Ni vs. Boiling H}ldl'ochloric Acid. 
Corrosion Rate-Mg. per sq. dm. per day 

Molybdenum Tungsten Silicon 
24 Cr 10 Ni Addition Addition Addition 

Boiling 
0.1% cone. 
0.2% " 
0.5% 
1.0% " 
1.5% 
2.0% 
2.5% " 

<1 
960 

<1 
<1 
<1 
<1 

<1 
1400 

<1 
1400 

The extremely interesting results in Table 172 were also obtained
interesting in that they show the progress of passivity. The alloy was the 
24 Cr 10 Ni with molybdemlll1, and the acid boiling 1 % hydrochloric. The 
same specimen was rei111l11ersed three times. 

TABLE 172.-240'10 Ni, + Mo, '1}S. Boi/illg Hydrochloric Acid. 
Corrosion Rate 

Mg. per sq. 
dm. per day 

First period, of 22 I1r5. .....•.............. 33 
Second period, of 21 hrs. ............ . .. .. . . 9 
Third period, of 32 hI'S. .....•.....•.......• 2 
]7ourth period of 575 hI'S. .•..••...•.••..... <1 

Other investigators 65 found that thoroughly aerated, agitated 5% 
hydrochloric failed to produce passivity on Cr and Cr Ni Fe alloys up 
to 32 Cr. The lowest rates, 700 to 1000 mg. per sq. elm. per day, applied 
to those carrying 13 Ni and greater, regardless of the chromiu111 content. 
Pre-treatment of these alloys consisted of 30-minutes anneal at 1832° F. 
followed by furnace cooling, which is unfavorable to resistance. 

Still other data 40, 48, BO, 77, 82 indicate decided activity for hydrochloric 
solutions. 

Sulfuric acid. Sulfuric acid 1, 28, 41, 43, 05, 07. 08, 77, 82, 88, 89,103 is very 

clearly a passivity-activity border line condition. In one set of tests OG in 
thoroughly aerated, agitated 5% acid passivity failed to clevelop on alloys 
ranging up to 32% chromium, both with and without nickel; the preheat~ 
treatment was such as to militate against passivity. 

In another set 67 on 24 Cr 10 Ni, all concentrations produced passivity, 
in 1500 hour exposure of unstated aeration degree, at room temperature. 
The rates were less than 1 mg; per sq. dm. per clay. In boiling acid the 
passivity limits, in these tests, are indicated by the data on page 286. 

Oxidizing capacity, if strong enough, wiII give passivity even in solutions 
of high hydrogen-ion concentration. Thus in 1 and 3% acid saturated with 
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oxygen the rates were 2 to 4 mg. per sq. dm. per day, whereas in hydrogen
saturated solution the rate in 1 % acid was 96 and in 35'0 440 mg. per sq. elm. 
per day. 40 

It does seem true however, that concentrated (80 to lOOro) acid is very 
well resisted by 18-8, with rates as low as 1 to 2 mg. per sq. dm. per day 
at room temperature. The rates go 1.1p rapidly with temperature rise, 
however. 

Strong oxidizers in sulfuric very notably enlarge the passivity range of 
the stainless steels. Copper sulfate, ferric sulfate, nitric acid have such 
an effect. With these mixtures the metals are usually resistant. 

In nitric-sulfuric mixtures 18~8 is passive 'at room temperature. A 
58/40/2 sulfuric/nitric/water mixture gave the following :82 

68 0 F. <2 mg. per sq. dm. per day 
1400 F. 12 mg. per sq. dm. per day 
212 0 F. 170 mg. per sq. dm. per day 
230 0 F. 1800 mg. per sq. dm. per day 

Strauss 88, S~ in various mixtures at the boiling point obtained rates of 
150 to 2000 mg. per sq. dm. per day. Other tests 1 gave rates of 350 to 
116,000 mg. per sq. dm. per day for 18-8 in boiling mixtures. Still others 67 

gave 20 to 100 mg. per sq. dm. per day 1n acid mixtures at 212 0 F. to 
boiling for 24 Cr 10 Ni, with additions of molybdenum or tungsten to this 
alloy giving some what better performance. 

These results therefore indicate that boiling mixtures are critical in the 
sense that they mayor may 110t be very corrosive to the 18-8 and related 
alloys. Below the boiling point these alloys are well resistant 

Copper or ferric sulfate in sulfuric solutions exerts a strong passivating 
effect. As an example, the rates in Table 173 were obtained 00 in a lOra 
sulfuric solution on a 12.6 Cr 0.3 C steel, hardened and tempered: 

TABLE 173.-Cr Fe V.I. Oxidizillg Acid. 
Cone. of 

Ferric Sulfate 
Grams per liter 

o 
5 

10 
15 
20 
40 
60 

Duration 

24 hours 
" 

36 days 
" 
" 

Corrosion Rate 
Mg. per sq. 
dm. per day 

1300 
1500 
1600 
1700 
<24 
<24 
<24 

Boiling copper sulfate and sulfuric mixtures are used as a rapid test 
for susceptibility to grain boundary attack of 18-8. Suitably annealed low 
carbon 18-8 remains unchanged in a boiling 10% sulfuric and 10% copper 
sulfate solution, yet the alloy that has been given a damaging heat treatment 
is very actively penet~ated along grain boundaries within a period tip to 
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several hundrecl hours. At room temperatures, 18-8 is thoroughly resistant 
to copper slllfate and sui f uric mixtures. 

Tests Oil chromium iroll alloys gave the results 00 ill Table 174, 
which are particularly valuable in indicating where the boundary between 
active and passive states lies in 250/0 sulfuric at room temperature. 

TAB!.]( 174.-CrFc vs. Sul/uric;Copper Sui/ate SO/lItiO/l. 
Copper Sulfate 12 Cr .09 C 13 Cr .14 C 14 Cr .09 C 

40/0 .....•....••••..• 
30/0 •...••.•...•••.•• 
20/0 ....••....••••••• 
1% ................ . 
0.5% ............... . 
0.25% .............• 
0.125% ............ . 

passive 
" 

active 
" 
" 

pas~ive pa5.~ive 

" 
" " 

active " 
" active 
" " 

17.5 Cr .13 C 
passive 

" 
" 
" 
" 

" 

Other oxidizing agents are passivating in a manner similar to copper 
and ferric sulfate. Tests 08 on silver sulfate, mercurolts sulfate anel potas
siul11 ferri-cyanide gave the following results: 

Boiling 20% sulfuric 
0.1 % silver sulfate .............................. . 
0.1 % mercurous sulfate ......................... . 
0.1 % copper sulfate ............................. . 

Boiling 5 (by volume) sulfuric (66 0 Be) 
0.1 % ferric sulfate ............................. . 
0.1 % potassium ferricyanide .................... . 
No added salt .................................. . 

Mg. per sq. 
dm. per day 

16 
9 
7.5 

<1 
4 

43,000 

Sulfurous acid. Passivity is characteristic of the chromium alloys in 
sulfurous acid 11. 13. 14. 26, [j4, 6G, 80, 82, U2 provided the alloy content is suffi
cient. When active the alloys are rapidly attacked, either with dis
solution or with intercrystalline attack. Chromium of course confers 
the passivity, alloys with under 12 to 15% chromium being attacked seriously 
in solutions even at ordinary temperature, and the higher chromium alloys 
being passive. Nickel is beneficial in somewhat lowering the chromium 
necessary to confer passivity. 

An excellent survey of the action of pure stilfurous on chromium alloys 
is given by Figure 49.°5 The alloys were given a 30 min. anneal at 1832° F. 
followed by furnace cooling, a treatment favoring corrosion. 

A rate of 1 mg. per sq. dm. per 54 min. corresponds to 26 mg. per sq. dm. 
per day. Attention is called to the tremendous difference between active and 
passive metal in rate of attack. 

Commercially, chromium-nickel-iron is widely and very successfully 
used in equipment handling the impure sulfurous acid solutions of sulfite 
digestors, in the paper industry. 18~8 and the higher alloys, either wrought 
or cast, when properly macle have almost unlimited life. Several papers 
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I~--_'----~--~----~----~--~----~ o , 10 15 ZO 25 30 
Chromium przrcent 

FIGURE 49. Chromium Alloys vs. Pure 5% Sulfurous Acid.·r. 

18, G2, 92 have mentioned the rapid intergranular failures of some composi
tions associated with carbide precipitation, due either to insufficient alloy 
or to improper heat-treatment. These sulfite liquors seem to constitute a 
milder grain-botllldary-attacking condition than the boiling sulfuric-copper 
sulfate solution often used in testing for susceptibility. Yet the conclusion 
has been drawn 54 that it is desirable to take special precautions in using 
low carbon 18-8 or titanium-stabilized 18-8, if welding without subsequent 
heat treatment is employed, and, in the case of castings, high temperature, 
rapid-cooling treatment.1S 

Molybdenum is desirable in handling extremely hot saturated sulfurous. 2 

See Table 175. 
The presence of sulfuric acid or chloride in sulfurous tends to contract 

the passivity limits. Pilling and Ackerman 65 have observed that a stale 
solution of sulfurous has stained 15 Cr 15 Ni vigorously, a composition 
"normally passive by a good margin." This effect was traced to a small 
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• F. 

68 
272 
320 
356 
392 
392 

TAnLE 175.-·18-8 vs. Sulfurolls Acid. 

Corrosion ratc--·1v[g-. per 'Q. dill. pcr <jay 
Pressl1l'c 

Lbs. 
Atmos. 

60 
70-125 

150 
200 
300 

U~-R 

<24 
<24 

240-720 
240-720 
240-720 
240-72\l 

18-8 
Mo 
<24 
<24 
<24 
<24 

24-240 
24-Z40 

content of sulfuric in the acid. They state also "a steel containing 280/0 Cr 
suffered no detectible corrosion in pure 5 % sulfurous; the addition of 5 % 
NaCl, which in itself is also without effect on this steel, brought about a 
corrosion rate of 95,000 mg. per sq. dm. per day, as great as that of dilute 
hydrochloric acid." 

Phosphoric acid, Phosphoric solutions,45, Gr., 67. 61l, 76 behave with 
great complexity. Pilling and Ackerman Go have reported activity for 
15 Cr, 15 Cr 13 Ni, 15 Cr 20 Ni, that had been given a damaging heat
treatment, in 5% thoroughly aerated, agitated phosphoric at 86° F. 

An interesting series of tests made by Portevin and Sanfotlrche 69 have 
indicated the behavior of Cr Ni Fe. Three solutions were used: 1. 7570 
concentration derived fro111 burning phosphorus, 2. This solution diluted 
to 400/0, 3. A 400/0 solution derived from supel·phosphate. Impurities in 
solutions 1 and 2 consisted of very small quantities of acids of phosphorus 
of lower degrees of oxidation; solution 3 carried sulfuric acid, salts of iron, 
aluminum, chromium, magnesium and calcium, and also fluorine compounds, 
as impurities. The tests were made in the quiet solatiol1s at 59° to 62 Q F., 
over exposure periods up to 250 homs. 

In all three solutions only one alloy, 21 Cr 8 Ni, remained passive to the 
end of the test, with rates under 1 mg. per sq. dm. per day. In the dilute 
and concentrated pure acid 13 Cr remained passive and in the dilute 11 Cr 
and 10 Cr 23 Ni remained passive. In the concentrated pure acid 12 Cr 
32 Ni, 11 Cr 52 Ni, and 10 Cr 23 Ni had rates of about 25 mg. per sq. dm. 
per day, and. in the dilute pure acid 12 Cr 32 Ni had a rate of 80 mg. per 
sq. dm. per day, which would seem to be the minimum rate for chromium 
alloys in their active state, under these exposure conditions. In the impure 
solution the active alloys gave rates ranging above 400 mg. per sq. dm. 
per day, 

In another set of results 07 it is reported that 24 Cr 10 Ni gave rates of 
less than 1 mg. per sq. dm. per day at 86° F. This was true of alloys with 
the same ratio of chromium and nickel but with a few per cent molybdenum, 
tungsten, and silicon respectively. In hot acid the rates in Table 176 were 
obtained: 



Boiling 
20% cone. 
25% conc. 
50% cone. 
55% COllC. 

At 212 0 F. 
65% conc. 
80% conc. 

At 176 0 F. 
80% COIlC. 

CHROMIUM ALLOYS 

TABLE 176.-24 Cr 10 Ni vs. Hot Phosphoric Acid. 

Corrosion rate-Mg. per sq. dm. per day 
24 Cr 10 Ni Tungsten Molybdenum Silicon 

Addition Addition Addition 

8 
96 

4 
12 

<1 

9 

7 
700 

28 

5 
960 

3700 

305 

Obviously the resistance of chromium alloys to phosphoric acid is 
extremely sensitive to some unknown factors. Other results,40. 60. 82 con
finn this. Based on indirect evidence it may be said that the presence of 
ferric iron tends strongly to make the alloys passive, and the presence of 
chlorides or other halides and of reducing agents (possibly phosphorus in 
intermediate degree of oxidation) to make them active. 

According to report a good many tons of stainless have been used in the 
construction of phosphoric manufacturing plants. 

Hydrogen sulfide. Chromium alloys are normally excellent against 
hydrogen sulfide and water mixtures at ordinary temperature. Unlike 
nickel and copper, these alloys do 110t even tarnish, in exposure at room and 
slightly elevated temperatures. Johnson 41 has given a rate of 350 mg. per 
sq. dm. per day for a 27% chromium iron in a boiling saturated solution 
of hydrogen sulfide. This 'would indicate that there is a temperature limit 
to the passive range of the chromium alloys. Just where it lies is prob
lematical. On the other hand he records a rate of 28 mg. per sq. elm. per 
day for 8 Cr 24 Ni 3 Si in hydrogen sulfide at 194-212° F., and less 
than 1 mg. per sq. elm. per day for stainless iron. In another test 40 alloys 
were exposed in an atmosphere of hydrogen sulfide, air, and moisture at 
1500 F. 18-8 gave a rate of 175 and 14- Cr 80 Ni a rate of 58 mg. per 
Sf I. elm. per day. 

Chromic acid. The chromium alloys arc normally passive in chromk 
acid. The acid is a strongly oxidizing one and yet not strongly ionizing. 
Chromic in the presence of stronger, non-oxidizing acids that are hot 
enough to make the alloys active is strongly accelerating on corrosion. 
Thus in the case of 14 C1' 80 Ni a 70% boiling acetic solution gave a rate 
of 80 mg. per sq. elm. per day. The addition of 0.1 % potassium dichromate 
led to rates of 150 to 2000 mg. per sq. elm. per day. 40 In other tests 40 

18-8 partially immersed in a fractionating still handling concentrated acetic 
with a small sodium dichromate addition at 2400 F. for 387 hours was 
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corroded at rates of 25 to 60 mg. per sq. dm. per day. Undoubtedly in this 
case the dichromate acted in its passivity-producing capacity, as contrasted 
with its strongly accelerating effect in the former test. 

Acetic acid. Chromium-nickel-iron is characteristically passive in 
acetic acid solutions 2, 40, 41. 43, 50, :;9, 60, 65, 67, 82, 88 of all concentrations at 

room temperatufe, with rates ranging 1-2 mg. per sq. dm. per day and less. 
This is true of 18-8 and its modifications as well as of alloys higher in 
nickel. The simple chromium alloys, though having a tendency to be pas
sive, are more likely to corrode, rates funning fr0111 2S to 2500 mg. per 
sq. elm. per day. In a set of tests in air-saturated, agitated acid solutions 
rates for a low carbon 140/0 chromium stainless ranged from 500 mg. per 
sq. elm. per day in I % acid to 2500 in 100% acid. 

Against thoroughly aerated, agitated 5% acetic at 86° F., Pilling and 
Ackefman 0;:; founcl three 15 Cr compositions (0, 13,20 Ni respectively) to 
be active, with rates over 200 mg, per sq. elm. per clay, These alloys had hael 
a damaging heat treatment. 

In hot acid the austenitic nickel-bearing stainless group still have a 
tendency to be passive, though less certainly so than at ordinary tempera
tures. A number of tests in hot and boiling acid of all concentrations by 
different investigators has yielded rates of 80 mg. per sq. elm. per clay anel 
less, several rates l"lmning uncler 10 mg. per sq. elm. per elay. On the other 
hand, rates occasionally have run above 200 to a maximum for 18-8 of 
2400 mg. per sq. elm. per clay in boiling 80% aciel. In hot acid the 14% 
chromium steels are likely to be strongly attacked. 

Glacial acid seems to behave much like the aqueous solutions, some tests 
indicating passivity, others activity. Boiling mixtures of glacial acetic and 
anhydrous acetic have corroded 18-8 at rates of 100 to 400 mg. per sq. elm. 
per day, specimens exposecl in the vapor being less attacked than those in 
the liquid. 40 

Molybdenum has been found beneficial in 24· Cr 10 Ni alloy,67 as 
indicated in Table 177 for boiling add. 

TAULE 177.-24 0-11 Ni 'VS. Boi/illg Ac{'/ic Acid. 
Mg. per sq. dm. per day 

Cone. 24 Cr 11 Ni With 4.40/0 
Molybdenum 

400/0 ........... , .. , ... , . . . . . . . . . . . . . . <1 <1 
80% ., ... , ............ , . . . . . . . . . . . . . . 31 <1 
Glacial ,.............................. 72 <1 
Anhydrous (140° F.) .................. <1 
Anhydrotls ............................ 140 72 

Monypenny r.~ also found molybdenum beneficial in 17-18 Cr 10 Ni; 
with 3.42 Mo, in boiling acid of 5, 10, 15 and 33% the alloy was passive, 
whereas without the molybdenum passivity broke clown in the 15 ancl 33% 
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acid. 20.9 Cr 10.6 Ni 178 :10:10 alloy was passive in acid from 5 to 100% 
concentration. Passivity of 15 Cr broke down ill moderate concentrations 
at room temperature, of 20.7 Cr in moderate concentrations at 1760 F. and 
boiling, and of 18-8 only in boiling. 

Other organic acids. In general. the behavior of the alloys in acetic 
acid is typical of behavior in other organic acids-formic, tartaric, citric, 
lactic, malic, oxalic, etc. At room tempel'atnres in quiet or agitated exposure, 
18-8 remains passive as a rule. Boiling solutions of the high hydrogen ion 
range generally, though not always, produce activity, and of the weaker 
hydrogen ion range passivity. The 14% chromium alloys without nickel 
are sometimes active, sometimes passive at rool11 temperature, but active 
before the boiling point is reached. The high (27%) chromium irons are 
passive at room temperature, active at boiling temperatures, except in the 
case of weak acid solutions. 

In Table 178 are given the results of tests made by a number of investi
gators. Rates under passivating conditions ran less than 10 mg. per sq. 
dl11. per day, ill the active condition over 100 mg. per sq. dm. per day and 
usually much above this. 

T.UlI.E 178.-Cr Ni Fe vs. Acid Solutiolls. 

Reference 82 
68° F. Oxalic conc., 'I' ..••.••••• 

1040 F . ............. 
boiling .............. 

Oleic, 302 0 F. '0- •••••••••• 

Butyric, 68 0 F. '0' •.•.•• " to 

sat'd, 266 0 F. to- •••••••••• 

Formic, 10% boiling to' •••••••••• 

50% boiling to' •••••••••• 

Lactic, 68 0 F. to' •••••••• to 

Carbolic, crude 1940 F. '0' •••••••••• 

Citric, 5% boiling 10' •••••••••• 

sat'd, boiling 'to •••••••••• 

Gallic, Bat'd, boiling '0' .". " "0' 

Tartaric, sat'd, boiling ", •••••••• 0. 

Reference 40 
Formic, 90%, submerged, 212· F. . ........ . 

90%, in hot vapor ........... , ..... . 

90%, subm~rged, room ......... , .. 
part. Imm., room ........... . 

Lactic, 300/D impure, 80-150· F. concen
trating from 5 to 48% vacuum .... 

Fatty acids, crude split, 440
0 

F. 
vapor ........... . 
liquid ." ....... .. 

Active 

20 Cr7 Ni 

20 Cr7 Ni 
20 Cr7 Ni 

20Cr7Ni 

20Cr7Ni 

18-8 (low C) 
18-8 (high C) 
18-8 (Ti) 

Passive 

20Cr7 Ni 
20C~7Ni 

20Cr7 Ni 
20Cr7Ni 
20C1'7Ni 

20 C1'7 Ni 
20Cr7 Ni 
20Cl'7Ni 

20Cr7Ni 

18-8 (low C) 
18-8 (high C) 
18-8 (Mo) 
18-8 (Ti) 

18-8 (all) 
18-8 (all) 

18-8 (all) 

18-8 (pitted) 
18-8 
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Nc/erence 31 
Partial immersion, room temp. 

Acetic, 1% 1 
~~~~~ic,1 i'% ........................... . 
Citric, 02% 

Partial immersion, 145 0 I'. 

LButYt·ric'l t,% } ........................... . ac Ie, lO 

Reference 43 
MO.llochloracetic, 

Trichloracetic, 50%, 

/.( eference 65 

room .............. . 
212 0 F .•............ 
room .. , ........... . 
2120 F ............. . 

20 Cr65 Ni 
20 Cr65 Ni 
20 Cr65 Ni 
20 Cr65 Ni 

5% acid, fully aerated, room 
Citric .................................. 15Cr, 15Cr12Ni, 

lSCr20Ni* 
Formic ................................. 15Cr, 15Cr12Ni, 

15Cr20Ni* 
Lactic .................................. 15Cr,15Cr12Ni, 

15Cr20Ni* 
Oxalic .................................. l5Cr, 15Cr12Ni, 

15Cr20Ni* 
Tartaric ... . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15Cr, l5Cr12Ni, 

15Cr20Ni* 
Acetic ................................. 15Cr, 15Cr12Ni, 

15Cr20Ni* 
Benzoic 

Carbolic 

• These alloys had had a damaging heat treatment. 

Refe"C1!Ce 41 
Formic, 85% room .............. . 

200 0 F. ......... .... 27 Cr 
Lactic, 25% 200 0 F. ............. 27 Cr 

1
18-8 
14 Cr 
17 Cr 

{

1&--8 
14 Cr 
17Cr 

15Cr, 15Cr12Ni, 
15Cr20Ni* 

15Cr, 15Cr12Ni, 
15Cr20Ni* 

27 Cr 

Citric, moderate cone. 212 0 F. ............. 27 Cr 
Gallic, 25% 212 0 F. ............. 27 Cr 

The 14 Cr 80 Ni composition,40 though having a more confined range 
of passivity than the 18·8 alloy, is, because of its high nickel content, much 
less corroded when in the active state than 18-8. A l1umber of rates are given 
in Table 179. 

TABLE 179.-14 Cr 80 Ni vs. Acids. 

Formic, 90%, 212 0 F., submerged ........................ . 
vapor ............................. . 

room, submerged ........................ . 
part. imm ......................... . 

Lactic, 30% impure, 80-150 0 F ............................. . 
concentrating from 5 to 48%, under vacuum ......... . 

Fatty acid, crude split, 440· F. 
vapor .........••..•...•............ 
liquid ............................ . 

Mg. per sq. 
dm. per day 

110 
72 
22 
33 
4 

21 

5 
6.4 
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Caustic potash or soda solutions of any concentration at room tem
perature are well resisted by ordinary iron and steel, and likewise by stain
less. Elevated temperature, however, may be much more accelerating for 
chromium alloys than for straight iron. 'With elevated temperatures the 
resistance of stainless continues to be good at moderately high concentra
tions and temperatures. vVith further increase in temperature or con
centration the uncertain zone is entered where either passivity or activity 
may result. Where active, the alloys are corroded at much higher rates than 
ordinary steels. 

The data in Table 180 give a fair idea of behavior of the chromium 
alloys in hot caustic. 

TADLE I80.-Chro1lliU11l Alloys vs. Caustic Solutions. 

Condition Alloy 

Refel'ence 40 
18 Cr 8 Ni NaOR, 70%, 260· F. 720 h1'5. ......... 

NaOR, 23%, 220· F. 720 hrs. . ......... 18 Cr 8 Ni 
NaOR, 10%, 170· F. 720 hrs. ., ....... 18 Cr 8 Ni 

RefereJ1ce 67 
24C1'lONi KOR, 55%, boiling, 100 h1's. ......... 

NaOR, 30%, 176· F .................... 24 C1' 10 Ni 
30%, boiling, .................. 24 C1' 10 Ni 

Na2CO" 25%, boiling, •...•..••.•.••.. 0. 24CrlONi 

Reference 82 
20 Cr7 Ni NaOR, 20%, 230 0 F .................... 

34%, 212 0 F .................... 20 C1'7 Ni 
KOR, 27%, boilinlT. .................. 20 Cr7Ni 

50%, boiling, ., ................ 20 Cr 7Ni 

Reference 83 
Steel 

NaOR, 30-50%, 1790 F. ,,., 1",_ --. -: 1 Cast Iron 
14 Cr Fe 

18-8 

NaOR, concentrating from 75% to an-
{ 

18-8 
hydrous, rod specimens rotated 18.5 Cr 
at high speeds; air present 20 Cr 80 Ni 

Mg. per sq. 
dal. per day 

2 
<1 
<1 

41 
9 

31 
<1 

5 
<2 
<2 
96 

20 
35 

180 
1,700 

9,890 
15,050 

550 

The last set of data suggests the extreme corrosiveness of very high COll

centrations of hot caustic and the beneficial effects of high nickel content. 
Tests on fused caustic 82 have given the results in Tahle 181. 

NaOR, 
KOR, 

fused, 
fused, 
fused, 

TABLE 181.-20 Cr 7 Hi vs. Fltsed Caustic. 

Condition 

600 0 F ................. . 
680 0 F ................. . 

1112· F ................. . 

Alloy 

20 C1'7 Ni 
20Cr7Ni 
20 Cr7 Ni 

Mg. per sq. 
dm. per day 

53 
840 

8,900 
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AMMONIA SOLUTIONS 

Iron and steel are widely used for handling ammonia solutions.46, 60, 7D, 87 

The chromium alloys are virtually completely resistant, and furthermore 
have the advantage over steel of not rusting under moist neutral conditions. 
Corrosion rates for the 18-8 alloy and other high chromium alloys may be 
taken at less than 1 mg. per sq. dm. per day. 

SALT SOLUTIONS 

Resistance of the chromium alloys to salt solutions depends largely on 
the efficiency of the protective oxide film. Salt solutions usually carry 
sufficient dissolved air to maintain this film. Certain qualifications are 
necessary, however. Chloride salts present a problem not met with non
chloride salts. It should be said at this point that generally speaking solu
tions of the non-chloride salts are well handled by 18-8 and by the austenitic 
alloys of lower chromiu111 content. The 14 Cr 80 Ni type of alloy is like
wise in the gronp of good resistants. This applies to hot or cold solutions, 
aerated, unaerated, or in the form of spray. 

As mentioned in the section on acids, the protective oxide film on the 
chromium alloys is particularly susceptible to penetration by the chloride 
ion. This is especially true of chloride acid solutions, but to some extent 
also in neutral solutions. It is for this reason that solutions of the chlorides 
of copper, mercury, iron, tin, zinc, and aluminum are corrosive-at times 
extremely corrosive-to the chromium alIoys even whel1 alloyed and heat
treated to give maximum resistance. Such solutions are characteristically 
acid. A good example of corrosion rates is given in Tahle 182.88 

TABLE 182.-20 Cr 7 Ni tiS. Chloride Solutiolls. 

Copper chloride, 
Ferric chloride, 
Zinc chloride, 
Stannic chloride, 
Stannous chloride, 
Mercuric chloride 
Mercuric chloride 

50%, 
50%, 

78° Be., 
soL, 
soL, 
0.7%, 
0.7% 

boiling ... " '" 
122 0 F ....... . 
95° F ....... . 
6Ro F ... , ... . 

1220 F ..... , .. 
68° F ....... . 
hoiling ...... . 

Mg. per sq. dm. per day 
20 Cr 7 Ni 20 Cr 7 Ni 2.5 Mo 

110,000 150,000 
24,000 32,000 

10 
550 
65 

210 
880 

Other tests,40 in 27.5° 
Table 183. 

Be stannic chloride, gave rates as shown lt1 

TABLE 183.-Cr NiFe VS. Stmtltic Chloride. 

Mg. per sq. dm. per day 
18-8 14 Cr 80 Ni 

68" F., 3 weeks, quiet ...................... . 317* 105 
40" F., 1 day, agitated ..................... . 448 172 

* Grain boundary attack. 
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These results make clear another fact-when the solution is oxidizing the 
action is very much more rapid. Stannous chloride and zinc chloride are 
not oxidizing. Yet even the rates given for these are high enough to indi
cate that the metal is not completely passive. 

Neutral chloride solutions-e. g. sodium chloride-are often not cor
rosive to properly produced 18-8. Yet this is on the active-passive border
line, as shown by the fact that pitting is not an infrequent occurrence with 
18-8 in salt brines. 

In neutral chloride solutions, in fact, the behavior of 18-8 ranges from 
completely passive to a condition of passivity over most of the surface but 
with localized points of rather rapid attack. In calciut11 chloride or sodium 
chloride brines of high concentration the normal condition seems to be one 
of complete passivity. This seems tnte also of dilute solutions. Yet the 
sensitivity of the anoy to cell attack resulting fr0111 circumstances such as 
contact with an external substance like glass rods used to hold specimens 
in laboratory tests, harnacks in sea water, oxide scale, or structure change 
as from the heat of welding, is pronounced. There is always the question, 
in using 18-8 with chloride solutions, whether external circumstances which 
might lead to localized attack can be avoicled. It is definite enough that 
metal adjacent to welds will be likely to suffer localized attack in brines, 
in the case of ordinary 18-8 that has not been properly heat treated following 
welding. Yet on the other hand, it is true that this damage fr0111 the heat 
of welding is minimized if not entirely obviated by the use of a stabilizer. 
The use of a stabilizer, however, cannot be expected to prevent localized 
attack resulting fr0111 association with barnacles or other substances. As a 
preventive of attack from this source a molybdenum content in the alloy is 
at least partially efficacious. 

An idea of corrosion rates of alloys that have been given a damaging 
heat treatment is offered by Table 184.°0 The tests were run for 20 hours 
at 86° F., in thoroughly aerated, agitated solutions. 

TABLE 184.-Chro11lillln Alloys vs. Clzlo'fidc S011t1iolls. 

Mg. per Sf}. dill. per day 
5%) NaCl 20% CaC!' 

15 Cr ............................ . 50 50 
15 Cr 13 Ni ....................... . 10 7 
15 Cr 20 Ni ................•....... 9 5 

It is readily seen that neutral chloride SOltltiOllS constitute a borcIer-line 
conclition, where the passivity of 18-8 is favored when the alloy is produced 
to offer its best front, yet where, even with every precaution taken, cells 
may be set up that cause pitting. These remarks apply to brines, to sea 
water, and possibly in lesser degree to lower concentrations of chloride salts. 
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It is rather important to have some idea of the rate of pitting attack 
when this does take place. In tests in calcium chloride brines at room 
temperature and less, pits have developed to a depth of .002 to .004 inch in 
100 days. In the case of welded specimens, in calcium chloride brine at 
room temperature, no pits developed in the sheet remote fr0111 the weld, but 
in the zone adjacent to the weld the depths ranged up to .15 in. in 100 hour::;. 

The 14 Cr 80 Ni alloy shows interesting behavior in salt solutions. Its 
tendency to develop pits is perhaps somewhat greater than that of 18-8, 
yet the rate at which pitting action goes on has been found in cases to be 
on the order of 117 that of 18-8. The pits are characteristically broad and 
shallow as distinct from the straight-sided, deep pits on 18-8. This has been 
observed a number of times in exposure to sea water and to brines.. Another 
feature of the 14 Cr 80 Ni is that its corrosion resistance is not damaged 
by the heat of welding. 

The salt spray test 91 has been widely used as a gage of quality for the 
chromiu111 alloys. 18-8 has been required by the United States Government 
to be free from pitting or staining in lOO-hours exposure; the lower 
chromiu111 alloys, with or without nickel, are allowed somewhat more lee
way. An investigation of salt spray resistance has heen made by Arness 
and Ostrofsky 4 on 12-270/0 chromium-iron alloys. In exposure up to 
500 hours action varied from the faintest surface staining, to incipient 
pitting, and rusting. The test is not sufficiently sensitive to discover 
effectively weakness in the protective film that leads to corrosion under less 
favorable and more usual conditions-such for instance as submersion in 
sea water. Furthermore the test gives no indication of susceptibility to cell 
action that may be occasioned by a special circnmstance in service. 

Salt solutions on the alkaline side of neutral, in the absence of chlorides, 
are well resisted by the chromium alloys. Passivity is the normal if not the 
invariable condition for the 18-8 alloys and also the alloys of lesser chromium 
with or without nickel. 

Of the alkaline salts, the hypochlorites 71, 88 are quite distinctive in 
behavior from the others. These carry free chlorine as well as chloride, 
the free chlorine acting 'Particularly to penetrate the protective oxide. Con
centrated solutions 82,88 of either sodium or calcium hypochlorites are 
rapidly and destructively reactive, very dilute solutions 38 are not likely to 
destroy passivity. The critical concentrations "lie intermediate. Attack by 
these solutions is likely to be localized and reasonably long duration of 
exposure is necessary before the severity of attack can be determined. 

WATERS 

The normal behavior of 18·8 in distilled, tap, or other fresh waters is 
one of passivity. Thus in the usual forms of exposure-submersion, partial 
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immersion, wet and dry exposure-the alloy remains substantially free of 
rusting and pitting. The activity-passivity border-line is rather remote 
from these conditions, although improper heat treatment or specially strong 
cell conditions will bring about rusting and incipient pitting. However, 
rusting and pitting when it does occur is of a superficial nature only. 

For deep and rapid pitting to occur a strongly conducting electrolyte is 
necessary; fresh water of course does not qualify on this count. A super
ficial degree of rusting and pitting has been produced on 18-8 beneath a rag 
kept 1110ist with tap water and resting for four weeks on the specimen. 
This so-called wick test constitutes a particularly severe cell condition; 
yet the poor conductivity of fresh water prevents the action from being 
more than a superficial one. 

Spray tests 40 using city tapwater, made on specimens furnace-cooled 
from 1832° F. of several different compositions, indicated a very superficial 
degree of attack on 20 Cr alloys carrying nickel from 7 to 80%, over a 
52-day test period. A number of 24 and 28 Cr alloys remained clean. 

In sea water the situation is somewhat different, due both to the pene
trating capacity of the chloride and the high conductivity of the water. 
Properly produced 18-8 exposed to sea water either submerged, half 
immersed, or in spray, will normally remain passive. On the other hand, 
when improperly heat treated or, particularly, when a cell is set up by some 
external situation such as a barnacle growth, action may be rapid. Whereas 
corrosion rates of passive 18-8 range below 1 mg. per sq. dm. per day, a large 
sheet exposed in Chesapeake Bay has been penetrated through .018 in. 
thickness in 7 days. This rapid attack was associated with deposits of 
marine life, and therefore the exposure condition was a special one, but 
this case indicates the rapidity of attack of a cell that is independent of the 
original quality of the metal. This moreover is not an isolated case. 

The Ranger, an aircraft carrier of the United States Navy, was equipped 
with large welded 18-8 gasoline tanks into which sea water was run as the 
gasoline was drawn out. The material was carefully selected, heat-treated 
for the 1110st part in the approved manner, and representative samples were 
tested with satisfactory behavior in salt spray. In spite of these precautions 
the tanks developed leaks in less than six months of shakedown cruises. 
Examination revealed numerous pits of various sizes, some of which had 
penetrated the walls of the tanks. The pits were more numerous in the 
neighborhood of welds and in areas improperly heaHreated, but were also 
scattered in areas over the entire surface. 

The solution-cells which caused this action may have originated in 
several ways. They might have been caused by slight beginnings of sea 
growth, by adherence of floating particles, by imperfections or impurities 



314 CORROSION RESISTANCE OF lJIETALS AND ALLOYS 

in the metal surface, or by some sort of damage to the surface during 
construction. 

Chromiull1 alloys that had been gi ven damaging heat treatment were 
corroded as follows in fully aerated, agitated seawater, in 20-hour tests :65 

15 Cr ....................... 40 mg. per sq. dm. per day 
15 Cr 13 Ni .................. 10 mg. per sq. dm. per day 
15 Cr 20 Ni .................. 12 mg. per sq. dOl. per day 

Presumably the alloys were activated by the sea water. 
In a series of tests 40 a number of alloys of commercial and laboratory 

production was submerged in New York harbor for three months. Com
mercial alloys of the 18-8 type were exposed in three conditions--cold
rolled, air-cooled from 1652° F., and heated 10 hOUl'S at 1200° F. Specimens 
carried pickled, and pickled ancl ground surfaces in each condition. The 
normal appearance following test was abundant pitting over the surface, 
and pitting beneath the fiber supports. Most specimens were completely 
penetrated. Marine growth was present on the specimens. Other alloys-
8 Cr 20 Ni, 8 C1' 37 Ni, 12-16 Cr, 16-20 Cr were likewise actively pitted. 
A 28 Cr alloy was pitted somewhat on a ground surface but unaffected on a 
pickled surface, whereas 20 Cr 1 Cu was only faintly pitted, with two 
specimens remaining free of pits. 

Bars of 18-8, 16 Cr 11 Ni, 17 Cr 11 Ni, 20 Cr 3 Ni, 20 Cr, 16 Cr 10 Ni, 
20 Cr 80 Ni were exposed at half-tide level 1s for three years in Southampton 
(England) harbor. '\i\T eight losses were all less than 1 mg. per sq. dm. per 
clay, but all the specimens were locally attacked. Shell fauna had built up 
on the specimens, as well as a mixture of mud ancl oil. 

Friend 10-23 has exposed 13.5 Cr .36 C in sea water at a number of loca
tions for 5 to 10 years. In every case pitting took place, at rates ranging up 
to .01 in. per year, whether the specimens were continuously submerged or 
exposed at half-tide level. 

Molybdenum-bearing 18-8 shows a very marked improvement over 
regular 18-8 in behavior to sea water. In the New York harbor tests 
referred to such an alloy remained completely free of any determinable 
action in the case of four specimens out of six; a fifth specimen had a single 
small pit remote from the support, another was corroded under the fiber 
support only. 

This result has been confirmed in 90-day tests 40 in North Carolina 
baywater (Bogue Inlet, Swansboro). Molybdenum-bearing 18-8, in the 
case of three specimens, was completely free from attack; the fourth speci
men was attacked beneath the Bakelite support to a maximum depth of .014 
in. Samples of ordinary 18-8, low carbon 18-8, and titanium-bearing 18-8 
were penetrated to a depth of .031 in. and greater. 14 Cr 80 Ni specimens 
were pitted in association with barnacles and at the supports. 
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The testing of the chromium alloys in fatigue brings out clearly the very 
high order of their resistance to the action of waters, as compared with 
ordinary steels. The rotating cantilever type of fatigue test is a very sensi
tive one for discovering a damaged surface, the drop in fatigue limit being 
the measure of damage. 

Exposure of unstressed 12.7 Cr Fe (0.11 % carbon) to a carbonate, 
fresh water has only a very slow damaging effect. According to a number 
of tests,48 the resultant fatigue limit from 280-days exposure was on the 
order of 44,000 lbs. per sq. in., as compared with an air fatigue limit of 
50,000 lbs. per sq. in. 

Specimens tested in fatigue with the water stream at the same time 
passing over them were damaged as fo11ows,47 the figures in the last two 
columns representing the apparent "corrosion fatigue" limit, after 107 to 108 

cycles at 1450 r.p.m. : 

Alloy 

11.8 Cr Fe (.l1C) 
13.3 Cr Fe (.13C) 
13.7 Cr Fe (.09C) 
18-8 (.l6C) 
17Cr25Ni 
17 Cr 25 Ni 3 Si 
11 Cr 35 Ni 

Tensile 
Strength 

Lbs. per sq. in. 

80,000 
91,000 
85,000 

125.000 
115,000 
109,000 
112,000 

Fatigue Limit-LLs. per sq. in. 

Air Fresh Water Salt Water 

41,000 
59,000 
50,000 
50,000 
54,000 
57.000 
57.000 

34,000 
40,000 
35,000 
50,000 
45,000 
51,000 
41,000 

14,000 
13,000* 
18,000* 
25,000 
34,000 
32,000 
22,000 

vVith chromium alloys, as with ordinary steel, salt water is much more 
damaging in this sense than fresh. Although no tests have been made on 
specimens previously exposed, unstressed, to salt water, specimens tested 
in fatigue while being washed with a stream of salt water were damaged as 
g'iven above. 

FOOD PRODUCTS 

The chromium alloys are characteristically passive in exposure to food 
products. Corrosion rates in acid substances like fruit juices and milk and 
in neutral substances are very low, in most cases ranging under 1 mg. per 
sq. dm. per day, in some instances slightly above this, but in any case of 
negligible degree. Stainlessness is the COUlman behavior, rusting rather 
rare and then usually confined to the zone of welds, and pitting seldom 
experienced. 

Eighteen-eight and 14 Cr 80 Ni are widely used for food handling 
and processing equipment. From the standpoint of resistance to corrosion 
and tarnishing, neither has an advantage Over the other, with the exception 
that the latter will not rust at the welds. Pitting, as already stated, is an 

• Approximate. 
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uncommon occurrence. It has appeared in vinegar-salt mixtures and in 
boiling sugar-salt solutions. Pits in 18-8 under these conditions are likely 
to be deep ones, whereas those in 14 Cr 80 Ni are characteristically shallow. 
The chromium steels without nickel are less satisfactory than 18-8 and 
14 Cr 80 Ni because of mechanical and working characteristics, and since 
these have a definite rusting tendency. 

The behavior of 18-8 and 14 Cr 80 Ni in boiling fruit juices is interesting. 
These products of course are acid, containing tartaric, malic, citric, etc. 
Mention has been made earlier of the fact that boiling solutions of these 
acids are likely to destroy passivity and be very corrosive. This is not, 
however, experienced with boiling fruit juices of equivalent acid content. 
The results of Mrak and Cruess 61 give rates of 5 to 62 mg. per sq. dm. per 
day for 14-17 Cr in handling tomato, apple, lemon, and red grape juices. 
Rates for 18-8 uncler the same conditions would undoubtedly be less. 

A number of papers have been published covering- the behavior of the 
chromiu111 alloys with food products.3, 24, 29, SU, 37,61, 70, 04, 91 

The possible toxicity of metal absorbed by foodstuffs fro111 the chromium 
alloys has been the subject of investigations.DB The conclusion is reached 
that the quantities of metal absorbed are so minute that they have no hygienic 
importance. 

ATMOSPHERES 

The more resistant of the chromitm1 alloys are the only metals short 
of the precious metals that remain substantially unchanged iri appearance in 
atmospheric exposureY, 21, 23, 40, 105 These better alloys retain a large pro
portion of their brightness in prolonged exposure, in average rural and 
average urban atmospheres, are slightly stained in moderately sulfurous 
industrial atmospheres, are slightly stained to heavily discolored in strongly 
sulfurous industrial atmospheres, and generally rather heavily discolored in 
marine atmospheres. . 

The better aUoys of the group, in the sense used in the preceding para
graph, are the 18-8 and high chromium (18-30%) types and the 14 Cr 80 Ni 
alloy. In strongly snlfurous atmospheres the addition of molybdenum 1:0 
18-8 is very markedly beneficial. 

The corrosiveness of atmospheres increases with sulfur content. Gen
erally speaking, whereas the lower chromium types may remain bright 
indefinitely in low sulfur atmospheres, they become discolored and finely 
pitted in moderately sulfurous atmospheres. Likewise, whereas the higher 
chromium types remain clean in moderately sulfurous atmospheres they 
discolor and tend to pit in strongly sulfurous atmospheres. In marine 
atmospheres the same general relation holds, the higher chromiull1 alloys 
resisting discoloration and fine pitting better than the low chromium. 
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The superficial appearance of the alloys after exposure depends in 
some degree on whether the surface is freely washed by rain or not. Dis
coloration is more likely to occur where the metal is protected from the 
wash of rain yet freely exposed to atmospheric moisture, fog and dust. 

Wide use is made of 18-8 in outdoor architectural construction, where 
continuously bright appearance is desired. The sheet metal work on the 
Chrysler and Empire State buildings in New York City is a well-known 
example. These surfaces, particularly where not in vertical planes, acquire 
a deposit of soot and dust like all surfaces, metallic or non-metallic, in urban 
exposure. These smooth metal surfaces, however, allow the wash of rain
water to clean the deposit rather effectively though not entirely. After 
several years of exposure now, these surfaces are substantially bright though 
carrying a thin soot and dust layer. Close examination of 18-8 test speci
mens exposed in urban air has revealed a tendency for rusting to occur-a 
very faint rusting. If this has taken place on the buildings referred to 
above, however, the evidences of it are completely obscured by the soot 
and dust deposit. Wiping with a dry cloth reveals perfectly clean bright 
metal. 

Superficial pitting of the chromium alloys develops at random when the 
composition is not equal to the atmosphere, and when a cell condition is set 
up by a. circumstance external to the metal, stich as at the crossing of screen 
wires. This has been observed on screens of 18-8 and to a less extent 14 Cr 
80 Ni in exposure for a year more Or less in high sulfur industrial and in 
marine atmospheres, with a suggestion of pitting in rural atmosphere. 

The effect of surface condition and heat treatment is often mentioned in 
connection with the behavior of these alloys in air exposure. Study of this 40 

revealed that in three-111onths exposure, 18-8 specimens behaved much 
the same whether in the cold-rolled, high-temperature annealed (favorable), 
or low-temperature annealed (unfavorable) condition. Ground surfaces 
in heavy sulfurous atmospheres were somewhat poorer than pickled or 
buffed surfaces and buffed surfaces only slightly, if at all, better than pickled. 
In saline air the heat treatment and surface treatment were of even 
less consequence to resistance. The high-nickel, low-chromium content 
alloys were practically insensitive to surface and heat treatment, whereas 
the nickel-free alloys were less satisfactory with ground surfaces, and better 
when hardened than when annealed. 

HIGH TEMPERATURE CONDITIONS 

The most useful of metals for handling conditions. at high temperatures 
12,25, 51, 66, 86 are the nickel-chromium, nickel-chromium-iron and chromium
iron groups. This suitability centers aronnd the resistance set up by the oxide 
coating that develops on the alloys in exposure to oxidizing atmospheres 
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and substances. The better alloys are use[ ul at temperatures as high as 
2100 0 to 2200 0 F. 

Ordinary steels and iron begin to suffer progressive oxidation and 
scaling in the 10000 to 1200° F. range. Small additions of chromium or 
nickel or both are effective in raising this range somewhat. Alloys of the 
14 Cr and the 18-8 types push the range up to about 15000 F. Lessening of 
the iron content with greater additions of nickel and chromium supply alloys 
that handle progressively higher tel111)eratures. For the highest heat, 
2000° to 2200° F., 15 Cr 60 Ni 25 Fe and particularly 20 Cr 80 Ni are the 
1110st suitable. 

The presence of sulfur in hot oxidizing gases is likely to be damaging 
to the higher nickel-content alloys, and the lower nickel alloys are generally 
used. Reducing gases carrying sulfur are very much more damaging, 
since the sulfide coating that forms is less protective than an oxide coating. 
Such gases and substances therefore cannot be handled in the same high 
temperature range as oxidizing substances, a fact particularly marked with 
the nickel alloys. 

Another type of substance more damaging than oxidizing atmospheres 
is alkali salt fusions, these tending to flux off the protective oxide coating 
on the chromium alloys. High nickel content is beneficial under such 
conditions. 

Compositions of the commercial aUoys used under heat may be grouped 
as follows: 

15-20 Cr 50-80 Ni-Most resistant of the alloys in sulfur-free oxidizing atmos
pheres i wide use as electrical resistance elements. 

15-20 Cr 25-50 Ni-Good oxidation resistance in gases with and without low 
contents of sulfur j reasonably cheap j good load carrying capacity. 

20-30 Cr 12-25 Ni-Good resistance to higher sulfur content gases; good load 
carrying capacity. 

18-8; 14 Cr-General purpose alloys for use below about 1500" F. 
20-30 Cr-Best for extreme sulfur conditions; relatively low load-carrying 

capacity. 

A large number of compositions, both within and without these ranges, is 
produced. Addition elements like silicon, tungsten, aluminum, are often 
present. 

Failures of metal in heat applications occur by oxidation and scaling, 
intel'granular disintegration, and-in the case of 1110st failures-by over
stressing and cracking due to loading and thermal changes. 

Oxidizing gas without sulfur. 
An idea of the rates of oxidation of several alloys in the high tempera

ture range may be gained from the various sets of data given below. Dick
enson 15 tested 14.7 Cr .26 C and 11.7 C1' 65 Ni in intermittent exposure 
over a wide temperature range. His cycle was 5i hours at heat followed 
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by cooling and cleaning the specimen of scale. The scaling rates given in 
Table 185, developed over 18 cycles of heating, were found to be substan
tially constant with time. 

Mean Temp. 0 F. 

1067 
1247 
1337 
1427 
1607 
1607 
1733 
1877 
2012 

TABLE 185.-Metals vs. Oxidi::;ing AtmosPhere. 

Metal Oxidized-Mg. per sq. dm. per day 
.30 C Steel 14.7 Cr.26 C 11.7 C1' 65 Ni 

990 <:36 <:36 
2,900 180 <:36 
6,600 365 

13,000 730 
36,000 2,500 
34,000 2,900 
58,000 6,200 

130.000 51,000 ( ?) 
200,000 100,000 

620 
400 
510 
730 

2,900 

These data are particularly interesting in that they outline the temperature 
range over which one of the less heat resistant of the chromium alloy group 
is suitable, and the degree of improvement, in the high temperature range, 
offered by one of the better alloys of the group. It is common now to have 
15 to 16% chromium rather than 12% in this latter type of alloy. The 
intermittency of exposure in this case made the test a more severe one, and 
yet one that corresponds to conditions often met in service. 

Investigations of the 15 Cr 60 Ni and 20 Cr 80 Ni alloys in the form 
of wire resistance elements have been made. s, 34, So U llcler conditions so 
controlled that the wires remained at constant temperature even though the 
electrical resistance increased with time, the "life-to-failure" data on the 
alloys were as shown in Table 186. 34 

TABLE 186.-ChromiHn! Alloys vs. O:ridi:::ing Atmosphere. 

Temp. OF. Hours to Failure Metal Oxidized-In. per yr. 
20 Cr 80 Ni 15 Cr 60 Ni 25 Fe 20 Cr 80 Ni 15 Cr 60 Ni 25 Fe 

1652* ....... .. 636 529 .06 .08 
1922 ......... . 130 52 .53 1.4 
2102 ........ .. 32 18 2.2 3.9 
2282 ........ .. 12 5 5.9 14 

* Wires at this temperature were 0,25 mm'J at otller tel11peratures 0.4 nlm. in diameter. 

Rohn's tests 73 are particularly interesting in that they cover a wide range 
of alloy compositions. The weight changes are average for successive one 
hour exposures, at 18320 F. and represent approximately constant rates of 
attack under intermittent heating and cooling. See Table 187. 

Repetitions of heating and cooling are a more damaging condition than 
continuous heat. This fact is brought out in the results quoted below 85 011 

several specimens of 20 Cr 80 Ni from different producers, at 2092 0 F. 
In continuous exposure wires of .015 inch diameter had a life of 440 to 683 
hours (approximately .l5 to .10 inch per year oxidation rate), whereas in 
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TAllLE 187.-Chl'(JlJliIl1ll AlI(l},s 1'S. O.ridi::illg Almospheres. 

Scale Formed (Metal l'lus 
Ni Cr Fe 1'1'[0 Oxygen) * 

Mg. per sq. dm. per day 

35 15 50 6000 
22 16 62 4800 

100 4800 
63 15 22 720--3100 
70 20 10 480 
6S 25 10 360 
85 15 240 
63 15 15 7 140 
80 20 48-96 
50 33 17 48 

* ?lIetal COIlstitutes ahout three·quarters of the weight of oxide scale. 

intermittent exposure to the heat the life was 53 to 80 hours (approximately 
1.2 to .8 inch per year). Intermittency was in this case a more damaging 
condition by 8 to 9 times. The same effect on 20 Cr 80 Ni has been con
firmed elsewhere. s, 34 

The damaging effect of intermittency on less resistant alloys at lower 
temperatures is suggested likewise by a comparison of data on 14.7 Cr .26 C 
.59 Si 15 in intermittent exposure and on 13.12 Cr .32 C 1.32 Si 32 in con
tinuous exposure. The beneficial effect of the slightly higher chromium in 
the first alloy would tend to be offset by the higher silicon content of the 
latter. See Table 188. 

TAnLE 188.-CI' Fe VS. O.ridi::ing Atmospheres. 

Metal Oxidized-Mg. per sq. dm. per day 
14.7 Cr .26 C .59 Si *13.12 Cr .32 C 1.32 Si 

Temp .• F. Intermittent Continuous 
Heating Heating 

932 29 
1067 
1112 
1247 
1292 
1337 
1427 
1472 
1607 
1607 
1652 
1733 
1832 
1877 
2012 

<36 

180 

365 
730 

2,500 
2,900 

6,200 

51,000 (?) 
100,000 

60 

120 

230 

320 

20,000 

50,000 
* The assumption is made that the metal oxidi2ed i. three times the weight gain. 

The more damaging effect of intermittency becomes most marked with this 
type of alloy at 12920 to 14720 F. Up to this range the oxide remains reason
ably protective whether in intermittent or continuo11S exposure. 
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The rapidity with which the protective oxide forms on an alloy is 
important. An indication is afforded by the data in Table 189 on the 12-20 
Cr 62-83 Ni range at 20120 F. 98 

TABLE 189.-Cl· Ni Fc vs. O.'rididl1{1 Atmosphere. 

Exposure Period 

First hour ............................. . 
First four hours ........................ . 
Three hours following- the first hour ...... . 

Metal oxidizcd* 
Mg. per sq. dtn. per day 

(approximate) 

3,600-10,200 
1,110- 2,240 

0- 390 

* The assumption is made that the metal oxidized corresponds to three ti11les the weight gain~ 

This comparison applies therefore to exposure conditions that are rather 
severe for the alloy tested, yet still on the safe and "protective-oxide" side. 
For less severe relative conditions, of cotll'se, the protective oxide is more 
rapidly formed and the oxidation both while it for111S and subsequently very 
much less. 

The effect of time 011 the rate of weight change has been determined 33 

in tests over a 40-hour period in air. The weight change was determined 
at heat, so that the specimens were not in intermittent heat exposure. The 
results are given in Figure 50. The temperature was 20120 F., which is in 
the free scaling range for iron ane! 18-8, yet not for 27 Cr Fe. 
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FIGURE 50. Chromium Alloys vs. Air at 2012· F. 
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In tests where specimens were exposed to pure oxygen continuously at 
temperature for 24 hours, 32 the oxidation rates in Table 190 were obtained 
on several alloys. 

TABLE 190.-Chromiu1lt Alloys vs. O.o:ygcn Gas. 

Metal Oxidized;t'-Mg. per sq. dm. per day 
1292° F. 1472° F. 1652° F. 1832° F. 

13.1 Cr .................. . 
18.5 Cr .................. . 

67 570 840 27,500 
180 220 570 870 

17.7 Cr 8 Ni ............ . 
11 Cr35 Ni ............ . 
12 Cr60 Ni ............ . 

320 315 820 1,700 
520 2,200 3,500 5,800 

72 148 230 530 
* The assnmptio1l is made that the metal oxidized corre~pot1ds to three times the weight gain. 

These rates are lower than could be expected under repeated heating and 
cooling conditions. The effect of intermittency has already been brought out. 

The gas content of the oxidizing atmosphere is somewhat of a variable, 
though, with the exception of sulfur dioxide in contact with the higher nickel 
alloys, 110t a really great one. Hatfield 32 compared the action of air, oxygen, 
carbon dioxide, and steam in 24 hour continuous-heat tests. The oxidation 
rate ranges in these four atmospheres for 18-8 and 12 Cr 60 Ni* are given 
in Table 191. 

TAIlLE 191.-CI' Ni Fe ~IS. Oxidizing Atmospheres. 

Metal Oxidized*-Mg. per sq. dill. per day 
1292° F. 1472° F. 1652° F. 1832° F. 

17.7 Cr 8 Ni ............. 66-300 120-330 140-1800 1700-6500 
12 C1' 6D Ni ............. 66-120 90-150 16D:- 420 33D:- 510 

* The n~sllmptiol1 is made that the metal oxidized COlTf!~ponds to three times the weight gain. 

No atmosphere of those used was outstandingly and consistently more, or 
less, damaging than the others. 

In other tests 34 at 19220 F. on 20 Cr 80 Ni and 18 C1' 65 Ni 15 Fe, in air 
and atmospheres of carbon dioxide, carbon monoxide, nitrogen, and oxygen 
the differences in damaging effect among the gases was much less marked 
than in those just given, fol' any single temperature. 

Silicon is outstanding in improving oxidation resistance. The 8 Cr 3 Si 
alloy, used widely for automotive exhaust valves, is an example. This also 
has given extremely good results in laboratory tests.32,42 The beneficial 
effect of silicon when present in 18-8 and other chromium-nickel-iron and 
chromium-iron mixtures has also been pointed out.82 , 42, 52, 58, 66 

Tungsten in 18-8 seems decidedly beneficiaP2 Yet in the high nickel 
chromiu111 alloys there seems no benefit 85 through tungsten additions. 
Molybdenum in these high nickel alloys has in cases been without benefit 
and in other cases mildly beneficial,84, 85 

*Not tested in air. 
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Oxidizing gas carrying sulfur. 

Sulfur dioxide has essentially an oxidizing reaction on the chromium
nickel-iron alloys in the high temperature range, with the exception that the 
higher nickel alloys (over about 35%) are both sulfidized and oxidized in 
the range above approximately 13000 F. With the occurrence of su1fidiza
tion the usefulness of these alloys is lost. 

Chromium is the essential element in building up resistance against 
sulfur dioxide, either pure or in air mixtures, in the 10000 to 21000 F. range. 
The best behavior is offered by alloys with about 300/0 chromium. 'With 
more chromium some resistance is lost. vVith chromium at 30%, nickel 
contents from 0 to 35% do not alter resistance, though of course nickel is 
desirable for the sake of mechanical strength. As already stated nickel 
above 35% lessens resistance. 

The data in Table 192 32 describe behavior of typical alloys in continuous 
exposure for 24 hours in sulfur dioxide, at different temperatures. 

TABLE 192.-Cr Ni Fe vs. Sulfur Dio.'ride Gas. 

Weight Gain-Mg. per sq. dill. per day 

1292° F. 1472° F. 1652° F. 1832° F. 

Mild carbon steel ......... 980 4160 17,700 
8 Cr3 Si ............ , ... 52 120 450 320 

13.1 Cr 1.3 Si ............. 39 100 990 5800 
18.5 Cr ................... 45 54 82 140 
17.7 Cr 8 Ni ••••• o ••••••• 140 160 180 260 
17.7 Cr 7Ni4W , ........ 20 39 53 82 
10.9 Cr35 Ni I •• I ••••••••• 29 41 41 790 
11.7Cr60Ni ..... , ....... 33 500 5,500 9100 

These tests did not take into account the damaging effect of intermittent 
heating and cooling. The good behavior of the tungsten 18-8 is notable. 
The order of oxidation rate for this would seem to be 60 mg. per sq. elm. 
per day of metal oxidized at 1292° F., to about 240 at 18320 F. 

Reducing gases carrying sulfur. 
These gases 27,40, 72, 81, 102 characteristically sulfidize the chromium

nickel-iron alloys. The action is a far more damaging one than oxidiza
tion,72 and the upper temperature limits at which the alloys are useful are 
much more confined. Seven-day tests at 625 0 F. in a mixture of hydrogen 
sulfide and natural gas led to corrosion rates on the order of 300 mg. per 
sq. dm. per day on 14 Cr, 15 Cr 60 Ni and 20 Cr 80 Ni,40 Other tests at 
900° to 9500 F. led to penetration rates on the order of 120 to 160 mg. per 
sq. elm. per day for various stainless steels, and several times that for a 60% 
nickel alloy. 
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In Scholl's tests 81 in exposure at 900° F. for 28t hours the data ill 

Tahle 193 011 sui fur combined 'with the alloys were ohtained. 

TAIlW 193.-ChI'OI/l;1I1ll Allo:},s 7'S. IJydro{Jl!l! Slllfide. 

Metal 

:l:'I'Ii ld steel .............................. . 
8Cr ................................... . 

14 Cr ................................... . 
19 (r ................................... . 
25 Cr .................................. . 

18 Cr 75 Ni ............................ . 
13.8 Cr 62 Ni ........................... .. 
14.7 Cr 35 Ni ........................... .. 
11.3 Cr 30 Ni ............................ . 
17.3 Cr 25 Ni ........................... .. 
26.1 Cr 21 Ni ........................... .. 

Weight Gain 
:Mg. per sq. drn. per day 

2900 
2500 
1650 
530 
530 

5800 
2900 
2400 
1600 
530 
530 

A rate of 530 mg. weight increase, would correspond to somewhat over 
530 mg. per sq. elm. per day of metal sulfidized. Even at 9000 F. therefore 
only the better alloys of the group have reasonably good resistance. 

Tests made 21 in a zinc-roasting furnace have given interesting results 
with commercial heat-resisting alloys. The gases produced carried 5 to 6% 
sulfur dioxide, with condensed galena (lead sulfide) possibly present. The 
results are st1l111narized in Table 194. 

TABLE 194.-Chromimn Allo3's vs. Hot Sulfur Gases. 

Penetration Rate-In. per year 
24 Hours at 96 Hours at 

1922° F. 1652° F. 
25-30 Cr ......................... . 4.7-8.8 1.1-1.5 
22 Cr25 Ni ....................... . 11 ~3 
17Cr34Ni ...................... .. 14 33 
19Cr40Ni .. ' .................... . 8.8 4.0 
28Cr58Ni ....................... . 10.8 

Conditions within roasting furnaces are described by Brown.1o Rabble 
shoes operate in both reducing and oxidizing atmospheres high in sullur. 

Ammonia at high temperatures. 
In respect to ammonia atmospheres, Vanick 00 states that 16 Cr 15 Ni 

exposed for six months to a synthesizing ammonia atmosphere at 9520 F., 
under 1500 Ibs. per sq. in. pressure, was unusually resistant to the penetra
tion of gases, and consequent deterioration. Chromium irons behaved well 
likewise. Ammonia under these conditions is reducing and actively attacks 
most ferrous and non~ferrous metals by virtue of the highly penetrative 
capacity of hydrogen. 

The alloys have good resistance to nit riding conditions, involving the 
breakdown of ammonia.84,106 In European practice 25 Cr 20 Ni has been used 
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a great deal with success. According to Klouman 44 a minimum of 25 % 
nickel seems necessary to prevent decomposition of the gas by the con
tainer rather than by the metal intended to be nitrided. Harsch and Muller 30 

have reported that 12.5 Cr 62 Ni containers were very definitely more 
satisfactory than 13 Cr and 18-8. 

Carburizing boxes.44• 93, 100 

Carburizing is done at 14500 to 17500 F. The 15 Cr 35 Ni and 15 Cr 
60 Ni types are used very extensively for these boxes, with a normal life 
of 5000 hours and upward. The nickel largely prevents the absorption of 
carbon by the box. Deterioration on the inside is ordinarily no more rapid 
than oxidation on the outside. With high sulfur fuels it is customary to 
use 15 Cr 35 Ni, or alloys with lower nickel. Energizers of sodium salts 
are very damaging if allowed to escape to the outside walls .. 

Steam. 

Cr Fe and Cr Ni Fe have been found to be much less susceptible to 
steam embrittlement in the upper reaches of steam temperatUl'es than 
ordinary iron and steel. Fellows 10 has indicated the much greater rate 
of hydrogen evolution from steel superheater tubes as comparecl with 
16 Cr Fe operating in the same temperature range. According to Rummel 75 

superheater tubes of 18-8 with temperatures on the fire siele up to 12000 F. 
do not lead to serious breakdown of the steam. . 

Molten metals.S1 , sn, H,106 

The chromium-nickel-iron series are not as a rule useful in handling 
molten metals-tin, zinc, solder, babbitt, aluminum, brasses, etc. Lead 
is somewhat of an exception. Woodson 106 states that operating tempera
tures of 13000 to 1650° F. in the bath do not corrode the vessels rapidly if 
the lead is pure and cleaned daily, and that with proper care pots of 20 Cr 
66 Ni will usually give 3000 to 6000 hrs. life at 15000 F. He also states that 
small additions of impurities, such as bismuth, antimony, etc., appear to 
accelerate corrosion. Corrosion is more rapid at the surface· of the lead 
bath, 44 due probably to the slagging action of the lead oxide. The 15 Cr 
35 Ni and 20 Cr 66 Ni alloys are much alike in behavior.10Il 

Fused compounds. 
The heat-resistant alloys are used to a considerable extent in handling 

fused compounds in the heat treating of steel-, sodium, calcium, barium 
chlorides, cyanides, etc. With these corrosive action is more than appre
ciable, the nickel-bearing alloys behaving better than the straight chromium 
alloys. Ca~tstic soda or potash at very high temperatures is rapidly cor
rosive. Thus salts that may alter to caustic, such for instance as sodium 
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carbonate or cyanide, will destroy a heat-treating pot in short order if the 
salts work out of the container onto the very hot outer surface. 

Two-hour tests in various salts at 1472° to 1652° F.-calcium and 
sodium chloride, borax, sodium sulfate, sodium carbonate-have led to 
rates on the order of 1000 mg. per sq. dm. per day, and often greater. 
Rates as high as these would be entirely unacceptable in aqueous corrosion, 
yet with the heavy sections used in high temperature equipment and the 
llluch more rapid destruction of other materials, these rates often are 
within the acceptable range. 

CHROMIUM ALLOYS 

BIBLIOGRAPHY 

1. Anon., "Steels specially resistant to corrosion" (Third Edition) Thos. Firth 
& John Brown Ltd., Sheffield, Eng., (about 1930). 

2. Allon., "Resistance of Nirosta KA2 and KA4 against chemical attack," 
Pamphlet, Associated Alloy Steel Co., Cleveland (1930). 

3. Anon., "Mayonnaise report-What metals are suitable for mayonnaise plants," 
Canning Age (Nov., 1932) 566. 

4. Arness, 'vV. B. and J. N. Ostrofsky, "Corrosion resistance of iron-chromium 
alloys in various media," Tran.s. Am. Soc. Steel Treating, 20, (1932) 429-458. 

5. Bain, E. C., "The structures of the high chromium stainless steels and irons," 
A1I1. h'on Steel Insf., Yearbook (1930) 271-296. 

6. Bain, E. c., "Some fundamental characteristics of stainless steel," I. Soc. Cham. 
Ind., 51, (1932) 662-667, 683-690. 

7. 13ain, E. c., R. H. Abom and J. J. B. Rutherford, "The nature and prevention 
of inter granular corrosion in austenitic stainless steelS," Trans. Am. Soc. Steel Treating, 
21, (1933) 481-509. 

8. Bash, F. E., "Report of Committee 13-4 on High Temperature and Electrical
Resistance Alloys," Proc. Am. Soc. Testing Materials, 29-1, (1929) 245-251. 

9. Bellinger, E. St. P., "Chrome iron indispensable in nitric acid plant," Chem. 
1.1 et. Eng., 37, (1930) 691-692. 

10. Brown, R. E., "Engineering requirements and trends for metals in non-ferrous 
roasting, smelting and refining industries," Am. Soc. Testing Materials, Am. Soc. 
Mech. Engrs., Symposiulll OIl Effect of Temperature on Properties of Metals (1931) 
151-168. 

11. Christensen, A., "Ferro alloys in the sulfite mill," Paper Tmde I., 90, No.8, 
(1930) 266. 

12. Cor field, J. D., "Heat resisting alloys and their usc in the steel plant," Iron & 
Steel Eng., 6, (1929) 157-162. 

13. Cox, G. L. and F. L. LaQue, "Chromium-nickel-iron castings from sulfite 
service," Paper Trade I., 96, No. 18 (May 4, 1933) 30-36. 

14. de Fries, H. A., "Some properties of chromium-nickel steels," Pilip Paper 
Mag. Cali., 29, (1930) 295-297. 

15. Dickenson, J. H. S., "Some experiments on the flow of steels at a low red 
heat with a note on the scaling of heated steels," J. Iron & Steel Illst., 106, (1922) 
103-140. 

16. Fellows, C. H., "Dissociation of water in steel tubes at high temperatures 
and pressures," I. Am·. Water W01'l~s Assoc., 21, (1929) 1373. 

17. Friend,]. N., "Final report on the relative corrodibilities of various COlllmer
cial forms of iron and steel. Results of prolonged exposure to the atmosphere and 
general conclusions from all the tests," I. 11'011 & Sleel Inst., Carllegie Schola~ship 
M email'S, 18, (1929) 61-71. . 



CHROMIUM ALLOYS 327 

18. Friend,]. N., "The relative corrodibilities of ferrous and non-ferrous metals 
and alloys. Part III Final Report. The results of three years exposure at Southamp
ton Docks," 1. hut. Met., 48, (1932) 109-116. 

19. Friend,]. N. see 
. f'urs~r, J. and H. 1. Grose, "The deterioration of structures in sea water," 

Elg}!th (mterl11l) Report of Ihe COI1l1n. Insf. Civil Eng. (1928). 
20. Friend, J. N. see 

. . Pur.ser, J. and H. J. Grose, "The deterioration of structures in sea water," 
Nmth (I1lterml) Report of the C01ll1ll. III sf. Civil E'lg. (1929). 

21. Friend,]. N. see ' 
. Pur~er, J. and H. 1. Grose, "The de~erioration of structures in sea water," 

Tenth (!IIterml.) Repm'f of the Comm. Insf. CIvil Eng. (1930). 
22. Friend, J. N. see 

Purser, J. and H. J. Grose, "The deterioration of stmctures in sea water," 
Eleventh (interim) RejJort of the C01ll11l. Insf. Civil Eng. (1930). 

23. Friend, J. N. see 
Purser, J. and H. J. Grose, "The deterioration of structures in sea water," 

Thirteenth (interim) Report of the Comm. Inst. Civil Eng. (1933). 
24, Gebhardt, H. T. and H. H. Sommer, "The solubility of metals in milk. II. 

Submerged corrosion tests of various metals in milk," 1. Dair)' Science, 15, (1932) 
42-61. 

25. Geiger, G. F., "Higher alloys of chromium-nickel-iron," "The Book of 
Stainless Steels," Am. Soc. Steel Treatill,q (1933) 392. 

26. Gibbons, L. Vl., "Chromium-nickel alloys for sulfite equipment," Paper 
Tmde I. (1929) 61-63. 

27. Greenwood, l N. and A. J. Roennfeldt, "Corrosion of rabble in zinc roasting 
furnaces," Eng. Mining 1., 128, (1929) 851-852. 

28. Guertler, 'vV. and Vv. Ackermann, "Some tests on the stability of the purest 
chromium-nickel-iron alloys in acid," Z. M etallkultde, 20, (1928) 269-279. 

29. Guthrie, E. S .. "Determines the effect of milk on metals and glass," Milk 
Deale,', 18, (1929) 72-73, 136. 

30. Harsch, J. W. and J. Muller. "Nitriding containers-high nickel alloys best," 
!If etal P"ogress, 20, No.6, (1931) 41-44. 

31. Hase, R, "Resistance of chrome-nickel thermo-elements to molten metals," 
Z. Metallk1l1lde, 21, (1929) 200-203. 

32. Hatfield, W. H., "Heat resisting steels," J. ]1'on & Steel 11Ist., 1151 (1927) 
483-508. 

33. Heindlhofer, K. and B. M. Larsen, "Rates of scale formatioll on iron and 
a few of its alloys," Trall.r. Am. Soc. Steel Treatillg, Zl, (Oct. 1933) 865-895. 

34. Hesscnbruch, 'vV. and W. Rohn, "Nickel chromium resistance alloys and 
their life tests," M etallul'gia, 8, (1933) 181-188. 

35. Hostettler, L. VI., "Allegheny metal in the dairy industry," Eighth A1tn1!al 
Report, Pennsylvania Assoc. Doh·), & Mil& Inspectors (1932) 126-137. 

36. Houdremont, E. and V. Ehmckc, "Heat resisting steels," Krupp. MOllatsh. 
(July, 1929) 79-94. 

37. Hunziker, O. F., W. A. Cordes and B. H. Nissen, "Metals in dairy equip
ment. Metallic corrosion ill milk products and its effect 011 flavor," 1. Da~I'Y Scimce, 
12, (1929) 140-181. 

38. Hunziker, O. F., W. A. Cordes and B. H. Nissen, "Metals in dairy equip
ment. Corrosion caused by washing powders, chemical sterilizers and refrigerating 
brines," J. Dairy Science, 12, (1929) 252-284. 

39. Imhoff, W. G., "The destructive action of molten zinc at and above zincing 
(galvanizing) temperatures upon metals and alloys," Am. Metal Market, 35, Sect. 2, 
(Fri. Dec. 6, 1928) 10-13. 

40. International Nickel Company Inc., Published and unpublished data. 
41. Johnson, C. M., "Corrosion Symposium," Proe. A1II. Soc. Testing Materials, 

24-1I, (1924) 239-242. 
42. Johnson, J. B. and S. A. Christiansen, "Characteristics of material for valves 

operating at high temperatures," p,·oe. Am. Soc. Testing Materials, 24-II, (1924) 
383-400. 



328 CORROSION RESISTANCE OF METALS AND ALLOYS 

43. Kayser, J. 1., "Heat and acid resisting alloys, nickel-chromium-iron," Trails. 
Famday Soc., 19, (1923) 184-195. 

44. Klouman, H., "Heat treating equipment," "The Book of Stainless Steels," 
Am. Soc. Steel Treating, (1933) 536-543. 

45. Kosting, P. R. and C. Heins, Jr., "Corrosion of metals by phosphoric acid," 
Ind. Ellg. Chem., 23, (1931) 140-150. 

46. Lee, J. A., "Heavy chemicals," "The Book of Stainless Steels," Am. Soc. 
Steel Treating, (1933) 493-502. 

47. McAdam, D. J., Jr., "Corrosion fatigue of metals as affected by chemical 
composition, heat treatment and cold-working," Am. Soc. Steel Treating, 11, (1927) 
355-379. 

48. McAdam, D. ]., Jr., "Influence of stress 011 corrosion," Am. Illst. Mining Met. 
Ellg., Tech. Pub. 417 (1931) 39 pp. 

49. McKay, R. J" "Chromium-nickel as a corrosion-resistant alloy," Metals &; 
Alloys,4, (1933) 177-180,202-204. 

50. McMYIl, J. W. and V. Edge, "Acid resisting metals-a few comparative 
tests," I. Soc. Chem. Ind., 50, (1931) 474. 

51. MacQuigg, C. E., "Chro111ium alloys in chemical plant apparatus," Trans. 
Am. Inst. Chem. Eng., 18, (1926) 37-43. 

52. Mathews, J. A., "Recent developments in corrosion resistant and heat resistant 
steels," Ind. Eng. Chem., 21, (1929) 1158-1164. 

53. Mathews, J. A., "Cause and cure of intergranular corrosion in austenitic 
steels," 1. Am. Welding Soc., 11, (Apr. 1932) 23-27. 

54. Miller, J. D., and others, "Tests of regular and stabilized 18-8 alloy welds 
ill sulfite liquor," Paper Trade 1. (Aug. 31, 1933). 

55. Miller, J. L., "An investigation of certain corrosion-resistant steels. 1. 
Alloys for use in contact with sulfuric acid," Iron &; Steel Inst., Carnegie Scholarship 
Memoirs, 21, (1932) Ill-lSI. 

56. Mitchell, W. M., "Stainless iron nitric acid equipment," Illd. Eng. Chem., 21, 
(1929) 442-445. 

57. Mohr, W. and R. Kramer, "Metal solubility in whole milk," Physih. Insl. 
prCllss. Vel'sllchs ulld Forschungsanstalt Milchwirtschaft in I(iel (Nov. 23, 1932). 

58. Monypenny, J, H. G., "Corrosion resisting steels in the artificial silk industry. 
Their resistance to sulfuric acid," Rayon Record, 2, (1929) 488-491, 631-635. 

59. Monypenny, J. H. G., "Corrosion resisting steels in the rayon industry. 
III. Their response to acetic acid," Rayon Record (May 16, 1930) 521-525. 

60. Monypenny,]. H. G., "Stainless iron and steel," Chapman & Hall, Ltd., Lon
don, 1931, Second Edition. 

61. Mrak, E. and W. V. Cruess, "How food products corrode metals," Food 
Ind., 1, (1929) 559-563. 

62. Newbery, K, "The electrode properties of stainless steel," Trans. Am. Elec
trochcm. Soc., 58, (1930) 53-56. 

63. Pfeil, L. B. and D. G. Jones, "A contribution to the study of the properties 
of austenitic steels," I. Iron & Steel Insl., 127, (1933) 337-338. 

64. Pilling, N. B., "Some effects of nickel content in austenitic iron-chromium
nickel alloys," Proc. Am. Soc. Testing Materials, SO-II, (1930) 278-290. 

65. Pilling, N. B. and D. E. Ackerman, "Resistance of iron-nickel-chromium 
alloys to corrosion by acids," Am. Inst. Milling Met. Eng., Tech. Pub. 174, (1929) 3-33. 

66. Pilling, N. B. and R. Worthington, "The effect of temperature on some prop
el'ties of iron-chromil1tn-nickel alloys," Am. Soc. Testing Materials, Am. Soc. Mech. 
Eng. Symposiwnt on Effect of Temperature 011 Metals (1931) 495-550. 

67. Porney, J. and P. Voulet, "Contribution to the" study of corrosion-resistant 
steels for the chemical indllstry," CMm. et indo Special No. (March 1930) 212-226. 

68. Pomey, J" P. Voulet and G. Very, "Corrosion of stainless steels-applica
tion to pickling," Chim. et indo Special No. (March, 1932) 366-389. 

69. Portevin, A. and A. Sanfourche, "The attack of common metals by phos
phoric solutions," Compt. rend., 192, (June 15, 1931) 1563-1565; "The corrosion of 
industrial metals and alloys by phosphoric solutions," Chhn. et indo Special No. (March 
1932) 360-365. 

70. Quam, G. N., "Solubility 01 metals in milk," Illd. Eng. Chem., 21, (1929) 
703-704. 



CHROMIUM ALLOYS 329 

71. Quam, G. N., "Hypochlorite corrosion," Food Jud., 2, (1930) 121-122. 
72. Rickett, I{. L. and W. P. Wood, "The action of oxygCll lind hydrogen slIllidc 

upun iron-chromiulll alloys at high temperatures," Tl'mls. Am. ,";oe. Stcl'[ Tl'mtilllj 
(1934) 347-379. 

73. Rohn, \V., "Colllparative iest on the oxidation of chromiull1-nickel alloys at 
high temperatures," Elektrotech. Z. (1927) 227-230, 317-320. 

74. Rollason, E. C., "Intcrgranular corrosion of IS-S austenitic stainless steels," 
I. 11'011 &: SteeIIlIst., 127, (1933) 391-414. 

75. Rummel, J. K., "Corrosion by superheated steam," Iroll Age, 124, (1929) 
p.1525. 

76. Sanfourche, A. and A. Portevin, "A peculiar form of corrosion in austenitic 
chromium-nickel steels," Compt. rmd., 194, (May 17, 1932) 1741-1743. 

77. Sauvageot, M. and L. Lauprete, "Attack of stainless steels by COlllIllon acids," 
Chim. et indo Special No. (1930) 227-231. 

78. Scharschu, C. A., "1S-8-Effect of composition and heat treatment on prop
erties," "The Book of Stainless Steels," Am. Soc. Steel Treating (1933) 323-338. 

79. Schmidt, M. and O. Jungwirth, "Hot shortness and intercrystalline corro
sion of austenitic chromium-nickel steel," Korrosion II. 111 etailse/zut::; (Nov. 1933) 
293·302. 

80. Schmitz, F., "Resistance of special steels to chemical action as affected by 
carbon, nickel and chromiu!!l content," Z. Metallllllnde. 21-II, (Feb. 1929) 64-65. 

81. Scholl, VV., "Test results quoted in paper by H. J. French," TrailS. Am. Elec
trochenz.. Soc., 50, (1926) 47-81. 

82. Schulz, E. H. and W. J enge, "Chemically l'esbtant alloys and their proper
ties," Z. Metal/kunde, 18, (1926) 377-388. 

83. Searle, H. E. and R. Worthington, "Caustic alkalies vs. nickel and its alloys," 
International NiC/lel CO. [tIC. Bnll. T-6. 

84. Sergesoll, R. ;!nd H. ]. Dea.l, "Further investigations in llitriding," TrailS. 
Am. Soc. Steel Treating, 18, (1930) 474-513. 

85. Smithells, C. J.. S. V. \tVilIiams and]. \tV. Avery, "Laboratory experiments 
on high temperature resistance alloys," I.hlst . .Met., 40, (1928) 269. 

86. Stanbery, L. J.. "Heat resisting alloys in furnaces," lIeat Treating & Forg
ing, 16, (Aug. 1930) 1031-1035. 

87. Strauss, B., "The electrochemical behavior of non-rusting steels," Stahl H. 

Eisen, 45, (1925) 1198-1202. 
8S. Strauss, B., "Rust-resisting stcel V2A, and apparatus cOllstructed thereof," 

Krupp. Monatsh., 6, (1925) 149-157. 
89. Strauss, E., "Non-ruGting steels," Z. Elektrochem., 33, (1927) 317-321. 
90. Strauss, B., H. Schottky and J. Hinniiber, "Carbide precipitation during 

drawing of corrosion resistant non-magnetic chromium nickel steel," M alals &; Alloys, 
1, (1930) 785-787. 

91. Strauss, J, and J. W. Talley, "Stainless steels-their heat-treatment and 
resistance to sea water corrosion," PI'OC. Am. Soc. Testing Materials, 24-11, (1924) 
33-74. ' , 

92. Summers, D. S. and J. D. Corfield, "Chromium-nickel castings in the sulfite 
industry," Paper Trade J., 103, (1931) 37-3S. 

93. Sutton, R, "A study of some causes of failure in heat resisting alloys," 
Trans. Am. Soc. Steel Treating, 12, (1927) 221-234. 

94. Thompson, E. c., R. P. Mears, H. E. Searle and F. L. La Que, "Metals and 
condensed milk," Ind. Eng. Chem., 25, (1933) 1311-1318. 

95. Thurn, E. E., "The Book of Stainless Stec!s," Am. Soc. Steel Treati/,g, 
Cleveland, 1933, 631 pp. . 

96. Titus, A. C., H. B. Elkins, H. G. Finn, L. T. Fairhall and C. K. Drinker, 
"Contamination of food cooked or stored in contact with nickel-chromium-iron alloys," 
J. Ind. H'jlgiene, XII No.8, (1930) 306-313. 

97. Trebler, H. A., W. A. Wesley and F. L. LaQue, "Corrosion of metals by 
milk," Ind. Eng. Cham., 24, (1932) 339-350. 

. 9S. Utida, Y. and M. Saito, "Oxidation of metals and alloys at high tetnpera~ 
tures," Science Repts., Tohoku Imp. Univ. Series I, 13, (1925) 391-399. 

99. Yanick J. S., "Deterioration of some metals in hot reducing ammonia gases," 
Proc. Am. Soc. 'Testing Materials, 24-II, (1924) 348-372. 



330 CORROSION RESISTANCE OF METALS AND ALLOYS 

100. Wesley, W. A. and F. L. LaQue, "The galvanic behavior of a chromium
nickel-iron alloy in sulfite liquors," Tech. Assoc. Pnlp Paper Ind. Rep. (1931) 44-49. 

101. Wesley, W. A., H. A. Trebler and F. L. La Que, "Galvanic corrosion (milk)," 
Trans. Am. Electrochem. Soc., 61 (1932) 459-475. 

102. White, A. and L. F. Marek, "Corrosion of mild steel and alloys by hydro
gen sulfide at 500 0 C. and atmospheric pressure," Ind. Eng. Chem., 24, (1932) 859-861. 

103. Whitman, W. G. and R. P. Russell, "The acid corrosion of metals," Ind. 
Eng. Chem., 17, (1925) 348-354. 

104. Wills, W. H. and J. K. Findley, "Some factors affecting the physical 
properties and corrosion resistance of 18-8 chromium-nickel steel wire," Paper, 15th 
Annual Cony. Am. Soc. Steel Treating, Detroit, (October 1933). 

105. Winton, R. P. (Chm.), "Report of Committee XVI-Applicatioll of cor
rosion resisting material to railroad electrical construction," Am. Railway Assoc., Sig-
1Ial, Section (1933) 106. 

106. Woodson, J. c., "Engineering requirements and trends for metals in the 
ferrous metal industries," A1II. Soc. Testing Matel"ials, Am. Soc. J'v[ echo Eng. Sym
posium on Effect of Temp. on Metals (1931) 112-139. 



Chapter XV 

Chromium Plate 

The effectiveness of chromium as an ornamental plating on steel and 
non-ferrous metals is plainly evident in the trim of motor-cars, in plumbing 
fixtures, and in innumerable other uses to be seen on every hand. Though 
not so well known to the layman, chromium plated tools, dies, etc., are 
already in rather common use, the layer of chromium supplying a smooth 
and hard surface that gives better results for many purposes than the 
unplated tool steel. There also is the field of use for chromiu111 plate in 
which its value lies in resistance to corrosive conditions other than the 

. atmosphere. The low coefficient of friction and the non-wetting property 
of chromium in contact with water and molten metals are further reasons 
for its use. 

Metallic chromium up to now has been produced on a commercial scale 
only as an electroplate. The details of the different methods by which 
chromium can be plated and is being plated vary considerably, but the 
better practices in common use are similar in essentials; the chromium is 
plated fro111 a chromic acid solution, containing a small amount of 
chromium sulfate, the energy being supplied by an electric current impressed 
between an insoluble anode and the object being plated as a cathode. 

The conditions used in chromium plating* are far more uniform than 
those used with nickel plating. For practical purposes it may be assumed 
that the concentration of chromic acid is always between 200 and 400 grams 
per liter and the ratio of chromic acid to sulfate from 100 to 200. Occasion
ally solutions containing fluoride or fluosilicate, instead of sulfate, are 
used. The temperature is usually between 95 and 1200 F., and the current 
density between 75 and 200 amperes per sqnare foot (8 to 21 amperes per 
sq. dm.). Occasionally, especially for very thick deposits, temperatures up 
to 165 0 F. and current densities up to 1000 amperes per sq. ft. (110 amperes 
per sq. dm.) are used. 

* \V. Blum, lIrivate ClllllIllent. 
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STRUCTURAL CONSIDERATIONS 

Chromium is plated in a commercial way on all kinds of iron and steel
carbon and alloy steels, case-hardened steel, cast iron, etc.-on copper, 
brasses, bronzes, nickel, nickel-copper alloys, on aluminum, zinc, cadmium 
plate. With some metals as base the results are better, for various reasons, 
than with others. Chromium plate intended primarily as an abrasion 
resistant requires a hard base, such as case-hardened steel; the chromium 
is plated directly 011 the steel. Where good appearance in indoor atmospheric 
exposure is the sole requirement, the base may be any metal. For outdoor 
exposme the base is usually copper 01' its alloys or steel. In plating steel 
for outdoor exposnre, e. g. automobile radiator shells, underlying coats of 
nickel and copper or nickel alone are essential, these serving a double pur
pose ;-(1.) for the Lest results chromium must be plated on as highly 
buffed a surface as consistent with cost, this being more effectively obtained 
by Dtlffing nickel and copper than steel; (2.) underlying coats give a much 
more corrosion resistant product. Likewise preliminary layers of nickel 
are frequently applied, before chromium plating, to brass, copper, and 
aluminul11 as base metals. 

The thickness of chromium deposits varies from mere flash coatings 
up to over .001 inch. Deposits around .001 inch are usually not considered· 
satisfactory because of relatively pOOl" adherence and a tendency to crack. 
In present-clay practice thicknesses of .00005 to .0001 inch are common 
for outdoor exposure; flash platings of .00001 inch and less are short-Jived 
as protectives in outdoor exposure, though relatively satisfactory indoors. 
Underlying coats of nickel, or nickel and copper, on steel range up to about 
.001 inch in thickness, with the better results obtained with the thicker 

"deposits. Preliminary nickel1ayers on brass and copper are usually .001 to 
.0003 inch; a greater thickness is applied to zinc base die castings. 

In C0111mon with electroplated deposits of other metals, chromium 
layers characteristically are porous and often carry a fine network of 
cracks. Although these are apparent defects fro111 the standpoint of cor
rosion resistance, it must be kept in mind that the advantages of chromiull1 
plate have achieved recognition in spite of the existence of porosity and 
cracks. 

The continuity and effectiveness of chromiul11 deposits are tested by 
various methods. The salt-spray test is commonly used for plated steel 
articles; the time that it takes for rust to appear and the characteristics of 
appearance are observed. This method gives a very rough idea only of the 
life that may be expected of the article. A period of 80 hours before 
rusting in the salt spray has been more or less arbitrarily chosen in one 
case as a desideratum for automobile parts, and plate has been produced 
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that will stand periods of 120 hours and even greater withont signs of 
rusting. The conditions of exposure in the salt-spray test arc severe, mllch 
more so than in ordinary atlllospheres; its usefulness lies principal1y in 
comparing Olle specimen with another rather than in rreclicting behavior ill 
atmospheric exposure. 

The copper deposit test indicates areas on a chromium plated article 
where underlying steel or nickel is exposed, since copper does not plate 
out on chromium from a copper sulfate solution. In the hydrogen sulfide 
test the nickel exposed at discontinuities in the chrome layer becomes black 
and plainly visible, and in the ferricyanide test areas where underlying steel 
is exposed are indicated by the solution turning blue. 

Baker and Pinner 1 investigated the protective value of chromium-plated 
steel, both with and without underlying layers of nickel and copper, using 
the salt-spray, copper and ferricyanide tests. The evidence from these 
tests that combination coats give better results than a coating of chromium 
alone is indisputable. In fact the authors drew the conclusion that "the 
protective value of a composite coating depends largely on the protection 
afforded by the underlying coats." In interpreting this conclusion it is 
necessary to keep in mind that the criterion of protective value referred to 
is the number of hours in the salt spray required for the specimen to become 
noticeably rusted. This criterion is but one of those involved in the prac
tical use of chromiulll plate, another being the durability of the coatings 
themselves; fr0111 the latter standpoint chromium inherently is bettcr than 
either copper or nickel. 

Baker and Pinner found also that the nature of the combination layers, 
and the thickness of the layers individually, influenced the protectiveness. 
This is summarized in the following diagram. (Fig. 51). 

By means of the copper-deposition test, it was found that in the case of 
chromium-plated steel with an underlying nickel layer, chromium deposit~ 
up to .000013 inch showed numerous fine round pores that decreased pro
gressively in number with increase in thickness. Deposits above about 
.000017 inch in thickness carried fine cracks that became more pronounced 
with increase in thickness. The best protection offered by the chromium 
in the salt-spray tests was in the range of thickness where both the pores 
and cracks were at a minimum. 

In studying the porosity of chromium plating on nickel, in thicknesses of 
chromium up to .(lOCHS inch, Baker and Rente 2 established the existence 
of a point of minimum porosity for all bath compositions and temperatures 
investigated. Porosity as indicated by the copper deposition method varied 
in its nature and distribution with thickness of chromium: "With a thin 
deposit of chromium, the copper deposit is in the form of spots that are 
tiny, and evenly distributed over the surface. As the thickness of 
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FIGURE 51. Chromium Plate ys. Salt Spray. Thickness of plate 
as follows: 

1 Chron.iulU-O.OOOOO2 to 0.00066". 
2 Chromium-O.OOOO02 to 0.00066". 
3 Chromiuru-O.OOOO13", On nickel-O.OOO04 to 0.00088". 
4 Chromium-O to O.DOO26", over nickcl..-{l.OOO26". 
5 Chromium-il to 0.00026", oyer "cyanide" copper-o.OOO29". 
6 Chromiuru-O to 0.00026", OYer copper-O.OO026", oyer nickel-G.OOO18". 
7 Chromium-O to 0.00026", OYer nickel-Q.OOO26", OYer copper-Q.OO(J()94", Oyer 

llickel--<J.OOOO88". 
8 Chromium-ll to 0,00026", over nickcl-O.OO035", oyer copp~'-O.OO028", oyer 

llickel-(J,000!8''. 

chromium is increased, the spots seem to group themselves in twos and 
threes. As the thickness of chromium is further increased the spots begin 
to arrange themselves in short wavy lines consisting of four or five spots 
in a line. These lines grow to a considerable length, containing 12 to 20 
spots. They then break in pieces, and lines are :formed at angles to these 
shorter lines. 

"The crooked lines so formed tend to gather in bunches or tangles 
with more or less free space between the bunches. These bunches, up to 
the limit of the experiments, seem to get Ilmch denser and farther apart 
with increasing thickness of chromium." 
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Davies and Wright 6 tested chromium-plated brass, phosphor bronze, 
copper and steel in the spray of sodium chloride (2.4ro) and sulfuric acid 
(.05 normal) respectively, the thickness of the chromium being .0001, .0005, 
.001, and .002 inch. In 336 hours total exposure, during 103 hours of 
which the spray was applied, the non-ferrous base specimens were in good 
condition, with no variation in behavior with thickness of the plate. 'The 
chromium on the steel specimens afforded but poor protection, regardless 
of thickness, the initial pin-points of corrosion tending to grow laterally 
rather than in depth. 

Blum, Barrows, and Brenner 4 found that, when plated <1:t higher tem
peratures (131 0 and 149 0 F.), chromium deposits reached a certain degree 
of porosity which did not increase with an increase in thickness. 

PASSIVITY * 
The corrosion resistance of chromium is due to its capacity to become 

and remain passive, a characteristic that chromium has in much greater 
degree than other metals. For the development and maintenance of this 
passive condition exposure in oxidizing substances is necessary; in fact 
the com111only accepted explanation of the passivity of chromium is the 
existence of a protective layer of chromium oxide. Among the exposure 
conditions in which chromium is passive are most if not all neutral reacting 
solutions (atmosphere, water, salt solutions) and many acid-oxidizing solu
tions. Chromium is or becomes active in acid solutions of relatively high 
acid strength and low oxidizing capacity. Without the protection of the 
oxide, the disintegration of chromium is rapid. In hydrochloric or sulfuric 
acid for instance the attack is rapid. 

The corrosion resistance of chromium, dependent on the presence of the 
oxide, is destroyed when the oxide is dissolved or damaged. 

Two-ME.TAL GALVANIC CORROSION 

In its galvanic relationships, chromium in the passive state acts as a 
very cathodic (noble) metal. It is only in exposure conditions where 
chromiu111 is in the passive state that it finds commercial use. In galvanic 
couples of passive chromiul11 and iron, the iron tends to suffer accelerated 
corrosion in the presence of aqueous solutions, e. g. water and 1110ist atmos
phere. The chromium tends to remain unattacked. Chromium-plated steel 
carrying pin-holes and without an intermediate layer of other metal, char
acteristically bleeds rust through the pin-holes, in exposure to the weather. 
The size of the holes in the chromium does not seem to increase nor is 
there a tendency for the chromium to become loosened, even over a long 

* See chapter on Chromium Alloys for discussion of passivity. 
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period of exposure. The importance of decreasing the porosity of chromium 
plate on steel is obvious, and it is due ill part to this galvanic relationship 
and to the fact that porosity in chromium layers is never entirely eliminated 
that in usual procedure intermediate layers of copper and nickel are applied. 
Although in galvanic couple with either nickel or copper, chromium is 
cathodic as it is with steel, the tendency for either nickel or copper to 
suffer accelerated action is largely negligible and for the most part prob
ably non-existent in exposure to the atmosphere and to water. In exposure 
to acid solutions the tendency for nickel or copper to suffer is pronounced, 
and until porosity of chromium plate is entirely eliminated its usefulness 
in handling acid solutions must necessarily remain limited. 

In couples of chromium with aluminum, zinc, and cadmium, chromium 
likewise is cathodic. Whether the other metals will suffer accelerated attack 
in normal atmospheric exposure is problematical; certainly the film-forming 
characteristics of these metals would tend to repress such acceleration and 
might prevent it in most cases. 

AQUEOUS CONDITIONS 

In outlining the behavior of a chromium-plated article to aqueous con
ditions it is convenient to make a distinction between the behavior of the 
chromium itself, the behavior of the base metal, and the behavior of possible 
intermediate layers of nickel or copper. It is necessary further to keep 
in mind that the thickness of the layer of chromium is almost always well 
under .001 inch and commonly is on the order of .00002 to .0001 inch, and 
that of intermediate layers of nickel and copper seldom more than .001 inch. 
The limits for chromium are set by such factors as adherence and cracking 
tendency rather than by cost considerations. Chromium plate, therefore, 
can have practical virtue as a corrosion-resistant material only under condi
tions where the corrosion rate of either the chromium deposit or the inter
mediate layers is very low. Where these corrosion rates are low the pro
tective value then depends 011 how nearly free from porosity the plate may 
be. Although conditions in which a metal has almost absolute resistance 
to corrosion are relatively few, it seems to be true that the resistance of 
chromium to the atmosphere approaches the absolute. This of course is its 
raison d' etre as a decorative. Piersol 17 has stated that it is reasonable to 
expect a life of 5 years for chromitlm-plated automobile trimmings and 
ten years for plumbing fixtures. These limits are determined, not by cor
rosion of the plate, but rather by mechanical failure of the plate, and cor
rosion of the metal on which the chromium has been plated. Automobile 
trimming is exposed only intermittently to the weather and usually is 
wiped from time to time. Plumbing fixtures are exposed indoors. 
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The most important contribution to knowledge, to date, of outdoor 
behavior of chromium plate is the exposure tests in which the American 
Electroplaters' Society, The American Society for Testing Materials, and the 
National Bureau of Standards have cooperated. Blum, Strausser and 
Brenner G have given a description of these with the results at the end of 
18 months. Three types of exposure were used: (1.) marine, at Key 
West, Fla., and Sandy Hook, N. I., (2.) industrial, at New York City and 
Pittsburgh, (3.)suburhan or rural, at \~Tashington, D. c., and State College, 
Pa. The authors concluded as foHows : 

(1.) A very thin deposit of chromium, such as .00001 in., usually reduces 
the protective value of composite nickel and copper plate and pacrticularly 
pure nickel plate. Chromium coatings about .00002 to .00003 in. add very little 
to the protective value, but maintain their bright appearance owing to the 
resistance of the chromium to tarnish. Relatively thick chromium coatings, 
.00005 to .0001 in., improve the protection against corrosion particularly in an 
industrial atmosphere. . 

Specimens plated to a total thickness of .001 in., one series with a nickel 
underlayer and chromium surface, and the other series with copper and 
nickel underlayers and chromium surface gave results as listed in Table 195 
in 18-months exposure. 

TA.BLE 195.-Chr011liu1Il Plate VS. At1llosphere. 

State College ........................ . 
Washington ......................... . 
Key 'Nest ......................... · .. 
Sandy Hook ......................... . 
New York ........................... . 
Pittsburgh ........................... . 

Ni-.DOl" 
Cr-.D0002" 

98 
94 
58 
Sl 
72 
23 

Cu-.0005" 
Ni-.0005" 
Cr-.00002" 

97 
95 
40 
46 
68 
20 

The heavy corrosion at Pittsburgh as compared with New York, and the 
moderately heavy corrosion at the sea coast as compated with that at the 
rural locations are to be remarked. The higher the score the better the 
behavior, ill accordance with the following relation. 

Per Ccnt 
Score 
100 
80 
60 
40 
20 
o 

Per Cent of Surface 
Rusted 

o 
0-5 
5-10 

10-20 
20-50 
50-100 

In other types of exposure information 011 the behavior of chromium is 
meager. In salt solutions and water its resistance seems to be remarkably 
high. In strongly oxidizing acid solutions it is definitely good, but against 
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acids that are 110t strongly oxidizing-comprising 1110st acid solutions
chromium does not stand up. In considering the durability of a chromium
plated object as a whole against acids we are confronted with the fact 
that nickel and copper, and any of the metals that may be used as the base 
metal or as intermediate layers, are acted upon in a degree that must be con
sidered fairly rapid in view of the thinness of these intermediate deposits. 
There is too the further consideration, already mentioned, that base metal or 
intermediate layers exposed at discontinuities in the chromium may suffer 
accelerated galvanic attack. 

Several quantitative tests have been made on the behavior of solid 
chromium in acid solutions. From these it can be concluded that hydro
chloric, sulfuric, and acetic acids are characteristically strongly corrosive 
and that nitric even in fairly high concentrations may be corrosive. In 
Table 196 10 chromium was immersed in quiet acid at 59° F. for 24 hours. 
The chromium was not electrolytic but cast. 

TABLE 196.-Chro1lliuIH vs. Acids. 

Hydrochloric, cOile. . ....................... . 
Nitric, 320/0 .•..........•......•............ 
Sulfuric, 170/0 ...................•........... 

Mg. per sq. 
dm. per day 

20,000 
60 

140 

In the tests 21 ill Table 197, 99.8'10 pure solid chromium, likewise not 
electrolytic, was immersed 2-+ hours in colel acid and 1 hour in hot. 

TABLE 197.-Chromiu1ll c's.10% Acid Sollttiolls. 

Mg. per sq. dm. per day 
Cold Hot 

Nitric ............................ . 
SL1lfuric .......................... . 

13 <24 

Hydrochloric ...................... . 
Acetic ............................ . 

10 1,000,000 
77,000 3,000,000 

130 720 
Phosphoric ....................... . <1 <24 

Schwartz 22 exposed chromium-plated steel specimens to air saturated 
with gases held in closed containers, for 192 hours, with the weight losses 
shown in Table 198. 

TABLE 198.-Cilro11lill1ll Plate (Steel) z's. Moist Gases. 

Ammonia vapor ......................... . 
Hydrochloric fumes ..................... . 
Nitric fumes ....•....•................... 
Hydrogen sulfide fumes ................. . 

Mg. per sq. 
dm. per day 

<27 
350,000 

3,200 
+ 

Of course it was the steel base that yielded these rates. It is likely that 
nitric fumes have no specific action on chromium itself, yet chromium plate 
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cannot be expected to protect any base if the metal used for the base has not, 
in itself, reasonably good resistance to the corrodent. 

In qualitative tests, Schwartz further observed that chromium-plated 
iron exposed for weeks to the corrosive atmosphere of a laboratory "vas 
apparently unaffected, and that when immersed in tap water for three 
weeks there was no evidence of corrosion or loss in luster. A specimen 
immersed in boiling concentrated nitric acid for two hours remained appar
ently unaffected. The thickness of the layer was not stated. 

Enos 8 has compared the behavior of steel with chromium-plated steel 
in exposure to the outdoor atmosphere and to distilled water respectively. 
The weight losses of the plated specimens were high jf the action that took 
place was concentrated on the iron exposed at pores or cracks. The con
clusion is inevitable that these specimens had unsatisfactory behavior. 
See Table 199. 

TABLE 199.-Chl'omiu1II Plate vs. Atmosphere, iYatel'. 

Mg. per sq. dm. per day 
Outdoor Distilled Water 
47 days 21 days 

Steel ............................. . ? 25 
Chromium-plated steel ............. . .3 5.8 

Murakami 15 has tested chromium-plated steel, copper, and brass speci
mens under various conditions. ErieHy, his results indicate good resistance 
of chromitull plate to the atmosphere and poor resistance to some strong 
acids. Chromium-plated specimens exposed in various atmospheres gave 
the results in Table 200. The current used in plating was 15 to 20 amperes 
per sq. dm. 

Atmosphere 

Hydrogen sulfide 
Outdoors .......... . 
Laboratory ........ . 
Laboratory ........ . 
Outdoors .......... . 
Laboratory ........ . 
Outdoors .......... . 
Hydrogen sulfide ... . 
Laboratory ........ . 
Laboratory ........ . 
Outdoors .......... . 
Laboratory ........ . 

TABLE 200.-Chromim1Z-Plate E.vposure. 

Base 

Iron 
Iron 
Iron 
Iron 
Iron 
Iron 

Copper 
Copper 
Copper 
Copper 
Brass 
Brass 

Plating 
time 

10 min. 
10 min. 
10 min. 

20-30 min. 
20-30 min. 

over 30 min. 
10 min. 
10 min. 
10 min. 
30 min. 
10 min. 
30 min. 

Testing 
time, days 

7 
24 
24 
26 
25 

over 180 
43 
43 
43 

over 180 
43 

over 180 

Change 

Rust 
Rust 
Rust 

No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 
No change 

The great difference in behavior between specimens of chromium plate 
of different producers is a point that must always be kept in mind when 
interpreting behavior, both qualitative and quantitative. Some expression 
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of this variable is afforded in the results of tests 011 the effect of rubbing 
chromium plate with cleanersY: Yellow brass pipe carrying .00015 in. plate 
of nickel and .000009 in. plate of chromium began to show brass after 1 
hour 15 min. of rubbing. A red brass fitting, product of another plater 
carrying .000055 in. chromium, after 6 honrs rubbing was only very lightly 
scratched, brass showing in a few very small spots. The difference was 
due of course not to a difference in quality of the plate. The example illus
trates, however, the order of difference that may be expected if the part is 
not ordered to a definite specification as to thickness of the plate. 

Similar specimens were further tested by suspending in a urinal for 43 
days. On subsequent scouring with a moderately abrasive scouring powder 
a few small groups of tiny spots where chromium had been removed appeared 
on the yellow brass specimen, and a very large number of spots on the red 
brass specimen. 

Chromium-plated automobile parts, marine hardware and plumbing 
fixtures have now been in use for years. Although the behavior in cases 
have been unsatisfactory, the important point is that in a great many cases 
the results have been perfectly satisfactory. 

In sea water submersion tests, according to Sutt0l1,23 chromium deposits 
.0015 to .0025 inch thick direct on steel led to severe pitting of the steel at 
points over the surface. 

McAdam 14 compared the behavior in corrosion fatigue of an alloy 
spring steel and the same material plated directly with chromium, the 
exposure condition being a stream of fresh water. No definitely better 
behavior was observed for the plated specimen. In view of the probable 
discontinuities in the plate and the tendency for the concentrated stress set 
up by bending to rupture the coating, this is not surprising. Honegger 
(see Reference 9) likewise found little if any benefit of chromium plate on 
steel in steam or water, uncler fatigue stresses. 

ELEVATED TEMPERATURES 

Chromium as an alloying element in iron and nickel has notably good 
high-temperature properties; by this is meant that the rate of penetrating 
deterioration of these alloys, thanks to the chromium, in exposure to gases 
at high temperatures is extremely low. This subject is covered in another 
chapter. 

In oxidizing gases chromium, according to Humphries,12 does not tarnish 
or heat tint in the range below about 6500 F. 

A useful survey of the behavior of chromium in hot gases has been 
made by Hatfield.ll He exposed specimens of cast 98.1 % chromium to a 
number of conditions, with the results shown in Table 201. 
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TABLE 201.-Chromium VS. Hot Gases. 

Oxygen .................. . 
Steam ................... . 
Carbon dioxide ........... . 
Sulfur dioxide ............ . 

1292° F. 

47 
5 

27 
16 

Gain in weight 
Mg. per sq. dm. in 24 hrs. 

1472° F. 1652° F. 
97 220 
37 117 
34 130 
39 320 

341 

1832° F. 

630 
210 
308 
360 

Assuming the oxidation product to be chromic oxide, a gain of 10 mg. per 
sq. dm. would correspond to an oxidation rate for chromium of about 
20 mg. per sq. elm. per day (.004 in. per year). The possiblity that the 
rate over longer periods would have been somewhat less should of course 
be kept in mind. In any case the extreme thinness of chromium plate would 
not suggest its permanence as a protective in the higher temperature range 
above 12000 to 13000 F. 

One use made of chromium-plated iron at elevated temperature has been 
airplane exhaust manifolds. The plate has been a reasonably satisfactory 
protective against rusting up into the 800° to 1000° F. range. 

In considering chromium plate in high temperature exposure it is well 
to distinguish between the different factors involved. In the first place 
the rate of deterioration of the chromium, in view of the thinness of the 
deposit, must be extremely low. Then too the rate of deterioration of the 
metal exposed at cracks and pores in the chromium layer must be 
reasonably low. Also, the adherence of the plate to the underlying metal 
must persist in the elevated temperature range and through wide changes in 
temperature, in spite of conflicting expansion coefficients. Experience has 
shown that the properties of chromium plate in these respects are favorable 
for some purposes. In other cases unsatisfactory results only have been 
obtained. 

Tests on chromium plate for five 1110nths at temperatures up to 13800 

F., for a year at 8400 F., and for 1000 hours at about 11100 F. have been 
reported as encouragillg.* 

In the glass industry chromium, plated directly on cast iron pressure 
molds, has been found to prolong considerably the life of the molds. This 
use involves temperatures of 14700 F. and higher, probably not exceeding 
17300 F. ordinarily. The lack of adhesion between the chromium and the 
glass is important. At these temperatures the chromium plate tends to 
diffuse in the cast iron, though at a slow rate. Temperatures up to 23700 F. 
are sometimes involved, and then diffusion of the chromium into the base 
metal is relatively rapid, the chromium disappearing entirely in places after 
a few days. 

* F. M. Becket. private communication. 
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Chromium-plated brass dies are useful in casting lead storage battery 
plates, the molten lead having no effect on the chromium. In fact chromium 
plate has good resistance to the metals melting at low temperature. 

Humphries 12 records that chromium plate has been used as oven linings 
without raising, checking or discoloration of the coating, and that chromium
plated valve stems of internal combustion engines and chromium-plated 
steel pyrometer tuhes are heated and cooled repeatedly without scaling. 
Phillips and Macaulay 16 tested chromium plate about .0001 inch thick up 
to 450° F. and found that it did not peel. On the other hand Porter 18 

relates that attempts to obtain a chromium deposit on steel for use at 1400° 
to 1500° F. led to discouraging results, oxidation of the underlying iron 
leading to peeling and cracking. In only one case was a deposit obtained 
that stood up for more than 300 hours, the majority failing within 48 hours. 

SULFUR SUBSTANCES 

One of the more important fields in 'which the resistance of chromium 
is outstanding is that of reduced sulfur compounds, including hydrogen 
sulfide, sulfurous solutions, and sulfur-bearing organic compounds. In 
oil-refining such substances are the source of much difficulty with corrosion 
of ordinary equipment. Sixty oil tanks about ten feet in diameter and fifty 
feet high, were chromium plated, and after two years' llse showed no signs 
of failure, whereas unprotected steel normally lost as much as i inch thick
ness in a year.3 Chromium-plated still plugs, according to Egloff,7 have 
given good service where particular care in plating was taken. Others 
have found the results with chromium plating rather disappointing in oil
refining work_24 For small parts such as thermo-couple wells plating is 
satisfactory, but less so for tubes and other large equipment. 

CHROMIUM 
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Chapter XVI 

Nickel-Iron Alloys 

GENERAL 

The simple binary alloys of nickel and iron form a group of importance 
inclustrially because of special physical properties. The alloy with 36% 
nickel, known as Invar, has an invariable coefficient of expansion within the 
range of ordinary atmospheric temperature. The 50% and 80% nickel 
alloys have special magnetic characteristics to give them importance. Other 
alloys in the series are characterized by other physical properties that 
scarcely warrant outlining in the present discussion. 

Even though the simple nickel-iron alloys have reasonably good cor
rosion resistance, this property practically never leads in itself to their use. 
H is fortunate that Invar does not rust freely in the atmosphere, since this 
means that Invar measuring tapes do not require the protection of paints 
or metal coatings to make them serviceable in normal service. The other 
alloys of the series are likewise far less prone than ordinary iron and steel 
to rust fr0111 moisture. 

ACID SOLUTIONS 

It is believed sufficient for the present purposes to give the results of a 
few tests on nickel-iron alloys. In this way a general idea of behavior may 
be gained without the necessity for detail that might be unjustified con
sidering that the alloys are not used primarily because of corrosion 
resistance. 

In resistance against acids these alloys are generally intermediate between 
nickel and iron, as would be expected. The data in Table 202 2 supply 
rates for three alloys together with nickel (98.3%) and electrolytic iron, in 
sulfuric acid at room temperature. The tests ran for 2 to 6 days under 
alternating immersion conditions. In concentrated acid the alloys were 
apparently better than nickel, as well as iron. 

The action of various acids on iron alloys with 25% and with 38% nickel 
respectively is compared in the data in Table 203.8 The tests were made at 
room temperature over a 24-hour period, presumably in quiet submersion. 
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Acid 
Cone. 
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T AnLE 202.-N ickcl-l rOIt vs. SUlfuric Acid. 

5 
10 
25 
50 
75 
96 

98.3% N ickd 
250 
300 
290 
450 
635 
495 

Corrosion Rate-Mg. per sq. dm. per day 

78.50/0 Nickel 47.9% Nickel ::17.6% Nickel 
350 1000 1630 
680 1380 1710 

1050 910 950 
540 250 520 
160 100 180 
366 54 309 

0% Nickel 
3,300 
4,020 

15,200 
2,300 

350 
1,120 

TABLE 203.-Nicllel-lroll vs. Acids. 

Sulfuric acid 10% .................... . 
200/0 ............•........ 

Nitric acid 32% ..................... . 
Hydrochloric acid 19% ............... . 
Acetic acid, glacial ................... . 

Corrosion Rate 
Mg. per sq. dm. per day 

25 Ni 75 Fe 38 Ni 62 Fe 
165 60 
135 60 

25,000 52,500 
3~ 2~ 
117 210 

Another set of data, covering the action on 25 Ni 75 Fe of sulfuric, 
nitric and hydrochloric acids in quiet room temperature exposure of 24 
days, is given in Table 204.5 

TABLE 204.-Nickel-holl vs. Acids. 

Corrosion Rate-Mg. per sq. d111. per day 
59 0 F. 1040 F. 1400 F. 1760 F. 

Sulfuric acid 
12% ................ 70 330 250 450 
38% •••••• I ••••••••• 120 450 1,060 1,640 
630/0 ••• "t ,., •••.• 11 210 440 760 1,620 

Hydrochloric acid 
20/0 , ............... 70 460 1,190 2,120 
9% ................ 160 1,760 4,180 20,920 

17% ................ 360 6,970 38,070 62,700 
Nitric acid 

50/0 , ............... 10,560 17,440 20,900 25,950 
32% ................ 74,500 86,880 87,210 101,030 

NEUTRAL SOLUTIO"N"S 

In neutral solutions-waters and salt solutions-the alloys behave much 
better than ordinary iron and steels, yet are less resistant than pure nickel. 
Submerged in quiet salt solutions at room temperature for 30 days a 300/0 
nickel iron was attacked at the rates in Table 205.5 

TABLE 20S.-Nickel-Iron vs. Salt Solutions, 

Ammonium chloride 50/0 •.... , .•• ".,., •.••. , 
Magnesium chloride 1 % ............ ,.; ... ". 
Sodium sulfate 100/0 .. , ............. , •.• , .••. 
Magnesium sulfate 5% .................... .. 

Mg. per sq. 
dm. per day 

14 
3 
4 
4 
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In tests in which specimens were alternately submerged and withdrawn 
from a 50/0 solution of sodium chloride, the rates in Table 206 were 
obtained.2 

TABLE 206.-Nickel alld Iran Metals vs. Sodium CMoride. 

Electrolytic iron ........................... . 
38Ni62Fe ................................ . 
80 Ni 20 Fe ................................ . 
Nickel .................................... . 

Mg. per sq . 
. dm. per day 

460 
28 

2.5 
5 

In other tests 4 the comparison was obtained as shown in Table 207. 
The tap water and sea water tests ran 64 days, quiet, the other ran 52 days. 

TABLE 207.-Nickel-Iron 1)S. Water. 

Corrosion rate-Mg. per sq. dm. per day 
Ordinary steel 26 Ni 74 Fe 

Tap water ........................... . 82 ~1 
Sea water ........................... . 11 5 
Wet and dry alternating ... ",."" .. . 28 2.3 

Friend 3 exposed a bar of 80 Ni 20 Fe for three years in Southampton 
(England) harbor. The corrosion rate was less than .1 mg. per sq. dm. per 
day, although there was widespread incipient pitting. Ordinary steel was 
corroded evenly at a rate of 8 mg. per sq. dm. per day. All specimens 
acquired a mass of fauna ancI mud that was believed to have suppressed 
corrosion. 

ALKALINE SOLUTIONS 

The resistance of iron and steel to strong caustic alkaline solutions 
at ordinary temperatures is very high, and nickel additions ordinarily give 
only appreciable improvement. In the more dilute solutions nickel additions 
would be beneficial in the same sense that nickel improves the resistance of 
iron to neutral solutions. Likewise, in strong hot caustic nickel is decidedly 
beneficial, and actnally used commercially for improving the behavior of 
cast irons. The rates given in Table 208 were obtained on specimens sub
merged 54 days in a caustic evaporator in which the caustic soda, made by 

TABLE 208.-Nichel-holl VS. Caustic Soda. 

Nickel Content Mg. per sq. 
of Cast Iron dm. per day 

o 361H-58 
3.5 235 
5 247 

15 152 
20 17 
30 2 
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the "ammonia-soda" process, was concentrated from 50 to 65%, under 
vacuum of 26 in.7 

Other data on the behavior of nickel-iron aJloys to hot caustic are given 
in the chapter on iron and steel. 

ATMOSPHERE 

Behavior in atmospheric exposure carries great significance for these 
alloys, even though this may never be the first consideration in their prac
tical use. Nickel has the general effect of improving the resistance of iron 
to the atmosphere. Nickel fails, however, to bring about the degree of 
resistance that the chromium in stainless steels confers. The nickel iron 
alloys can scarcely be considered generally stainless or rustless. 

There seems to have been made no detailed study of this question. In 
some tests,7 in which nickel-iron alloys were exposed two years in outdoor 
industrial atmosphere (Bayonne, N. J.) it was observed that the rust coating 
that developed on the 50% and 60% nickel alloys was only loosely attached 
to the metal, flaking off to reveal a bright metallic surface beneath. This is, 
of course, unlike the behavior of ordinary iron and steel, on which the rust 
is ordinarily very adherent. 

In another set of tests 7 specimens were exposed almost two years in 
industrial, rural and marine atmospheres respectively. The 20 Ni 80 Fe 
alloy was definitely inferior to the alloys with greater nickel, up to 60%. 
The surface on tr.e former was deeply corroded beneath rust, whereas 
with the others the original surface had corroded away but the attack 
was not so deep. The original grind marks on the 60 Ni 40 Fe alloy were 
actually visible after marine exposure. 

The improvement conferred hy nickel is most marked in less severe 
exposure, as indoors, where rtlsting itself may be entirely prevented. 

Sands D has macle the following statement: 

"Polished Invar is highly resistant to atmospheric corrosion as well as to 
attack by fresh or salt water. Invar instruments may be left for long periods 
of time in moist atmospheres, under water, or even in steam without noticeable 
effect. But while the corrosion resistance is excellent, it is not perfect, and 
it is wise to keep Invar apparatus greased when not in use, especially in tropi
cal climes. It is important to prevent inception of attack, for once started 
extensive damage may be done." 

HIGH TEMPERATURES 

Nickel-iron alloys are not considered heat resistant in the same sense 
that the chromium-nickel-iron alloys are. In fact a nickel addition to iron 
is not in itself sufficiently beneficial to be widely important, either in raising 
the temperature range in which iron may safely be llsed or in suppressing 
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rates at any given temperature. Dickenson 1 exposed specimens for succes
sive periods totalling 100 hours, at each of several high temperatures. 
Between each period the specimens were scraped free of scale. The results 
are given In Table 209. 

TABLE 209.-Nickel-Iroll vs. High Temperatzwes. 

Temp. ° F. 
Electric furnace 

1067 
1247 
1335 
1427 
1607 

Gas furnace 
1607 
1731 
1877 
2012 

Loss by scaling-Mg. per sq. dm. per day 
.30 C Steel 25 Ni 75 Fe 

990 
2,900 
6,600 

13,000 
36,000 

34,000 
58,000 

130,000 
200,000 

180 
810 

1,800 
4,000 

ZO,OOO 

8,500 
36,000 
77,000 

160,000 

Specimens of mild carbon steel and 36 Ni 64 Fe gained in weight as 
shown in Table 210 over a 24-hour period.6 

TABLE 210.-Nickel-Iron 'I1S. High Temperaflwcs. 

Gain-Mg. pCI' sq. dIll. per day 
Gas and Temp. Mild 36 Ni64 Fe Carbon Steel 
Oxygen 

1292° F. 1,040 412 
1472° F. 2,970 972 
165Zo F. 8,340 1,400 
1832° F. 17,860 2,550 

Steam 
129Zo F. 365 316 
1472° F. 2,197 1,338 
165Zo F. 7,493 3,620 
1832° F. 23,100 5,454 

Carbon dioxide 
1292° F. 1,000 278 
1472 0 F. 3.675 1,000 
1652° F. 7,500 2,540 
1832° F. 9,350 3,075 

Sulfur dioxide 
1292° F. 985 2,000 
1472° F. 4,160 14,000 
1652° F. 17,700 20,000 
1832° F. converted 26,000 

It is well to point out here that the nickel-iron alloys behave at high 
temperatures more nearly like ordinary iron and steel than like the "heat
resisting" alloy group. 
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NICKEL-IRON ALLOYS 
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Chapter XVII 

Nickel 

Nickel is one of the more versatile metals, combining mechanical char
acteristics on the order of those of mild steel, relatively high degree of 
corrosion resistance, appearance of some aesthetic value, favorable working 
quality, and availability consistent with its diversified uses. The cost of 
nickel is high, reflecting mining, metallurgical, and mill factors. 

Sheet, rod, and forging stock is ordinarily of 99% purity, with man
ganese and iron as the chief impurities. A grade containing up to 5% 
manganese is used in certain high-temperature applications. Nickel may 
or may not carry cobalt as an impurity, depending on the refining process; 
it has not been demonstrated that the effect of the presence of cobalt is 
either harmful 01' favo1'able. 

Nickel has 1'esistance of practical importance against most of the groups 
of corrodents. It is effectively resistant to acid, neutral, and alkaline con
ditions in general; it has certain definite advantages as a construction 
material for handling food products; in resistance to oxidation it is capable 
of operating at higher temperature than ordinary irons and steels and many 
of the common non-ferrous metals; its resistance to the milder forms of 
ordinary atmosphere gives it decorative value. 

The natural reactivity of nickel, as indicated by its electrochemical 
behavior under a number of corrosive conditions, is higher than its general 
corrosion resistance would lead one to expect. There is a definite tendency 
of nickel to become passive but this is so undependable in its action as to 
be of doubtful practical significance. In certain cases, as in concentrated 
nitric acid at low temperatures, the effect is strong. In the exposure con
ditions which nickel can usefully handle, its effect is less obvious. 

NICKEL PLATE 

Nickel plating 1.49.50 is an effective commercial means for giving metal 
surfaces a bright and more or less permanent white appearance for use in 
atmospheric exposure. Steel, brass, and copper are the commonly employed 
base metals, and zinc and aluminum are occasionally used. Chromium 
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plate usually carries underlayers of nickel plate, an arrangement that makes 
possible a more nearly perfect chromium layer and improves the corrosion 
resistance of the article. The degree of protection afforded by nickel plate 
varies with a number of factors, particularly the thickness of the plate, 
and the type of atmosphere. 

The two characteristics that chiefly limit the usefulness of nickel plate 
are the porosity and the thinness of the plated layer. It has so far been 
impossible to produce a perfectly non-porous film of metal, true of other 
metals as well as of nickel. Obviously enough, the base metal is exposed 
at these pores, which become loci for the accumulation of moisture-absorbing 
salts, with the result that galvanic cells often are set up. VVith steel as the 
base metal the corrosion may be relatively rapid. Pores and imperfections 
in the plate are due to severa,l factors-surface defects in the base 
metal, foreign material adhering to the base metal, solids carried over in the 
plating bath, and the deposition of gas bubbles along with the nickel. Care
ful control of these factors and the use of thicker deposits of nickel tend 
towards lessened porosity; intermediate wiping is beneficial. 

The thinness of deposits-usually .001 inch and less-means that even 
slight loss fro111 corrosion or abrasion may be serious. Rain spots and 
tarnish on nickel sometimes are removed only by abrasive cleaners, and 
constant use of abrasives wears down the plating. 

The behavior of nickel-plated steel sheet specimens in 18-months 
exposure has shown the important beneficial effect of increasing the thick
ness of the nickel layer. The tests were made in six different locations 4 

under the auspices of the American Society for Testing Materials, the 
American Electroplaters' Society, and the National Bureau of Standards. 
The data given in Table 211 derive from these tests. The higher the 
"score" the better the behavior. 

It was concluded by the authors that for severe exposure the nickel 
plate on steel should be at least .01 in. in thickness, and for mild and 
indoor exposure at least .0005 in. thick. 

With plates of .001 in. thickness, and less (thicker layers are at present 
unusual), the life of nickel plate in indoor exposures is numbered in years. 
111 outdoor exposure behavior is less satisfactory; where the plate is cleaned 
occasionally, as in the case of automobile trim, behavior is reasonably good. 
In more corrosive conditions such as moisture-laden marine atmospheres 
and the sulfur-bearing atmospheres of cities the value of nickel-plated steel 
is rather doubtful. Where the plated object is subjected to immersion in 
water, salt solutions, acids, alkalies, and food products, nickel plating is 
but a temporary expedient. 
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TAll!.!; 211.-Nickcl PIa Ie 7.'S, /}IJJIOS/,}JCI"C, 

Score 
. 00025 ill. ,DOU5 in . . 001 ill. 

nickel nickel nickel 
N ou-industrial 

State College, Pa.,.,., ..... 31 70 87 
Washiugton, D, c. ......... 3S 82 86 

Industrial 
New York City ............ 17 30 67 
Pittsburgh, 

:Marine 
Pa . .......... . 8 20 36 

Key West, Fla ..... , ....... 10 25 67 
Sandy Hook, N. J .... , .. " , 10 27 62 

.002 in . 
nickel 

96 
94 

86 
52 

79 
79 

The "score" relates to the criterion of comparison, per cent of surface 
rusted, as follows: 

Per cent of 
Score surface 

rtlsted 
100 0 
80 0-5 
60 5-10 
40 10-20 
20 20-50 
o 50-100 

STRESS-AcCELERATED COlmOSION AND CORROSION FATIGUE 

McAdam 20-29 has determined the damage suffered by cold-worked nickel 
frol11 combined cyclic stress and corrosion by carbonate tap water, using 
change in fatigue strength as the measure of damage. The curves of 
Figure S2 represent, on the zero line, the damage resulting fro111 stressless 
corrosion, and on the other lines the damage resulting from the correspond. 
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ing combinations of stress and time in corrosion exposure. The ordinates 
are the resultant fatigue limits. 

In Fignre S3 are plotted the combinations of time, nnmber and rate 
of cycles, and stress in corrosion exposure which damaged the metal to the 
extent of a 15% drop in the fatigue limit. The abscissae represent both 
time and average rate of net damage. Two curves are included of data of 
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FIGURE 53. Nickel vs. Fresh Water in Fatigue." 
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tests in brackish sea water. This condition is more damaging by several 
times than tap water. 

Finally, in Figure 54- the stress is plotted against time for different 
cycle frequencies to produce 15% damage. The damage represented in 
Figures 53 and 54 is pnrely corrosion-stress damage. 

Two-METAL GALVANIC BEHAVIOR 

In electrochemical nature nickel is characteristically cathodic (protected) 
to iron and usually anodic (corroded) to copper. This generalization applies 
to the range of aqueous solutions against which the resistance of both nickel 
and the other metal is of a commercial nature. The susceptibility of nickel 
to passivation becomes perhaps a factor in its galvanic behavior, tending 
to make it less powerful as a cathode. 

The coupling of aluminutn with nickel is not good practice in any acid 
Or salt solutions in which the two metals separately have good resistance. 
The use of aluminu111 paddles with a nickel milk pasteurizer, for instance, 
resulted in complete protection of the nickel and rapid corrosion of the 
paddles, the relative areas of nickel to aluminum being 5 to 1. The aluminum 
when not coupled with nickel was resistant to the point of being almost 
unattacked. Likewise in moist atmospheric exposure the coupling of these 
is to be avoided unless a very slight accelerated attack of the aluminum 
is allowable. 

Nickel is normally cathodic to tin, lead, and zinc. In acid solutions these 
metals woulc! tend to corocle at an accelerated rate, with the exception 
that with lead in sulfuric the insulating film of lead sulfate largely prevents 
the flow of galvanic current. In a boiling solution of 0.25% stllfuric acid 
and 0.159'0 nitric lead was anodic, by potential measurement, to nickel.22 In 
l1eutral reacting solutions couples of nickel with tin and lead and lead-tin 
solders are relatively safe. 

Couples of niekel and iron lead to acceleration of the corrosion of iron. 
The acceleration is rather considerable in those dilute acid solutions with 
which cast iron is sometimes used. The data below 22 illustrate the effect 
in 5% sulfuric acid at 1'00111 temperature; the area of the iron was .14 
sq. dm. and of the nickel 3.3 sq. dm. The corrosion rates are for iron. 
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IrD11 vs. Sulfuric Acid. 

Uncoupled ........................ . 
Coupled with nickel ................ . 

Mg.per sq. 
dm. per day 

1,700 
19,600 

355 

The area relations in this case favored greater acceleration of the attack. 
The e.m.£. under the same conditions ranged at 0.37 to 0.47 volt. 

In neutral solutions-brines, sea water-iron likewise tends to suffer 
in couple with nickel, the degree of action depending on aeration of the 
solution. Evans 11 found an e.m.f. range up to 0.4 volt developing between 
steel and nickel in dilute salt solutions, tap water and distilled water. Nickel 
became temporarily anodic to steel in a single case where freshly abraded 
nickel was coupled in tap water with steel, the water against the steel being 
aerated. Acceleration of attack is indicated· by the results of tests in 
Table 212 in which iron, both uncoupled and coupled with nickel, was par
tially immersed (plentiful oxygen supply) over a 14-day period. The elec
trodes were clamped 2.2 em. apart. 

TABLE 212.-[·/'on vs. Water and S aft. 

Weight Loss of Steel-Grams 
.1 N Sodium Chloride Tap Water 

Uncoupled .................. . 27 14 
Coupled with nickel electrode 

areas equal ............... . 
Cathode area twice that of 

anode area ................ . 

51 

75 

9 

10 

Copper coupled with iron in the salt solution caused a greater acceleration 
than the nickel, and lead a lesser. Using steel specimens sprayed with copper 
and with nickel, Evans 10 found copper to be a more intense accelerator than 
nickel, in partial immersion in one-half normal sodium chloride, and in tap 
water. In these tests the same volume of rust resulted whether the steel 
was uncoated or was coated with nickel in a discontinuous layer, a thin layer 
(.001 cm.), or a thick layer (.01 C111.). 

Aeration is the greatest single factor in the corrosion of iron by neutral 
solutions; aeration likewise favors galvanic acceleration of iron when 
coupled with nickel. The data below 22 suggest the effect of nickel coupJes, 
these rates applying to fully aerated and agitated 3% sodium chloride at 
room temperature, with a cathode area of 3.3 sq. dm. and anode area of 
0.14 sq. dm. The corrosion rates are for iron: 

Iroll vs. Salt. 

Uncoupled ........................ . 
Coupled with nickel. .............. .. 

Mg. per sq. 
dm. per day 

350 
7,600 
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In alkaline solutions iron tends to be anodic to nickel, as indicated by 
the results of tests in caustic soda solutions in Table 213.2~ 

TARLE 213.-Nicl~el : Iron COIlp/es ~IS. Caustic Solldions. 

Conditions 
100°-130° Tw.; 26" vac.; 75 Ius. 

steam .......................... . 

30° Tw.; 7" vac.; 8 1bs. steam ....... . 

Anode 

Cast iron 
Ingot Iron 
Cast iron 
Ingot iron 

Cathode 

Nickel 
Nickel 
Nickel 
Nickel 

Volts 

.15 

.19 

.43 

.46 

Further data on the potential difference in caustic were published by 
McKay.31 

Nickel coupled with Monel metal, copper, the brasses, and the bronzes 
develops usually only small potential differences, on the order of .05 volt and 
less. Voltages of over 0.1 have been observed against a copper-nickel alloy, 
with nickel anodic, in agitated milk, yet in an aerated solution of lactic acid 
and sodium ch10ride nickel was anodic at 0.03 volts. The electrochemical 
nature of nickel and the copper alloys is so nearly alike that the direction of 
polarity between nickel and any other metal in the group may reverse under 
some conditions of aeration, agitation, polarization, and the solution itself. 
The results in Table 214 have been obtained 22 in agitated pastllrized mille 
The nickel silver carried 55% copper, 27% zinc, and 18% nickel; the 
copper-nickel alloy was a 70: 29 composition with 1 % tin. 

TABLE 214.-Nickel : Copper Alloy Couples vs. Milk. 

Temp. Time Anode Cathode Volts OF. Houts 
86 0.0 Nickel Copper-nickel .049 

2.0 Nickel Copper-nickel .045 
3.5 Nickel Copper-nickel .045 

145 0.3 Nickel Copper-nickel .082 
1.0 Nickel Copper-nickel .099 
1.2 Nickel Copper-nickel .13 
1.5 Nickel Copper-nickel .13 
2.0 Nickel Copper-nickel .13 

86 0.0 Nickel Nickel-silver .053 
2.0 Nickel Nickel-silver .040 
3.5 Nickel Nickel-silver .036 
4.0 Nickel Nickel~si1ver .036 

Tests in aerated, agitated 3% sodium chloride gave the data in Table 215. 

TAnr..E 215.-Nickel:Copper-Nickel Conples vs. Salt. 

Time-Hours 
0.0 .•...................... 
0.33 ...............•....... 
18 .... , ................... . 

Anode 
Copper-nickel 

Nickel 
Copper-nickel 

Cathode 
Nickel 

Copper-nickel 
Nickel 

Volts 
.054 
.0027 
.062 
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Another case of changing polarity is that of nickel coupled with a 
bronze casting (85% copper, with tin and lead) immersed in quiet tap 
water relatively high in chloride.22 (See Table 216.) 

TABLE 216.-Nickel : Broll::e Couples vs. }Vater. 

Hours Anode Cathode Volts 
o ........................ Nickel Bronze .063 
5 ........................ Bronze Nickel .023 

22 ........................ Bronze Nickel .056 

That the coupling of nickel with coppet metals may sometimes lead to 
appreciable accelerated attack is shown in data (Table 217) from tests in air
saturated and agitated sodium chloride.22 The brass was 70 Cu 29 Zn 1 S11. 

TABLE 217.-Nickel : Bmss COllples t'S. Salt. 

Area Mg. per Scj. dm. per day 
Coupled Uncoupled 

Brass .................... 0.29 sq. dm. 108 18 
Nickel .................... 0.14 sq. dm. o 1.9 

The couple developed .058 volt at the start of the test and .11 volt after 
16 hours, with brass the anode. 

On the other hand couples of these metals may not lead to accelerated 
attack, as indicated by the results in Table 218 22 of a nickel and copper 
couple in aerated, agitated 20% calciu111 chloride: 

TABLE 218.-Nidel : Cappel' C01Ip/es vs. Chloride. 

Copper .................. . 
Nickel ................... . 

Area 

.26 sq. dm. 

.26 sq. dm. 

Mg. per sq. dm. pet· day 
Coupled Uncoupled 

103 152 
27 30 

Presumably the accumulation of corrosion products 01' polarization by gas 
suppressed the galvanic effect. 

Although experience has shown that the coupling of nickel with the 
metals of the copper group in exposure to waters, the atmosphere, steam, 
and neutral salt solutions is in most cases safe practice, it is well to avoid 
such couples in acid exposure unless the design will allow some accelerated 
action. In acid solutions nickel may act as cathode 01' anode to the other 
metal, depending on various factors such as aeration. In one case nickel 
coils held by copper straps, handling a hot mixture of sulfuric acid, water, 
ethyl alcohol, and calcium acetate were corroded through at the 
copper: nickel: solution contact. Except in this area the nickel was practi
cally uncorroded; the affected area extended 3 inches each side of the 
straps, the straps being 5 inches wide. 

Likewise, nickel suffered in contact with copper exposed in an esterifica
tion still, the solution consisting of. acetic and sulfuric acids, water, and 
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alcohols at about 200 0 F. The specimens, 0.5 sq. dm. in area, were separated 
by and in electrical contact with a small nickel spacer, .018 sq. dm. in area.21 

(See Table 219.) 

TADLE 219.-Nid~cl : Copper Couple vs. I-lot Acid. 

Mg. per sq. dm. per day 
Coupled Uncoupled 

Copper specimen .......... , .......... . 68 416 
Nickel spacer ....................... . 
Nickel specimen ..................... . 

1870 
96Q 500 

On the other hand copper was anodic to nickel in air-saturated, agitated 
5% sulfuric acid.22 (See Table 220.) 

TABLE 220.-Nicllel: Cappel' Couple vs. Acid. 

Anode 
Copper .............................. . 
Nickel .............................. . 

Cathode 
Nickel 

Monel Metal 

E. M. F., volts 
.030 
.011 

The chromium iron and the chromium-nickel iron alloys vary in polarity 
against nickel depending upon whether the alloy is in the passive or active 
state. In oxidizing acid or oxidizing salt solutions nickel is anodic and 
if the solution is corrosive to uncoupled nickel, acceleration would tend 
to result if coupled with a chromium alloy. An e.m. f. of 0.50 volts between 

. nickel and 18-8 stainless steel, with nickel anoelic, was developed in a boiling 
solution of .25% sulfuric and .15% nitric, the nitric acting to passify the 
alloy. A nickel and 18-8 couple in quiet sweet milk and buttermilk at 143 0 F., 
for instance, was free of accelerated action. On the other hand chromium 
alloys when cathodic are likely to accelerate the attack of an anode l11etal,5G 
like nickel, much as platinum would. 

ACID SOLUTIONS 

Nickel has generally good resistance, much Eke copper and the copper 
alloys, against the non-oxidizing group of acids-sulfuric, hydrochloric, 
phosphoric, acetic, tartaric, and others. Aeration and higher temperatures 
are accelerating conditions; air-saturated solutions of these acids are char
acteristically strongly corrosive, and solutions at temperatures approaching 
boiling often are too corrosive to make the use of nickel practical. Against 
inherently oxidizing acids-nitric, sulfurous, acid and ferric salt mixtures, 
chromic acid at times-the resistance of nickel is not good. 

Sulfuric acid. Though less resistant than lead or silicon iron 01' Monel 
Metal, nickel is sometimes used with sulfuric acid.5, 16, 17, 21,22,20,30.57 

In dilute, unheated solutions of relatively low aeration the resistance of 
nickel is good; strongly aerated solutions, and boiling solutions are too 
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strongly corrosive to make the use of nickel practical. Corrosion is more 
rapid at intermediate than at low or moderately high concentrations. Con
centrated (80 to 100%) acid in the cold is inclined to be seriously cor
rosive, and when hot is very corrosive. A general idea of behavior IS 

afforded by the typical rates for different conditions in Table 221. 

TABU: 221.-Nic'~el vs. Sulfuric A.cid. 

Condition 

Cold, substantially air free, 1-80% ..................... . 
Cold, quiet submersion, 1-80% ...................... _ .. . 
Cold, moderate aeration and agitation, 1-20% ...... _ .. . 
Hot, 1-200/0 _ ........................................... . 
Boiling, 1-200/0 ........................................ . 
Boiling, 80-100% ...................................... . 

Mg. per sq. 
dm. per day 

<10 
25 

100-300 
300-500 

1,000 
40,000 

Nitric acid. Attack of nickel hy nitric acid is quite appreciable at low 
concentrations and increases very rapidly with concentration and tempera
ture. Aeration is not necessary for attack, because of the oxidizing power 
of the acid. The intensity of corrosion is somewhat as follows: 

Maximum (moderate to high concentra:iol1s) " .. 
Average (dilute acid) ....................... . 
Low (very dilute acid) ....................... . 

50,000 mg. per sq. dm. per day 
5,000 mg. per sq. dm. per day 

250 mg. per sq. dm. per day 

Hydrochloric acid. Nickel is one of the better resistants against 
hydrochloric solutions,S, 14. 16.17.21.30 yet this does 110t mean its resistance 
is of a high order, since hydrochloric is one of the most difficult of the acids 
to handle. From the practical standpoint, nickel may be considered resistant 
to hydrochloric solutions at room temperature up to around 15% concentra
tion under conditions where the acid has a low ail' content, e. g. quiet sub
merged exposttre. The acceleration of attack with increase of temperature, 
concentration-in the lower range-and aeration is very rapid. Under 
less than extraordinary conditions hydrochloric acid might penetrate an 
inch or more of nickel in a year (60,000 mg. pel' sq. dm. per day) and at 
the slower rates the penetration will be fr0111 100 to 200 mg. per sq. dm. 
per day. 

An approximation of test rates is given in Table 222. 

TABLE 222.-Nicllel vs. Hydrochloric Acid. 

Cold, quiet, 1-15% ......... _ ..................... . 
Cold, quiet, 15-36% .............................. . 
Cold, aerated, 1-15% ............................. . 
Cold, aerated, 15-36% .................... , ....... . 
Hot, 1-150/0 ....... _ .............. ' ........ , ...... ' 
Hot, 15-360/0 ......................... - ........... . 

Mg. per sq. 
dm. per day 

20- 100 
100- 400 
100- 800 
400- 2,000 
500- 2,000 
800-10,000 
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The effect of aeration in dilute acid exposure is indicated by the data 
in Table 223.14 The tests ran for 48 hours following 48-bours previous 
exposure, and were made at room temperature. 

TABLE 223.-Nicllcl Z'S. Hyd1'Och/oric Acid (1 N). 

Total immersion 
Quiet ................................... . 
Air-agitated ............................ . 

Alternate immersion 
Continuous ............................. . 
Intermittent ............................ . 

Spray (4 to 30 days) ....................... . 

Mg. pel' sq. 
dm. per day 

55 
174 

900 
380 

87 

Phosphoric Acid. It is not ordinarily safe to use nickel with process 
phosphoric solutions,22,24 carrying iron salts, as in the processing of acid 
from phosphate rock, since these are strongly corrosive to nickel. Thus 
at 176 0 F. a dilute solution of crude phosphoric, carrying 0.40% iron, cor
roded nickel at a rate of 5,000 mg. per sq. dm. per day with pitting.24 In 
the absence of iron, phosphoric in the cold has low to moderate action on 
nickel, rates being on the order of 20 to 80 mg. per sq. dm. per day for 
quiet exposure, and SO to 200 for agitated aerated acid. Hot concentrated 
solutions of pure add are very corrosive, rates running above 1000 mg. per 
sq. dm. per day. 

Acetic acid. Against acetic solutions 8, H, 21,22, 45, 57 of mild and low 

aeration, and of low concentrations (under 1 0/0) whether aerated or not, the 
resistance of nickel is reasonably good. Temperature has an accelerating 
effect, but even boiling acid is resisted fairly well. In cold highly aerated 
acid the rates range around 300 mg. per sq. dm. per day and may be con
sidered somewhat too high for continuous contact under 1110st conditions. 
(See Table 224.) 

TAIlLE 224."-Nic/.·c! ~'S. Acetic ~1cid. 

Cold, quiet, 1-100% .............................. . 
Cold, moderately aerated, 1-100% ................ . 
Cold, highly aerated and agitated, 1-100% ......... . 
Hot, 1-100% ............................... " ...... . 

Mg. per sq. dill. 
per day 

10- 50 
50-150 

250-400 
50-150 

Below are data 14 covering the effect of aeration in cold dilute acetic 
acid solutions. The tests were made at room temperatul'e, and ran for 
48 hours, following previous 48-hours exposure. (See Table 225.) 
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TAIlLE 22S.-Nickcl ·vs. 3';'0 Acetic Add. 

Total immersion 
Quiet ................................... . 
Air agitated ............................ . 

Alternate immersion 
Continuous ............................. . 
Intermittent ............................ . 

Spray (4 to 30 days) ....................... .. 

Mg. per sq. dm. 
per day 

23 
143 

155 
68 
29 

361 

The results in Table 226 were obtained 22 in boiling acetic solutions, in 
1 hour exposure, and illustrate the effect of dilLltion as a factor. 

TABLE 226.-Nickel 'VS. Boiling Acetic Acid. 
Acetic Cone. 

pH 
4.3 
5.3 
6.0 
6.75 

Mg. per sq. dm. 
per day 

230 
120 
60 

<2 

The results in Table 227 were obtained in tests in which the specimens 
were held either submerged in boiling acid, or exposed to the vapors of the 
boiling acid. The duration was 20 hours.22 

Acetic 
0/0 
5 

SO 
98 
99.9 

TABLE 227.-Nickel vs. Boiling Acetic Acid. 
Mg. per sq. dm. per day 

Submerged In Vapors 
66 46 

116 90 
74 24 
85 14 

Similar tests were made in acid and anhydride mixtures. (See 
Table 228.) 

Acid 
0/0 
30 

2 

TABLE 228.-Nickel vs. Acetic Acid and Anhydride. 

Solution 
Anhydride 

% 
70 
98 

Mg. per sq. dm. per day 
Submerged In Vapors 

144 
26 

213 
34 

Organic acids other than acetic. The hydroxy-acids are roughly alike 
in their action on nickel.s, 21,22,25, 35 The differences observed in tests do 
not lend themselves to generalization. As a group these acids are well 
resisted by nickel when aeration is low to moderately high. With very 
high degrees of aeration, or in boiling acid, the attack is inclined to be 
fairly rapid, particularly with the .higher concentrations of hydrogen 
ion. Approximation of rates is given in Table 229. 
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TABLE 229.-Nickel t'S. Orgallic Acids. 

Cold, quiet, all concentrations .......................... . 
Cold, aerated, moderate (most corrosive) concentrations .. 
Hot, all concentrations ................................. . 

Mg. per sq. 
dm. per day 

1-20 
20-100 
50-300 

A set of data S that is useful in that several acids and conditions are 
covered is given in Table 230. Aeration was of low order. The cold tests 
ran for 5 days, the hot for 20 hours. 

TABLE 230.-Nickel vs. Organic Acids. 

Mg. per sq. dm. per day 
Acid 

Formic .................. . 
Lactic ................... . 
Tartaric ................. . 
~falic ................... . 
Acetic .................• " 
Citric ................... . 

0.1 N 
Room Temp. 

3.5 
2.2 

2.8 
4.9 

0.1 N 
2120 F. 

45 
56 
93 
40 
43 
56 

pH=2 
212 0 F 

40 
75 

310 
25 
53 
93 

Oxidizing substances in acid solutions. Oxidizing substances like 
ferric salts and copper salts, peroxide, chromates in acid solutions are 
inclined to be very corrosive to nickel. Data on some of these are given 
below. Very low rates were obtained in some cases, due to passivation, 
yet this high degree of resistance tinder stich conditions cannot normally 
be expected. 

Nickel specimens, exposed to flowing acid mine water for 98-135 
days, at atmospheric temperature, gave the rates in Table 231.47 Nickel 
is not useful with these, nor for that matter with any acid solutions carry
ing ferric iron. 

Sulfuric 
.14 
.22 
.043 

TABLE 231.-Nickel vs. O:ridizillg Acid. 

Cone. % 
Ferric Iron 

.006 

.09 

.014 

Mg. per sq. 
dm. per day 

146 
.3 

118 

A 6% sulfuric solution carrying .85% dissolved copper corroded nickel 
at a rate of 400 mg. per sq. dm. per day in a 24 hour room temperature test.22 

Nickel generally should not be used with acid solutions carrying copper. 
A mixture of 0.9% sulfuric and 27% chromic acid corroded nickel at 

the rates in Table 232.22 Chromic acid is too strongly oxidizing to nickel 
to allow the latter's use. Pure nickel in this case was passive, but passivity 
cannot be depended upon. 
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TABLE 232.-Nickel vs. Oxidizing Acid. 

Mg. per sq. dm. per day 
120· F. 80 0 F. 

Nickel, pItre ............................... . o 0 
Nickel, 2% manganese ..................... . 
Nickel, 5% manganese .................•.... 

4780 4300 
236 3160 

Sulfidizing substances in acid solutions. Sulfurous acid and hydrogen 
sulfide in solution attack nickel strongly with the development of sulfide 
corrosion products and pitting. Rates in sulfuroLls acid S, 22 rUll as high as 
500 to 1000 mg. per sq. dm. per day. In acid solutions carrying sulfide, 
such as hydrogen sulfide in solution corrosion may not be so severe, yet 
action is too intense to make nickel usefuL 

ALKALIN"E SOLUTIONS 

Caustic solutions. Nickel is an extremely g'ood resistant to caustic 
alkaline siutions,14, 16, 21, 2!l. 2", 30,31 such as sodium and potassium hydroxide 
and sodium carbonate and bicarbonate. Rates run ordinarily below 1 mg. 
per sq. dm. per day in any concentration, cold and hot, with the exception 
that very hot concentrated solutions may at times run rates up to 10 mg. per 
sq. dm. per day. 

A one-normal solution of sodium hydroxide at 1'00111 temperature gave 
rates as in Table 233.14 The tests ran 48 hours following 48-hours previous 
exposure. 

TABLE 233.-Nicllel vs. Sodium H}'dro.1:idc (1 N). 

Total immersion 
Quiet ................................... . 
Air-agitated .....................•....... 

Alternate immersion 
Continuous ............................. . 
Intermittent """."""""""'.""" 

Spray (4 to 30 days) ...... " ..... " ........ 

Mg. per sq. 
dm. per day 

.4 
<.1 
3.1 
3.7 

.4 

Tubes of caustic evaporators arc commonly mude of nickel, both because 
of its resistance and the fact that nickel in the quantities absorbed by the 
caustic is not considered injurious.31 "IN eIded nickel tubing for 20 months 
in an evaporator operating at an average temperature of 203 0 F. and 
delivering 50% caustic showed, on visual inspection, no penetration from 
the caustic. In another case welded nickel tubing after 4i years in an 
evaporator handling caustic at about 1940 F. had thinned on the caustic side 
only just appreciably. Galvanic corrosion of <east iron or steel tube sheets 
is likely to result through contact with nickel tubes, the corrosion tending 
to be greater in caustic of higher temperatures and concentrations. Cor
rosion rate data in hot caustic are given below; 
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Caustic soda concentrating from 32 to 52%; 5~ hours; 1%0 F.31-8 mg. 
per sq. dm. per day. 

Caustic soda concentrating from 30 to 50% ; specimens suspended in liquor 
of the down take of a single effect caustic evaporator; 179 0 F. j 380 hours 81_ 

.6 mg. per sq. dm. per day. 

Pure concentrated caustic at 200 0 F. j 20 hours j agitated 22_1 mg. per 
sq. dOl. per day. 

Pure concentrated caustic with 0.3% sulfate and 0.3% chloride added, 
and saturated in iron j 20 hours; agitated; 200 0 F,22_6 mg. per sq. dm. 
PCI' day. 

Aqueous ammonia. Dilute ammonium hydroxide is well resisted by 
nickel, whereas concentrated solutions are likely to be corrosive particularly 
if aerated. The division point between concentrations that are strongly cor
rosive to nickel and those against which nickel is relatively passive shifts 
with aeration, iron content of the nickel, and impurities in the ammonia. 
All approximation of rates is given below: 

Niche! '['so Aqueous AlIlll101lia. 

Concentrated and aerated solutions ............... . 
Dilute solutions .................................. . 

Anhydrol1s ammonia has no action on nickel. 

Mg. per sq. 
dm. per day 

3000 
5 

The rates in Table 234 were obtained in ro0111 temperature tests that 
ran 48 hours following previol1s 48-ho11rs exposure.14 The solution was 
a one-normal concentration. 

TABLE 234.-Nickel 'lJS. Aqueous Ammonia. 

Total immersion . 
Quiet ................................... . 
Air-agitated ............................ . 

Alternate immersion 
Continuous .•............................ 
Intermittent ............................ . 

Spray (4 to 30 days) ....................... . 

Mg. per sq. 
dOl. per day 

5 
.6 

17 
2.5 

<.1 
These rates and those in TallIe 235 illustrate the good resistance of nickel 

in the lower concentration range of solution. The data in Table 235 were 
obtained in a 10ro solution over a SO-hour test period.25 

TABLE 23S.-Nichel vs. 10% Aqueous Ammonia. 

Mg. per sq. 
dm. yer day 

Unaerated .............................. . 1.8 
Aerated ................................ . 2.2 

In contrast with the negligible action represented in the data in Table 
235, the high rates in Table 236 are typical of the greater concentration 
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range of solution. These tests were made in highly agitated Cl11l 1110 111 II II I 

hydroxide at roOI11 Lemperaturc, ovcr a 20-hou!" period.2~ 

TAlIl.!( 231i.--Niclwl 2'.1 • .'/ql{CIJIIS Amlllolli(l. 

CollC. Mg. per .sg. 
% Ammonia dIll. per day 

11 0 
12.9 3,500 
20.2 2,300 
271 1,100 

Under quiet exposure conditions, in 6-ho11r tests, the rates in Table 
237 were obtained.22 

TABLE 237.-Nicllcl V.I. Aqueolls Ammonia. 

Cone. Mg. per sq. 
% Ammonia dm. per day 

12 445 
28 210 

SALT SOLUTIONS 

Non-oxidizing salt solutions,!'i, 10,20,22,2(;,42,43 Nickel has a high 
degree of resistance against solutions oE the alkaline and alkaline earth 
and related salts, such as the chlorides, carbonates, sulfates, nitrates of 
sodium, calcium, zinc. At times in wet and dry exposure, action though 
slight results in accumulations of thin green corrosion products and, very 
rarely, in fine pitting. 

An approximation of rates is as follows: 
Mg. per sq. 
dm. per day 

Cold, quiet exposure, of all solutions of this type .......... . <1 
<1-10 
10-30 

Cold and hot, and moderately aerated, agitated, all salts .. 
Cold, strongly aerated and agitated, chloride brines ...... . 

The rates in Table 238 for nickel are typical of action of this group of 
salts in solution. The tests 14 were made at room temperature, and ran 48 
hours following a previous 48-hours exposure, 

TAnLE 238.-Nickel vs. Salt Solutions. 

Total immersion 
Quiet ........•.................... 
Air-agitated ..................... ,. 

Alternate immersion 
Continuous ....................... . 
Intermittent ...................... . 

Spray (4 to 30 days) ................. . 

Mg. per sq. elm. per day 
IN IN 

Sodium Potassium 
Chloride dichromate 

1.9 
1.7 

2.5 
4.4 

<.1 

1. 
.6 

2.0 
1. 
<.1 
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Oxidizing salt solutions-acid. Solutions of salts of the heavy metals, 
like ferric chloride, mercuric chloride, copper chloride, stannic chloride and 
silver nitrate are acid in character and strongly oxidizing in relation to 
nickel. As a result the action of these all nickel is moderate to strong, and 
generally speaking, other metals or substances than nickel are more suitable 
for handling them. In some cases-copper salts and silver salts-the heavy 
metal plates on the nickel in an uneven layer that results in pitting attack. 
In the case of stannic and ferric salts, action is inclined to be very rapid. 

Corrosion rates for this group range around 60 to 300 mg. per sq. dm. 
per day, sometimes higher, with the added danger of pitting. 

Oxidizing salt solutions-alkaline. Hypochlorite solutions, except in 
very dilute concentrations, are corrosive to nickel. The more concentrated 
solutions-above about 0.3% available chlorine (3 grams per liter)-cor
rode with rapid pitting, and in the case of more dilute solutions it is better 
not to USe nickel where continuous exposure is required. 

Su1:fidizing salt solutions. Solutions of sodium sulfide react with 
nickel to form a black sulfide layer 011 the metal. This film tends both to 
prevent general corrosion and to set up pitting action. Submerged in 1.51"0 
sodium sulfide carrying 0.10/0 sodium carbonate, aerated with hydrogen 
sulfide, at 1470 F., nickel was corroded at a rate of 54 mg. per sq. dm. per 
day. Specimens exposed in the vapors of moisture, air, hydrogen sulfide 
at 1500 F. were attacked at a rate of 160 mg. per sq. dm. per day. At 
105° F. the rate was 23 mg. per sq. dm. per day.22 

ATMOSPHERE 

Nickel plate and, to a less extent, solid nickel are commonly used for 
appearance in atmospheric exposure. Indoors the tendency for the metal 
to tarnish or acquire a film is slight, less so than in the case of copper and 
brass and in many cases silver, but more so than with chromium-plate; with 
more or less regular cleaning good appearance may be maintained. In 
outdoor exposure nickel becomes much mote rapidly dulled and tends to 
acquire a superficial loosely adherent greenish to white corrosion product, 
The actual penetration rate is low in non-industrial atmospheres, some
what greater in atmospheres carrying sulfur in relatively large quantities. 
Based on the evidence of Hudson's tests 19 covering exposure of a year, 
the resistance of nickel to actual penetration is not unlike that of copper 
in rural and sea-coast atmospheres, somewhat less than that of copper in 
urban atmospheres. 

Vernon 53 has said, after a great deal of investigation: liThe behavior 
of nickel, on exposure to the atmosphere, is sharply differentiated from that 
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of the other metals in common use. vVe are all familiar with the character
istic creamy film which sooner or later makes its appearance on articles of 
nickel or nickel-plate. In the early stages the film can be removed quite 
easily, merely by wiping with a cloth; very soon, however, more vigorous 
treatment is needed in order to effect its removal, and at a later stage the 
film cannot be removed at all without abrading the underlying metal. The 
phenomenon is quite distinct from tarnishing, as hitherto understood: for 
convenience we may refer to it as "filming" or "fogging." The effect is 
undoubtedly the more pernicious one, since it quickly detracts fro111 the 
brilliant luster, which, together with its hardness and durability, renders 
nickel so valuable as a protective and decorative covering. There can be 
little doubt, indeed, that in the absence of this defect the need for more 
troublesome and more expensive chromium plate would not have arisen. 
What happens at first is apparently a physical condensation on the metal 
surface, followed by a chemical reaction between the deposited film and the 
underlying metal. We know that atmospheric humidity plays an important 
part in the initial condensation, for if the temperature is maintained suffi
ciently above the dew-point the metal remains bright indefinitely, even 
though other factors are favorable; on the other hand it is not necessary 
for the dew-point to be reached, and indeed filming may occur when the 
content of water vapor in the atmosphere is only some 70,% of that required 
for saturation. There are also good reasons for believing that sulfur com
pounds again play an essential part: 110t. sulfides, however, as in tarnishing 
(i. e. H 2S or compounds which give a similar chemical reaction) but oxides 
(i. e. S02 and SOs)' Thus analysis of the film after prolonged exposure 
shows that it consists essentially of basic sulfate> in contrast with the 
oxysttlfide which constitutes the tarnish * films previously considered. It 
is of interest to note, moreover, that whereas a relatively high humidity is 
necessary for fogging, tarnishing proceeds most rapidly when the relative 
humidity is low." 

Vernon also has called attention to the possibilities of lacquers, vaseline 
and lanoline as preventives of filming. 

In exposure tests lasting a year, Hudson 19 obtained the penetration 
rates in Table 239 for nickel exposed a year in various atmospheres, deriving 
the rates from three different criteria of behavior. The fact that the 
electrical resistance method yielded the greatest penetration rates suggests 
that attack was not entirely a smooth one. The most important fact these 
results bring out is the low order of attack by the various atmospheres. The 
greater corrosiveness of the urban atmosphere is obvious. Specimens 
giving the loss-in-weight and change in resistance data were exposed freely 
to the wash of rain, the weight-increment specimens were protected . 

• The tarnish referred to is characteristic of copper anu CDpper alloys. 
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TABLE 239.-Nic!.·cl 70S. Allllos},/zcl'c. 

Atmosphcrc 

Rural ................... . 
Suburban ................ . 
Mild industrial ........... . 
Urban ................... . 
Marine .................. . 

Weighl 
Increment 

Method 
.4 
.6 

1.4 
1.5 
.9 

III g. pcr sq. dill. pCI' day 
Elect. 

Resistance 
Method 

1.0 
1.7 
3.5 
3.5 
2.0 

Loss in 
Weight 
Method 

.3 
.6 

1.36 
1.42 

.7 

The deliquescence of corrosion products is a factor in the resistance of 
metals in the atmosphere. Hudson found that the corrosion product that 
developed 011 nickel, in exposure to an urban atmosphere though protected 
frol11 the wash of rain, was more markedly deliquescent than that developed 
on aluminum, copper, 01' iron. Hudson has stated "materials that form very 
deliquescent corrosion products will, in general, tend to suffer more cor
rosion than those that do not." 

Nickel window screen exposed 22 to the weather and sun for 18 months 
011 the New Jersey seacoast acquired a dull brown, thin, hard, finely granular 
product; beneath this the metal was "frosted" with no evidence of pitting 
or increased attack at intersections. In contrast, nickel screen exposed in 
Pittsburgh rapidly darkened and after the first rain a slight scattered 
deposit of green crystals appeared. By the end of somewhat over a year 
the metal was uniformly pitted to ~ depth of .002 inch, which corresponds 
to a maximum corrosion rate of 12 mg. per sq. elm. per day in the pits. 

WATERS 

In exposure to natural waters, sea water, distilled water, etc., the attack 
on nickel is for the most part slight or non-existent. When constantly 
immersed in waters, nickel remains bright and clean; in wet and dry 
exposure, particularly if the salt content of the water is relatively high (sea 
water) and in humid atmosphere green salts in time are likely to accumulate, 
absorb moisture and tend to produce localized corrosion. 

Contamination from metal absorption is the important point when con
sidering distilled water. Calculations fro111 analyses of water drawn from a 
small size laboratory nickel storage tank showed the water to absorb on the 
order of 0.01 parts nickel per million, based on the assumption that the 
water is entirely renewed every two days. The absorption rate was 
determined to be .006 mg. per sq. dm. per day; subsequent tests with the 
same apparatus gave even lower rates than this.22 

Some experience with condenser tubes has indicated that pure nickel 
tubes are not so satisfactory for turbine condenser installations handling sea 
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water velocities on the order of 8 ft. per sec. as might be expected from the 
properties of high nickel-copper alloys. The drawback of nickel in this 
service lies in its tendency to pit, the pitting originating mostly in metal
lurgically defective fissured areas in the surface of the tube, but in cases also 
where defects are not recognizable. 

Exposed 4 years in the sea water of Bristol (England) Channel at such 
a location that the metal was submerged 93% of the time, a bar of nickel 
was corroded at the rate of 1.9 mg. per sq. dm. per day. Incipient, very 
fine pitting of the surface had taken place over the 4-year period.13 

The action on nickel of waters saturated lvith carbon dioxide is inclined 
to be much more corrosive than ordinary waters, although strangely enough 
passivity at times has been observed. Nickel wires exposed to tap water 
and distilled water, respectively, saturatecl with a mixture of carbon dioxide 
and oxygen for successive 20-hour periods without intermediate removal 
of the corrosion product gave the rates in Table 240.22 

Period 
in bours 

0- 20 
20- 40 
40- 60 
60- 80 
8D-100 

100-120 

TABLE 240.-Nickel vs. Gas Satnrated IVatel'. 
Mg. per sq. dm. per day 

Gas saturated Gas saturated 
tap water distilled water 

27.8 21.1 
16.3 4.9 
+ 3.3 

39.2 + 
~J on 
94.8 0.0 

The extreme variability of rates is notable. Other tests were made, 
with weighing at the end of each 20-hour period, in distilled water saturated 
with air and carbon dioxide. In one series specimens were cleaned at the 
encl of each series, in the other specimens were not cleaned. Here again 
rates were variable. (See Table 241.) 

Period in 
hours 
0- 20 

20·- 40 
40- 60 
60- 80 
80-100 

TABLE 241.-Nickel vs. Gas Satllrated vVater. 
Mg. per sq. dm. per day 

Product undisturbed 
40.7 
76.5 
74.8 
85.5 

212.6 

Product removed 
. 55.3 

45.3 
71.5 

120.3 
128.5 

Thus wate,rs saturated with both carbon dioxide and air, an unusual set 
of conditions, are strongly corrosive. Ordinary carbonated water on the 
other hand is only faintly corrosive; a nickel-lined carbonator was filled 
with carbGJ11ated water and allowed to stand 10 days at room temperature 
under pressure of 200 1bs. per sq. in., with a resulting corrosion rate of 1.2 
mg. per sq. dm. per day.'12 
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STEAM 

Steam is very slow, often undeterminably slow, in its attack on nickel. 
Turbine blading of nickel is used in handling wet and dry steam, usually at 
high rates of movement, and at various temperatures and pressures. Steam
heating coils of nickel are in common use. It has been pointed out 31 tbat 
impurities, notably carbon dioxide, may be present in steam and may result 
in appreciable corrosion on the steam side; "there is evidence that a small 
amount of corrosion may occur on nickel evaporators (caustic) ,from the 
steam, or rather from impurities in it ..... In one case a penetration 
of 0.025 111m. in two years has been noted, and in another, a penetration 
of 0.23 llltl1. in 4~ years (12 mg. per sq. dm. per day). The latter was a 
welded tube and there was rather serious corrosion at weak points of the 
weld." In another case 21 an average corrosion rate of 6 mg. per sq. dm. per 
day was observed in the case of nickel evaporator tubing handling steam at 
2840 F. and 90 to 135 Ibs. pressure. 

In steam in the range of temperature above 800° F. an el11brittling 
action on nickel has been observed.o In one case, during a 22-day period 
in superheated steam at 8500 F., .035 inch nickel sheet was almost com
pletely penetrated by this action. On the other hand delicate microscopic 
examination failed to reveal signs of el1lbrittlement of nickel exposed 7 days 
at 7600 to 780 0 F.22 

FOOD PRODUCTS 

Nickel is extensively used for food-processing and food-handling equip
ment, since its corrosion resistance is high and the nickel salts absorbed by 
the foodstuffs are physiologically harmless. Dairy equipment, processing 
kettles, kitchen utensils and kettles, heating coils and fittings are common 
examples of nickel construction. Exposure to some products leads to dis
coloration of the metal and discoloration of the fooel. The latter may be 
unsightly but docs not signi fy toxic contamination nor seri01:lS corrosion; 
it occurs characteristically in the cooking of cereals and grain foods if 
the time of contact is sufficiently long-e. g. 8 hours and longer. 

PhYSiological effect. Nickel is classed as one of the non-toxic metals. 
The metal is a normal constituent of many raw foods and investigations 
have led to the conclusion that the metal absorbed by foodstuffs prepared 
in nickel equipment is harmless.T• 12. 32 After a careful reyiew of existing 
data on the question of possible toxicity of nickel compounds, and investiga
tions of their own, Drinker and co-workers 7 have stated "tl~e authors are 
consequently in agreement with the large group of foreign investigators 
who have found that the preparation of food in nickel utensils is entirely 
safe." There is in the conclusions of Bertrand 2 a snggestion tl1at nickel 
may have a beneficial physiological fnnction. 
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Fruit and vegetable jUices. Fruit and vegetable juices,3. B. 22,:m acid 
in character, are ordinarily weaker in corrosive action On nickel than the 
corresponding concentration of pure acid. These juices are often handled 
by nickel. Aeration and elevated temperatures normally are accelerating 
factors, as in the case of the acids. In considering the suitability of nickel 
fro111 the standpoint of change in the taste or appearance of the juice, it 
is well to keep in mind the relation between exposed metal area and the 
volume of solution, and also the expected time of contact between solution 
and metal. \Vith a given product a large nickel container may be suitable 
where a small one is not; and continuous exposure of a few hours only 
may be permissible where storage for several days may not. Boiling 
fruit juices give corrosion rates of about SO to 100 mg. per sq. dm. per day; 
rates in colct acid products range around 10 to SO mg. per srI. elm. per day, 
with aeration somewhat accelerating. 

For purposes of illustration several sets of data will be recorded bere. 
Foodstuffs held at room temperature for 30 clays gave the rates in Table 
242 with nickel.s 

TABLE 242.-Nic:llel 7'S. Foodstnffs. 

Cranberries ................................ . 
Preserves .................................. . 
Jams .. :. ; ................................. . 
S:urrant !t1~ce .............................. . 
fomato JUIce .............................. . 
Spinach ................................... . 
Vinegar ................................... . 

Mg. per sq. 
dm. per day 

2 
.2-.5 
.06-1 

7 
1.7 
1 

25 

White grape juice with a .45% tartaric acid content gave the rates 
in Table 243 in 24 hours exposure.Sri 

TABLE 243.-Nickel vs. Grape hdce. 

Mg. per sq. dm. per day 
Unaerated Aerated 

Room temperature ................... . 63 78 
Boiling .............................. . 190 62 

Twenty-four-hour tests in other acid products at boiling temperature gave 
the results in Table 244. 

TABLE 244.-Nickel vs. Juices. 

Tomato juice (.48% citric) ....................... . 
Apple juice (.28% malic) ......................... . 
L€mon juice (5.29'0 citric) ........................ . 
Red grape juice (.750/0 tartaric) .................. . 

Mg. per sq. 
dm. per day 

29 
26 
83 
44 
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Nickel in quiet exposme in acid products held just below the boiling 
jluint gave the results in Table 24S.s 

TAIILE 245.-Nickel vs. Jllices. 

Tomato juice .............................. . 

Mg. per sq. 
dm. per day 

14 
Cranberry juice ............................ . 50 
Currant pulp .............................. . 
Raspberry syrup ........................... . 

51 
32 

Milk. Nickel is widely used for milk-handling equipment. It is 
possible from the data available 15,21,32, 41,51 to outline fairly specifically 
the factors affecting the behavior of nickel. The amounts of metal dis
solved, fr0111 properly used nickel apparatus, by sweet milk are too small 
to have harmful physiological influence on the consumers of dairy products, 
and the quality of the products is not affected injuriously. In commercial 
pasteurization and storage of sweet milk in nickel equipment a possible 
ma..ximu1l1 of 12 parts per million of nickel is absorbed. This value is greater 
than has actually been found in sweet milk that has been processed almost 
entirely in nickel apparatus 32_1.0 to 1.5 parts per million. Absorption 
quantities for buttermilk are somewhat higher. 

At room temperatures and lower the corrosion rate of nickel in milk is 
low. In milk held at pasteurizing temperature or in milk being heated to 
pasteurizing temperature rates are likewise low. Under either of these 
latter temperature conditions a protective film is developed, aeration and 
flow both favoring its formation. On the other hand when milk is cooling 
from pasteurizing temperature the rates are relatively high; under cooling 
conditions in the temperature range of about 65-145° F. the action is 
too great to make the use of nickel feasible. As cooling progresses below 
this temperature range the action becomes less and less, at bottling tempera
ture being negligible. An approximation of test results is given in 
Tahle 246. 

TABLE 246.-Nickel vs. Milk. 

Room and storage temperature .......................... . 
Heating and pasteurizing temperature ................... . 
Holding at pasteurizing temperature .................... . 
Cooling through range of 145 to 65° F. depending on rate 

of flow and aeration, both of which tend to accelerate 
corrosion ......................................... . 

Cooling through range of 65 to 40° F. . ................. . 

HIGII-TEMP.ERATURE ATMOSPHERES 

Mg. per sq. 
dm. per day 

0- 15 
0- 50 

48- 80 

1200-100 
100- 0 

Nickel is in a. sense a high-temperature meta1.6 It has not the res~stance 
of the nickel-chromium, chromium-nickel-iron and chromium-iron al~9Ys in 
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the high temperature range, yet is much better in oxidation resistance than 
ordinary steels and any of the copper alloys. The presence of sulfur in hot 
atmospheres is very harmful to nickel, resulting in intergranular deteriora
tion i sulfur compounds in a reducing atmosphere are even more reactive in 
this respect and active at lower temperatures than in an oxidizing 
atmosphere. 

Oxidizing atmosphere. Nickel acquires in oxidizing atmospheres at 
elevated temperatures a tightly adherent brown coating of oxide, the thick
ness of which is dependent on the time and temperature of exposure and 
particularly on the protection the oxide affords against progressive oxida
tion. The minimum temperature at which the oxide begins to be visible 
is somewhere in the neighborhood of 600° F. The coating developed in 
lower ranges of heat seems to be protective, in the sense that progressive 
attack, or scaling, is either entirely prevented or is retarded sufficiently that 
for commercial purposes the metal may be employed up to temperatures of 
15000 to 16000 F. for indefinite periods without rapid deterioration. Above 
this general range the oxide is likely to scale off and attack to be relatively 
rapid, though there are cases where nickel trays have been used with 
satisfaction for a great many hours to hold high speed tools during heat 
treating at temperatures up to 22500 F. Such trays are required only to 
remain capable of holding the tools, and stll'face deterioration and checking 
are not per se harmful. 

In Figure 55 are shown oxidation rates of nickel at different tempera
tures based on a one-hour exposure period.so 

FIGURE 55. Oxidation Rate of 

Nickel in a One Hour Exposure 
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The rate of oxidation is governed by the diffusion rate of oxygen dis
solved in the oxide scale ;88. 39 the square of the amount of oxidation is pro-
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portional to the time of exposure. Thus the rates given in the diagram are 
not constant rates but merely the average rate in the first hour of exposure. 

Poste 40 found an oxidation rate of 1800 mg. per sq. dm. per day for 
nickel heated in the atmosphere of a reasonably tight muffle at 17000 to 
18000 F.; during the 215-hollf exposure the metal was withdrawn several 
times, cooled and pounded lightly with a hammer. These conditions favored 
a high rate. Hatfield 18 has recorded the gain in weight of nickel in 24-hours 
exposure in complex gases at 16500 F. The data are given in Tables 247 
and 248. 

TABLE 247.-Colltcllt of Gas-Per Cent. 

Content of Gas-Per Cent 

Nitrogen .........•................... 
Oxygen ..........•................... 
Carbon dioxide ...................... . 
Carbon monoxide .................... . 
Steam ............................... . 
Sulfur dioxide ....................... . 

Complex 
Gas 
73 
5 

12 

10 
.05 

Unenclosed 
Gas Muffle 

67.7 
1.34 
4.75 
5.10 

21.10 
.003 

TABLE 248.-Nickcl vs. Gases at 1650° F.-Weight III crease. 
Mg. per sq. 

Complex gas ............................... . 
dm. per day 

520 
1680 Muftle gas ................................. . 

Assuming the weight of metal oxidized to be approximately twice the 
. weight of oxygen in the oxide-which for rough purposes is reasonably 

accurate-the deterioration rates would be 1000 and 3400 mg. per sq. dm. 
per day respectively. With longer periods of exposure the action would 
undoubtedly have been less, in view of the fact that the oxide becomes 
increasingly protective as it thickens. 

Still further rates are given below.22 The nickel was exposed 15 days 
in a resistance furnace to an air current during the day and quiet furnace 
atmosphere at night: 

OF. 

1470 
1650 
1830 

Mg. per sq. dm. per day 
Low Manganese Nickel 4% Manganese Nickel 

<74 <74 
74 1200 

6100 1500 

Altemating oxidizing and reducing atmosphere. Under conditions in 
which the furnace atmosphere may alternate to be at one time oxidizing 
and at another reducing, an accelerated type of attack is apt to take place on 
nickel. Whereas the oxide formed by a consistently oxidizing gas is pro
tective, this oxide is not stable against a reducing gas. Alternating gas 
conditions therefore result in successive formation and reduction of oxide, 
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and consequent relatively high degree of attack This has been observed 
at 13000 F. and at a temperature as low as 9000 F.G. 22 

Reducing gases carrying hydrogen and nitrogen. Vanick G2 in 
investigating the effect of synthesizing ammonia atmospheres on metals, 
found a nickel tube of .35 inch wall to fail in 11 days by intergranular fis
suring at 9300 F.; the atmosphere was under 1500 lbs. pressure and the 
metal under 4000 lbs. per sq. in. initial stress. A nickel rod under similar 
conditions, except that the rod was not under stress, was penetrated through 
its 0.17-inch diameter in 14 days. The gas in each case was a mixture 
of nitrogen, hydrogen, and ammonia. In contact with cracking ammonia at 
9300 to 11120 F. nickel suffered severe fissuring. 

The llse of nickel is common in the construction of nitridillg furnaces, 
in which the metal is exposed at temperatures of 9000 to 1000° F. The 
resistance of nickel to the ammonia and to the gases resulting from the 
cracking is good, but some doubt exists that nickel is suitable for contact 
with gas that is actually being cracked.ss, 34, 48, 1m 

Sulfidizing gases. The presence of sulfur compounds in high-tem
perature atmospheres is extremely detrimental to nickel. This applies to 
oxidizing atmospheres, where the compound may be sulfur dioxide or tri~ 
oxide, and particularly to reducing atmospheres where hydrogen sulfide 
or other reduced sulfur compounds may be present. The sulfidizing of 
nickel is in the nature of intercrystalline embrittling. Nickel forms a 
eutectic series of alloys with the nickel sulfide NiaS4 , the eutectic temperature 
being 1191 0 F.23 In the heating of nickel for annealing, for subse
quent hot-working operations, or in welding, precaution must be taken 
against the presence of sulfur compounds in the heating atmosphere. 
Sulfidization has resulted through the presence of sulfur from other 
sources than the atmosphere itself. Thus the marking of nickel with sul
furOllS chalk has resulted, on subsequent heating, in cracking. Heating 
nickel wire embedded in asbestos or kieselguhr carrying sulfm compounds 
has led to embrittlement. A nickel sheet facing a rubber roll over which 
cellophane passed from a precipitating tank became superficially sulfidized 
by the action of an intermediate compound, a thiocarhonate; subsequently 
the heat of silver soldering caused intergranular disintegration. Contact, 
therefore, with substances containing sulfur compounds decomposable by 
heat must be avoided. 

Rates of attack of 30,000 mg. per sq. dm. per day and higher have 
been obtained in reducing gases carrying sulfur compounds at 12000 

to 13000 F.22 

The action of hydrogen sulfide on nickel is strong even at relatively low 
temperatures. After an hour's exposure to hydrogen sulfide at 7500 F. a 
scale of notable thickness could be peeled Off.23 
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In oxidizing gases carrying sulfur (sulfur dioxide) there is likewise 
a tendency towards sulfidizing embrittiement. Koster 23 thus found nickel 
sheet annealed one hour in sulfur dioxide at 11000 F. to crack in subsequent 
bending, whereas hydrogen treatment at a higher temperature left the metal 
ductile. Hatfield's tests 18 indicate that the action of sulfur dioxide on 
nickel does not necessarily increase with temperature in a 24-hour exposure 
to the pure gas. (Sec Table 249.) 

TABLE 249.-Nickcl VS. Hot Slllfll1" Dio.-ride. 

Temperature 
of. 

1290 
1470 
1650 
1830 

Gain in weight of nickel 
Mg. per sq. dm. per day 

9,200 
36,600 
8,400 

260 

vVhat constitutes an undesirable rate or degree of deterioration from 
high-temperature exposure varies with every application. For instance, 
it may seem surprising that cast nickel rabble shoes are being used satis
factorily at 1100° to 18000 F. in the oxidizing and high sulfur atmosphere 
of an ore-roasting furnace. G The life of these shoes rtms around nine 
months. Under the partial pressure conditions within these furnaces the 
oxidizing reaction is predominant over the sulfidizing. 

MISCELLANEOUS SUBSTANCES 

Molten metals. Experience with mercury has indicated that the 
tendency of nickel surfaces to amalgamate is very slight and usually absent 
at ordinary temperature. At 7Cx)0 to 8000 F. amalgamation is pronounced. 
Like other metals, nickel for use with mercury should be in the annealed 
condition in order to avoid embrittling penetration. 

With the exception of mercury the low melting point metals attack 
nickel more or less rapidly. Thus molten tin, lead, aluminum, zinc are 
moderately to strongly dstructive. Nickel tubing has been eaten away 
quickly by molten tin at 4500 to 5000 F. Nickel immersecl14 days in molten 
lead was strongly corroded at the "water-line." Nickel dipped for 24 
hours in molten zinc at 8200 to 9600 F. was corroded at an average rate of 
1200 mg. per sq. dm. per day.22 

Fused compounds. Nickel is widely used in handling caustic fusions, 
particularly in laboratory work.D, 54 The use of nickel caustic pots is not 
practical if the caustic carries sulfur, the latter causing rapid attack. Muehl
berg 80 considers fusion of ferro-silicon, chrome ore and other difficultly 
fusible substances, with sodium peroxide to be sound if the nickel crucible 
rests in water and the mixture, with sugar carbon, ignited directly. 
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Among the fusee! substances that attack nickel relatively rapidly are sil
ver chloride, potassium bisulfate, vanadic oxide, borax, and as a rule cyanide. 

Sulfidizing substances. Reduced sulfur compounds, bot11 inorganic 
and organic, have a relatively strong tendency to react with nickel. Some
times the reaction stops after the formation of a tarnish or black coating. 
in other cases pitting goes on beneath such a coating, and still again the 
action is relatively rapid. Molten sulfur eats nickel away with dispatch. 
Some naptha solutions of sulfides-hydrogen sulfide, mercaptan-in dis
tilled water tarnished nickel, other substances did not over a 3D-day period.G9 

Sulfur-bearing petroleum products at elevated temperatures are corrosive. 
Thus a corrosion rate of 116 mg. per sq. dm. per day resulted from 75-days 
exposure of nickel in the first tower of a crude sti11:,8 At room temperature 
petroleum products carrying sulfur compounds and moisture may cause 
pitting. 22 The average rates in Table 250 were obtained on nickel immersed 
in quiet petroleum products fat 55 days at room temperature. 

TABLE 250.-Nicl~el vs Petrolemll Products. 

Mg. per sq. dm. per day 
Submerged In Vapors 

Crude light oil ....................... . + -I-
Neutral light oil ..................... . .04 .04 

26.S 35.6 l\fotor benzol ........................ . 

The specimens in the crude oil developed. black tarnish, those in neutral 
oil were finely pitted, and those in benzol were pitted and attacked in an 
intergranular manner. 

Chlorinated compounds. Chlorinated hydrocarbons are in general 
well resisted by nickel. When hot, and in the presence of moisture, reaction 
rates may become moderate to high. Sastry 46 has given the following 
rates for substances with and without seeds. The seeds were typical oil
seeds with which these solvents were being used in extracting. The seeds 
were added, for test purposes, since they supplied moisture to the solvent. 
The substances were heated in a reflux condenser for 10 hours. See 
Table 251. 

TABLE 251.-Nickel vs. Chlorillated Compollllds. 

Substance 
Boiling Mg. per sq. dm. per day 

Point 0 F. With Seeds Without Seeds 
In <7 <7 
100 <7 <7 
250 <7 
300 58 250 
318 <7 220 

Carbon tetrachloride ...... . 
Dichlorethylene .......... . 
Trichlorethylene ......... . 
Tetrachlorethane ......... . 
Pentachlorethane ......... . 
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The data in Table 252 were ohtained on metal exposed to mixtures of 
carbon tetrachloride and water.44 

TABLE 252.-Niclicl ~'s. Carbon Tetrachloride. 

Conditions 

Immersion; 6 mos., r00111 temp. . ............ . 
Vapors; 100 days, hot ...... , ............... . 

Mg. per sq. 
dm. per day 

.03 
127 

Other tests 2~ in hot tetrachloride for 20 hours gave lower rates. (See 
Table 253.) 

TABLE 253.-Nickel 'Us. Carbon Tetrachloride. 

Conditions 

Boiling liquid .............................. . 
Vapor and condensate ...................... . 
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Chapter XVIII 

Nickel-Copper Alloys 

The nickel-copper alloys are characterized by good mechanical proper
ties, good corrosion resistance and high temperature stability, desirable 
appearance and versatile working properties. Their usefulness lies roughly 
in those engineering and equipment applications in which steels do not 
stand up due to corrosion and in which other non-ferrous metals and alloys, 
cheaper than the nickel-copper group, are deficient in either mechanical 
properties or corrosion resistance. 

The most common of the nickel-copper compositions is the 68ro nickel, 
29% copper type, carrying about 3% manganese, iron, etc., as either inciden
tal or intended additions, The first of the alloys of this group to carry wide 
commercial significance, Monel metal, was established in composition as the 
existing nickel-copper ratio in certain deposits of are as taken from the 
ground. This ratio has proved to be a happy one from the standpoint ;£ 
several properties. Due to availability as well as inherent characteristics, 
this type of alloy is widely used. 

Perhaps next in importance is the composition of 40 to 45% nickel 
and 55 to 60% copper. Originally compounded for its high specific electrical 
resistance and low coefficient of electrical resistance, this group is now 
established to some extent in uses where its mechanical properties, cor
rosion resistance and appearance are useful. The 30 Ni 70 eu and 20 Ni 
80 eu alloys, with and without 5% zinc, are used for steam condenser 
tubing handling salt water. Another group, essentially casting alloys, con
sists of about 35ro nickel with small quantities of 111inor constituents, and 
the balance copper. A wrought alloy with 29% nickel, 1 % tin, and the 
balance copper has properties typical of its nickel-copper ratio with some 
desirable effects from the tin. Finally, alloys with 25 to 5% nickel, balance 
copper, whose outstanding characteristics are ductility and low cost (as 
compared with the'higher nickel alloys), are used for bullet envelopes and 
shells, coinage, etc, In strength they are inferior to the higher nickel 
groups. 

Versatile corrosion resistance is the outstanding property and the basis 
for the greater part of the practical applications a [nickel-copper. Among 
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the conditions to which they are normally resistant are non-oxidizing acid, 
caustic, neutral reacting solutions, food products, waters and brines, 
ordinary atmospheres, miscellaneous organic substances, and elevated tem
peratures in a range somewhat higher than that to \vhich steel and the 
cheaper copper alloys are limited. Their resistance under this variety of 
conditions is in 111any cases inherently better than that of other metals. 

Conditions where the use of the nickel-copper group becomes impractical, 
due to corrosive action, include oxidizing acid solutions, strong aqueous 
ammonia and powerfully o:;{idizing alkaline solutions, sulfidizing substances 
at high temperatures, and miscellaneous molten metals, fused salts, etc. 

Composed as they are of copper and nickel-both with definite cor
rosion resistance characteristics-it is not strange that these alloys are 
closely similar to copper and nickel in behavior. In many cases the alloys 
exhibit a better resistance than either copper or nickel. 

Of the various nickel-copper compositions, the Monel metal type has 
come to be used lUore than any other for purposes where chemical resistance 
is the chief consideration, due to availability and physical characteristics as 
well as to superiority in certain types of corrosion resistance. Ordinarily 
the differences in resistance among the alloys of the group are not marked 
and certainly not predictable, variations in relative behavior occurring with 
almost every set of corrosive conditions. For example, with a given solu
tion a change in the degree of aeration will tend to change the order of 
resistance among the alloys. 

Two-METAL GALVANIC CORROSION 2, ro, 11, 82 

In their two-metal galvanic relations, nickel-copper alloys in general 
are strongly cathodic to aluminum and the light alloys; more mildly cathodic 
to steel, zinc, lead, and ti11, and to chromium-iron and chromium-nickel
iron in the active condition of these alloys; and anodic to passive chromium
iron and chromium-nickel-iron and to the precious metals. The galvanic 
relationships among metals of the copper and the nickel groups vary with 
different exposure conditions: Generally speaking, however, in neutral and 
acid aqueous conditions-where galvanic corrosion is a concern-nickel 
runs slightly anodic to copper, and the alloys of the two run intermediate. 
Nickel-copper is cathodic to the brasses. 

For purposes of simplification, two-metal galvanic behavior will 
be considered under the headings: tap water, sea water, acid, and caustic. 
It is well to keep clearly in mind that the inherent corrosiveness of the solu
tion, conductivity, and ratio of anode to cathode area are closely related to 
the intensity of galvanic acceleration. 

Tap water is characteristically of very low conductivity and, except in the 
case of iron, low in inherent corrosiveness. The coupling of Monel or 
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other nickel-copper alloys with copper, brass, bronze or stainless steel leads 
to no accelerated action. Steel tends to suffer galy<tllic attack in muple 
with Monel metal, but the degree of acceleration is inappreciable practically, 
unless the area of the Monel metal is very large in relatioll to the steel. In 
one set of tests a small steel specimen exposed in tap water at 200° F. for 
72 hours, coupled with Monel metal 150 times greater in surface area was 
corroded at a rate of 154 mg. per sq. dm. per day, as compared with 44 mg. 
when uncoupled. In this case the Monel metal was in the form ot a small 
cylindrical tank 12 inches ill diameter and 22 inches in length. The steel 
specimen was held inside, in from the wall. This was an unusual set-up 
in that the entire cathode area was within a few inches of the anode. 

Soft solder often is unsatisfactory coupled with Monel metal, since the 
solder is defmitely anodic and, used as a joint, small in area compared 
with the Monel metal sheet. In tests in the Monel metal tank mentioned 
above, at 2000 F., the corrosion rate of solder jumped from 0.5 mg. per sq. 
dm. per day when uncoupled, to 105 mg. when coupled. Here again the 
cathode area was 150 times that of the anode. 

Sea water, having high conductivity, offers gttlvanic acceleration a much 
better chance to take place. Steel suffers when coupled with Monel metal. 
A steel bolt in a Monel metal sheet goes rapidly in air-saturated sea water. 
When of equal areas, the corrosion rate of steel may double when coupled 
with Monel metal. This is true for a steel and copper couple as well. 

Aluminum, zinc, lead and tin are 110t useful conpled with Monel metal 
in sea water. 

The polarity in sea water of Monel metal coupled with copper, the 
brasses and the bronzes is not always predictable. In general the brasses 
and copper tend to be anoelic, with the bronzes more indeterminate in 
behavior. In general, also, appreciable acceleration is likely only if the 
cathode material is present in large area. Recent tests 31 have shown that 
the coupling of Monel metal with brass leads to severe dezincification of the 
brass. Brass coupled with Monel of four times the brass area was fairly 
rapidly corroded. It is more satisfactory to couple Monel metal with copper 
or bronze. 

Stainless steel is not safely coupled with 1Honel metal in sea water 
because of the likelihood of pitting of the steel. 

In acids the coupling of metals is more dangerous. It is almost never 
satisfactory to couple steel or iron with Monel metal, the exceptions being 
where the area of Monel metal is small-as in bolt heads-and the steel or 
iron section is heavy enough to handle some degree of acceleration. 

Monel metal coupled with copper, copper alloys, or nickel in acid solu
tions tends toward galvanic acceleration. Which metal stliIers is not usually 
predictable. The degree of galvanic acceleration runs roughly parallel to 
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the ratio of cathode to anode area. Gencrally speaking nickel will suffer 
in couplc with M nne! metal, and lVlnncl metal will suffer in C'Ouple with 
ropper. 

Soft solder is not useful in jointing Moncilllctal in acid solutions. Dis
integration of the solder is rapid. \Vhen the solution handled carries sul
furic acid lead joints are reasonably satisfactory because of the protective 
lead sulfate coating that develops. Ordinarily for acid work a silver 
soldered joint is the 1110St satisfactory, this remaining cathodic or at least 
substantially neutral to the Monel ll1etal. 

ACIDS 

The nickel-copper alloys generally speaking have good resistance to n011-
oxidizing acids-sulfuric, hydrochloric, phosphoric, acetic, etc.-and invari
ably poor resistance to acids inherently oxidizing-nitric, sulfurous, 
chromic, highly concentrated sulfuric. For handling the latter oxidizing 
group other metals are better suited. In the field of non-oxidizing acids, 
on the other hand, the nickel-copper alloys are among the few of widespread 
applicability, even though ordinarily action is sufficient to be recognizable. 

Non-oxidizing acids-air-free. In the absence of air nickel-copper is 
not attacked, or at least very negligibly attacked, by 1110St of these acids. For 
lI1stance the action of nearly air-free 1 to 35% sulfuric is under 10 m. per sq. 
dm. per day. This is typical of nearly all air-free solutions of the non
oxidizing group, with the exception of hydrochloric acid of 20% concentra
tion and higher; in this latter, attack is moderate to strong. 

Non-oxidizing acids--aerated. These acids are corrosive roughly in 
proportion to the rate at which dissolved air reaches the surface. When the 
solution is quietly exposed to the air, the rate is low and consequently 
corrosion rates are low. Rates 81 for a number of acids in tests where the 
specimens were submerged in acids held in stoppered bottles for 20 days 
ranged from 2 to 10 mg. per sq. dm. per day. The air available for cor
rosion was that present in the bottles at the beginning of the test. The acids, 
sulfuric, acetic, tartaric, citric, lactic, malic, tannic, varied very little one 
from another in corrosion rates. 

Acid solutions when quiet yet freely exposed to the air are more cor
rosive, since these are continually replenished with dissolved air. Under 
these conditions rates range from 3 to 50 mg. per sq. elm. per day. The 
various acids are very much alike in behavior inasmuch as rates are con
trolled largely by rates of oxygen replenishment. Sulfuric and hydro
chloric, particularly the latter, are at the higher end of this range of rates. 

When the acids are agitated either by stirring or flow or with gas, so long 
as some part of the solution is exposed freely to the air, the rate of ox.ygen 
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replenishment is high and corrosion rates go up accordingly. The accelerat
ing effect is particularly marked with hydrochloric-raising rates to 500 
mg. per sq. elm. per day 01' higher-somewhat less so with sulfuric-rates 
of about 200--and still less with acetic and most other acids-rates of 
about 100. These rates apply to maximum aeration-agitation conditions. 
Most acid-processing solutions arc intermediate between quiet and these 
maXIma. 

The effect of aeration is shown excellently by the data in Table 254 63 

for hydrochloric and acetic against Monel metal. The solutions were one 
normal in strength, the tel1lperatU1'e 86° F. and the duration 48 hours fol
lowing previous exposure of 48 hours. 

T ADLE 254.-M onel Ai claI vs. Acids. 

Total immersion 
Quiet ......................... . 
Air-agitated ................... . 

Alternate immersion 
Continuous .................... . 
Intermittent ................... . 

Spray (30 days) .................. . 

Corrosion 1'atc-lIJg. pet' sq. elm. per day 
Hydrochloric Acetic 

35 
520 

92 
25 
18 

15 
51 

23 
3 

6 

Curves given later for sulfuric and hYdrochloric also illtlstrate the effect 
of aeration. . 

Non-oxidizing acids-effect of temperature. Increasing temperatures 
are almost always accelerating with this group of acids. Solutions at 200° 
to 212 0 F. are 0.11 the order of 5 to 40 times greater in attack than a.t 
r00111 temperature. 

Effect of metal composition. Against acids the various nickel-copper 
alloys are broadly alike in behavior. Tests in any single set of conditions, 
with the various factors well controlled, will bring out rather wide dif
ferences. A comparison is given in Table 255. 63 

Hydrochloric is seen to be considerably more corrosive than acetic, par
ticularly in the case of copper. Especially noticeable is the fact that the 
metals vary in resistance among themselves depending on the exposure 
condition. The tests bear out experience, in that Monel metal is more 
generally serviceable than nickel or copper in both hydrochloric and acetic 
acids. 

Sulfuric acid.a, 8, 12, 17, 2~, 30, 32, '17, 48, 02, r,7, 5S, 00, 71,74, 7S The behavior 

of Monel metal in sulfuric at r00111 temperature and at elevated tempera
tures 71 is given in Figures 56 and 57. These and other data lead to the 
following conclusions: 



386 CORROSION RESISTANCE OF METALS AND ALLOYS 

TABLE 255.-Nicflel-copper Metals 11S. Acids. 

Corrcsion rate-mg. per sq. dm. per day 
Nickel (:-/ 

If) 100 70 45 29 0 
Nickel Monel 45 Ni 55 Cll 29 Ni 70 Cll 1 S1I Copper 

H yclrochloric 
Total immersion 

Quiet .......... 50 35 30 55 150 
Air-agitated ... ISO 520 560 2800 4800 

Alternate immersion 
Continuous 250 92 540 480 2790 
Intermittent .... 85 25 40 55 550 

Spray (30 days) ... 20 20 40 40 20 

Acetic 
Total immersion 

Quiet .......... 21 15 12 18 20 
Air-agitated ... 67 51 27 74 106 

Alternate immersion 
Continuous ..... 100 23 15 23 18 
Intermittent .... 111 3 4 2 3 

Spray (30 days) ... 40 6 110 104 64 

( 1 ) In concentrations below 85 '70, sulf uric at room temperature IS 

well resisted by Monel metal, particularly if the degree of aeration is 
moderate or low. 

(2) Concentrations above 8570 are likely to corrode Monel metal 
with pitting. It is better not to use Monel metal for these concentrated 
solutions. 

(3) Monel metal is used only with caution for strongly aerated hot 
sulfuric. 
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Equipment constructed of Monel metal is widely used in the pickling' 
uf steel, in which hot 5 to 10% sulfuric is the corroding solution. The 
oxygen content of a pickling solution becomes rather low due to the heat, 
the fact that the pickling reaction uses up oxygen, and the fact that hydro
gen evolution tends to "wash" the bath free of dissolved oxygen. Conse
quently corrosion rates are low. There is the further condition that Monel 
metal crates, pickle pins, etc. are in galvanic couple with the steel load; 
the Monel metal is cathodic and therefore protected. 

Hydrochloric Acid.s, Fl, 30, HI, 82, 47, 52, 57, 6S, 66, 07, 78 Hydrochloric gen

erally is 1110re corrosive than sulfuric acid to the nickel-copper alloys. An 
outline of the action on Monel metal is given in Figure 58. In quiet expo
sure at room temperature Monel metal may be used up to 15 or 200/0. 
When aerated even 0.1 to 1 ro concentrations may be llsed only with caution. 
Solutions less concentrated than this ordinarily may be handled safely. 

FIGURE: 58. Monel Metal vs. 
Hydrochloric Acid at Room 

Temperature. 
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Temperature is very strongly accelerating with hydrochloric, As a rule 
it is better not to use Monel metal with hot acid in concentrations over 0.1 
to 1 % without preparing for it with heavier sections of metal. 

Hydrofluoric Acid. Hydrofluoric is less corrosive than hydrochloric, 
and can be handled under most conditions by the nickel-copper alloys. In a 
4-day test at room temperature, a quiet 48% solution corroded Monel at a 



388 CORROSION RESISTANCE OF l'ifETALS AND ALLOYS 

rate of 23 mg. per sq. elm. per day.al At 1760 F. in two hours the rate ,vas 
2R4 mg. per sq. rim. pel' rlay. 

Nitric Acid.a• H. 12. ~;;. 47. IHj Very (lilute solutiulls uf nitric in quiet 
exposure and cold corrode Monel metal at rates of 50 mg. per sq. dm. per 
day, and under. On the basis of these results it would seem safe to use 
Monel metal for concentrations of 1 ~/o or under, so long as the acid is cold, 
and 110t agitated or in flow. Yet other materials have better resistance even 
in this range. Acid of higher concentration or hot acid becomes very 
strongly corrosive. A rate as high at 1,000,000 mg. per sq. dm. per day has 
been observed in 705'0 acid. 

Chromic Acid. Chromic acid, relatively weak in acid character but 
strong in oxidizing capacity, cannot ordinarily be handled with nickel
copper. This applies particularly to chromium-plating baths. For these 
other materials are more usefuL 

Sulfurous Acid.a. 36 Generally speaking, the nickel-copper alloys are 
not useful with sulfurous acid. The acid is oxidizing in its reaction on metal 
and in addition sulfidizing ; the result is that a layer of metal sulfides builds 
up on the surface of the alloys, and under this rather severe localized cor
rosion is likely to take place. Solutions saturated with sulfur dioxide, 
aerated and agitated, give corrosion rates of 600 mg. per sq. dm. per day 
and greater. In moderately dilute solutions corrosion is less, but still is 
severe enough to make the use of the alloys inadvisable. Very dilute solutions 
snch as atmospheric moisture carrying dissolved sulfur dioxide will produce 
a dark coat on the a110y but progressive corrosion is only very slow. Under 
these conditions of course nickel-copper is useful. 

Phosphoric Acid.lo, 32, 84, 06, 60 Phosphoric acid solutions of low aera
tion and at ordinary temperatures are well resisted by nickel-copper. Rates 
range down below 40 mg. per sq. dm. per day. Strong aeration increases 

TABLE 256.-M onel Melalm. Phosphoric Acid. 

Cone. % of. Aeration 
Mg. per 
sq. dm. 
per day 

Pure acid •••••••• I, 85. 203 No 22 
.25.5 203 No 25 
25.5 203 Yes 290 

Pure acid ..... ~ .... 50.8 176 Yes 290 
25.7 176 Yes 430 
10.3 176 Yes 860 

Crude dilute 176 Yes 4,300* 
(Iron-.40% ) 

Crude concent. . ..... 176 Yes 610 
(1ron-.73% ) 

• Pitted, 
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action, and elevated temperatures are relatively very accelerating. In fact 
these alloys may be used only with cal1tion in hot phosphoric. rates ranging 
up as high as 3,000 mg. per sq. elm, per day. Sometimes hot acid is not 
strongly corrosive, however. (See Table 256). Crude phosphoric acid, 
made by interaction of sulfuric with phosphate rock, carries iron salts anc! 
consequently is likely to be very corrosive to nickel-copper. 

Hot phosphoric acid solutions have given rates with Monel metal as 
shown in Table 256.34 The cluration was 24 hams or longer. 

Acetic Acid.3, 8, 20, 30, 31, 32, 47, 02, "7, 03, 60 Acetic acid solutions can often 
be handled by nickel-copper. In: exposure in quiet solutions at r00111 tem
perature rates range around 20 mg. per sq. elm. per day. Fully aerated 
solutions have rates of 50 to 150 mg. per sq. elm. pel' day. 

The data in Figure 59 define the approximate upper limit of action 
by acetic on Monel metal at 1'00111 temperature, the tests being made in air
saturated, strongly agitated solutions. In all concentrations continuous 

FIGURE 59. Air-sattirated 

Acetic Acid vs. Monel Metal. 
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films of corrosion product were formed that varied in rate of growth and 
physical structure with differences in acid concentration. Slight pitting 
took place in some cases.31 

Elevated temperatures have the usual accelerating effect. Typical rates 
in boiling acid (low aeration) are given in Table 257, the duration of test 
being 8 hours.81 

TABLE 257.~-M(lIIal Aletal vs. Acetic. 

Cone. % 
10 
26 
56 
90 

Mg. per sq. dill. pel' day 
86 

109 
136 
148 

On the other hand, rates in hot acid at times have been much lower. 
Specimens exposed to boiling acid (glacial acid with distilled water) in a 
reflux condenser, both submerged and in the vapor space, gave the rates in 
Table 258 in 20 hours. 
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Cone. 
0/0 
5 

50 
98 
99.9 

TABLE 258.-Mollcl Melal vs. Acetic Acid. 
Mg. per sq. dm. per day 

Vapor Liquid 
8* 7.4 

27* 13 
9.8 11 

12* 37 
* Slight cement COllper. 

The effect of aeration is covered by the data on page 385. 

Other organic acids.1• 14. 30. 32. iOG This group, including tartaric, malic, 
citric, formic, lactic, oxalic are rather similar in their corrosive effect. Quiet 
unaerated solutions give rates of 5 to 50 mg. per sq. dm. per day; at boiling 
temperatures rates increase perhaps several fold. Fully aerated solutions 
of these acids at 1'00111 temperature range around 100 mg. per sq. dm. per. 
day, which is within the ordinary limits of acceptable behavior. 

Tests in these acids, each of 30% concentration, gave the results listed 
in Table 259. The tests were rU11 for 11 days under simple immersion 
conditions.31 

TABLE 259.-M onel M clal vs. Organic Acids. 

Mg. per sq. dm. per day 

Acid Room Temp. 140· F. 
Tartaric ............................. . 7 11 
Oxalic .............................. . 45 5U 
Citric ............................... . 8 42 
Formic ............................. . 24 142 

The action of aerated acid is indicated by the data in Table 260 on 10/0 
lactic. The solution was freely exposed to the air and at the same time 
constantly agitated. 

TABU, 2GO.-Mollel Melal vs. Lactic Acid . 
• F. 

38-50 
145 

Mg-. per sq. dm. per day 
58 

180 

Fatty acids-stearic, oleic.3• 47 The fatty acids are inherently much 
less corrosive than acids like sulfuric and acetic. Plant tests 31 have incli
cated good resistance. Specimens' of Monel metal exposed at the surface 
and below the surface, respectively, of a boiling mixture of raw grease, 
sulfobenzene, stearic aciel, dilute sulfuric and water gave rates as follows: 

Submerged 
Half submerged 

83 days ............ " 15.6 mg. per sq. dOl. per day 
65 days..... . . . . . . . .. 15.8 mg. per sq. dOl. per day 

A batch was run through every 36 hours. 
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Even at high temperature Monel metal has good resistance to fatty 
acids. Exposed at 440° F. in a batch still handling a crude split stearic
oleic mixture, for three weeks, the rates were as follows ;31 

Submerged ................................ 23.6 mg. per sq. dm. per day 
In vapor .................................. 15.3 mg. per sq. dIll. per day 

In another test 31 in a saponifier, specimens were suspended for three 
months in a mixture of fatty, sulfuric, aromatic, sulfonic acids, and water, 
with constant agitation of live steam. Part of the time the specimens were 
submerged and part held at the mixture level. The rate for Monel metal 
was 69 mg. per sq. dm. per clay. 

Still further tests resulted in a corrosion rate for l\'Ionel metal of 9.3 
mg. per sq. dm. per day, exposed 16 honrs at 203° F. in a dry stearic-oleic 
mixture.a1 

Oxidizers in acid solutions. Acid solutions of the non-oxidizing type 
like sulfuric, sometimes carry iron, copper or other oxidizer that makes 
the solution more corrosive than normally. '1'h11s acid mine waters 49. 73 

often carry as high as 0.1 % sulfuric acid, 0.01 % or higher ferric iron. 
Such a combination is too corrosive to make nickel-copper a useful handling 
material. A water, in constant flow \vith 0.2% sulfuric acid and 0.085% fer
ric iron, corroded Monel metal at a rate of 672 mg. per sq. dm. per clay.n 011 
the other hancl acid mine waters carrying less sulfuric and iron may not be 
seriously corrosive. Thus with 0.04% sulfuric acid and 0.014ro ferric iron 
the rate with Monel metal was only 86 mg. per sq. elm. per day. 

Copper in acid solutions is another accelerator, if present in sufficient 
quantity. Thus a 6% sulfuric solution with 0.5% added copper sulfate 
corroded Monel metal at a rate of 2,230 mg. per sq. dm. per day. The acid 
was at 1800 F., the duration four hours, and the solution agitated.:ll 

Hydrogen peroxide is still another oxidizer. Nickel-copper in an acid 
solution to which peroxide is added is strongly attacke(1. 

Sulfides in acid solutions (see also Sulfll1'otts acid). Soluble sulfides 
in acid solutions react with nickel-copper to form a black metal sulfide 
layer on the metal. It is common for pitting to go on beneath this coating. 
Slight pitting had taken place on Monel metal in 6-days exposure in an 
agitated solution carrying sllspended sulfur, at 200 0 F.31 

In another test, of 6 hours duration, Monel metal was corroded at an 
average rate of 170 mg. pel' sq. dm. per day, exposed to boiling water 
through which hydrogen sulfide was buhbling.32 

ALKALINE SOLUTIONS 

Caustic solutions.a, 8, 29, 47, GO. [ill, Gil, 72 The nickel-copper alloys are 
almost absolutely resistant to caustic alkaline solutiollS-:-:soc1iul11 and pot as-
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sium hydroxides. Corrosion rates seldom rise above 6 mg. per sq. dm. pel"' 
day, even at elevated temperatures; under most conditions of exposure in 
all concelltratiol1s of caustic the rates are considerably under this figure. 
Aeration in the case of caustic is not an appreciable accelerating condition. 

An excellent set of data covering the action of dilute (1 normal solu
tion) sodium hydroxide is given in Table 261.°3 The rates apply to a period 
of 48 hours following 48 hours previous exposure, and the temperature 
was 860 F. The spray tests were made at room temperature, and lasted 
30 days. 

TABLE 2Gl.-Nicllel-copper Metals vs. Caustic Solution. 

Corrosion rate-Mg. per sq. dm. per day 

Nickel % 100 70 45 29 0 
Nickel Monel 4S Ni 55 Cu 29 Ni 70 Cu 1 511 Copper 

Total immersion 
Quiet ............ .3 1 .5 .2 14 
Air-agitated 0, ••• .3 l.3 .6 .3 29 

Alternate immersion 
Continuous .5 .4 .4 .9 14 
Intermittent :::::: .5 .9 .4 .5 2 

Spray (30 days) ..... .3 <.1 <.1 <.1 2; <.1 

Hot concentrated caustic has negligible action only on Monel metal, 
rates in several tests (30 to 50% solutions) ranging under 4 mg. per sq. 
dm. per day. As an example, specimens exposed for 380 to 384 hours 
in a single effect evaporator, concentrating caustic soda from 30 to 50%, 
at 1790 F., were corroded as follows: 

Monel metal ........... . . . . . . . . . . . . . . . . . . . . .. 1.2 mg. per sq. dm. per day 
Ambrac (20% nickel) ........................ 3.1 mg. per sq. dm. per day 

Even much higher temperatures and concentrations are not corrosive. 
Thus, in 6-hour exposure in caustic concentrating over a temperature range 
of 3200 to 752 0 F. in a vacuum evaporator, the rates in Table 262 were 
obtained. The caustic soda originally contained 850 grallls per liter sodium 
hydroxide and sodiulll carbonate. The potash solutions originally carried 
950 grams per liter potassium hydroxide.59 

TABLE 262.-Nickcl-coppcr Metals vs. Camtic Sollttiolls. 

Corrosion Rate-Mg. pcr sq. dm. per clay 
Caustic Soda Caustic Potash 

Monel metal ..........•............... o 0.4 
Copper-nickel (80/20) ............... . 0.1 0.5 

Ammonia solutions.a, 47,03 Aqueous ammonia involves a problem 
quite unlike that of caustic solutions. In dilute solutions the action is low 
to negligible, in concentrated solutions likely to be very strong. Ammonium 
hydroxide is notoriously corrosive to copper and in its higher concentra-
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tions attacks nickel fairly rapidly. Yet dilntc solutions arc not corrosive 
to the nickel-cOl)pCr alloys, <IS indkated by the rates listed in 'fable 26.1 
for 1 normal solutions.!;:; The duration was 48 hours following a previous 
48-hours exposure and the temperature 86° F.; the spray test was run for 
30 days at 1'00111 temperature. 

TABLE 263.-Nickcl-copper Metals vs. Aqueof{s Am1l!ollia. 
Corrosion rate-Mg. per sq. dm. per day 

Nickel % 100 70 45 29 0 
Nickel Monel 45 Ni 55 eu 29 Ni 70 CuI Sn Copper 

Total immersion 
Quiet ............ .5 .7 1.3 197 
Air-agitated '" .. .4 .3 1.7 574 

Alternate immersion 
Continuous 3 1.5 1.8 9 263 
Intermittent :::::: 1.8 2.6 1.5 2.5 55 

Spray (30 days) ..... <.3 <.1 <.1 .6 42 

In stronger concentrations-from about 10% up-corrosion rates for 
Monel metal are on the order of 50 mg. per sq. dm. per day for quiet expo
sure, and 1000 to 2000 mg. per sq. dm. per day for strongly aerated and 
agitated exposure. The presence of chlorides seems to lower the concen
tration at which cOf1'osion becomes rapid. 

SALT SOLUTIONS 

In the case of aqueous solutions of salts,20, 32, 3u. 47. [;2. 53, 01. 02, 03 those 
reacting in the neutral range-e.g. sodium chloride-have negligible to no 
action; those reacting alkaline-e. g. sodium carbonate-have negligible to 
no action with the exception that alkaline hypochlorite, cyanide, and sulfide 
solutions are at times seriously corrosive; those reacting acid-e. g. 
aluminum sulfate-have mild to negligible action, with the exception that 
solutions of oxidizing salts like ferric and mercuric chloride have mild to 
strong action. Aeration is not an appreciably accelerating factor with neutral 
and alkaline salt solutions, yet with acid salt solutiolls is strongly accelerating. 

Neutral salts. The rates in Table 264°3 give a good indication of 
behavior in neutral salt solutions-normal solutions of sodium chloride and 
potassium dichromate. The tests were made at 86° F., ovcr a period of 
48 hours following 48-hours previous exposure, with the exception that 
the spray test was rUll 30 days at room temperature. Rates of around 1 mg. 
per sq. dm. per day are of course practically inconsequential. These rates 
are typical of salts like magnesium chloride, sodium sulfate, potassium 
chloride, calcium chloride. 

The linings of salt driers and miscellaneous other equipment handling 
wet salt and salt brines are often constructed of Monel metal. 
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TABLE 264.-Niclwl-coPI,er Melals 11.1'. Salt Sfllnliolls. 

Nickel 0/0 

Sodium chloride 
Total immersion 

Quiet ............ 
Air-agitated ..... 

Alternate immersion 
Continuous ~ ..... 
Intermittent ~ ..... 

Spray (30 clays) ..... 
Potassium dichrolllate 
Total immersion 

lUO 
Nickel 

1.2 
1.3 

2.2 
.5 

<.3 

Corrosion rate-Mg. pcr 'q. cll1l.· per tlay 
70 45 29 

Monel 45 Ni 55 Cu 29 N i 70 Cll 1 Sn 

1 1.5 2 
.7 5 3.6 

.8 1 3.6 
1 .5 2.1 

.4 .4 .4 

0 
Copper 

4.5 
36 

9 
3.6 
2.2 

Quiet ............ 2.4 .5 .5 .5 .1 
Air-agitated . . . . . 2 .5 .5 .3 .3 

Alternate immersion 
Continuous .......2 2 .3 .1 .2 
Intermittent .......4 1 .4 .1 .2 

Spray (30 clays)..... <.3 <.1 <.1 <.1 <.1 

Acid salts-non~oxidizing. Salts reacting acid in solution are, as 
already stated, inclined to be more corrosive than neutral salts. Aluminum 
sulfate and aluminum cbloride, for instance, corrode nickel-copper at rates 
of 20 to 30 mg. per sq. elm. per day, and even higher when the more acid 
solutions are strongly aerated. On the other hand rates in very dilute solu
tions are much lower. 

Acid salts-oxidizing. The soluble salts of ferric iron, acid in S0111-

tion, are strongly corrosive clue to oxidizing capacity. It is better not to 
consider using nickel-copper with solutions carrying appreciable ferric 
salts. Solutions of the copper salts (chlorides, sulfate, and nitrate) are 
acidic and oxidizing. Ordinarily these are inclined to be corrosive to 
nickel-copper. Silver nitrate is likewise reactive, depositing out metallic 
silver on these alloys. The reaction is not a rapid one, but the deposition 
of silver in an uneven film leads sometimes to vigorous pitting. The unsuit
ability of Monel metal containers for holding, in prolonged exposure 
(several clays), photographic fixing solutions with a dissolved silver content 
is accountable to this set of reactions. 

Mercuric salts of moderate and high concentrations attack Monel metal 
in an intercrystallinc manner, depositing mercury out of solution, and in 
the case of work-strained metal tend to cause cracking. Even dilute solu
tions, for instance 0.1 %, are not safely used in continuous contact. 

Tin chloride solutions are strongly reactive with nickel-copper because 
of their oxidizing and acid character. 

Alkaline salts. Salts reacting 'alkaline like sodium carbonate, sodium 
silicate, and trisodium phosphate can be used unconditionally with nickel
copper. An exception is hypochlorite, either calcium or sodium. Nickel 
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copper cannot be used in handling strong solutions of these because of rapid 
pitting action. Hypochlorite bleaching solutions llsually carry 3 or 4 grams 
per liter available chlorine. Monel metal is widely used with these where 
the period of exposure is short (minutes rather than hams) and where an 
acid-souring operation or adequate flushing follows the bleach. The common 
hypochlorite cleaners may be used with nickel-copper without question. 

Sodium and potassium cyanicle are not ordinarily well resisted by 
nickel-copper. 

"VATERS 

The nickel-copper alloys have good resistance to waters 1, 7, 18, 19, 20, 25, 

37,81 of all types-natural ground and tap waters, sea water, distilled water. 
Corrosion rates are negligible in exposure both to flowing and to quiet water, 
ranging under 1 mg. per sq. elm. pel' day. Aeration has no important 
accelerating influence. In the case of highly conductive water, as sea water, 
strong agitation is likely to be accelerating. Strongly agitated and aerated 
sea water corrodes on the order of 6 mg. per sq. dm. per day. 

Tanks, conveyor lilles, pump, meter, and valve parts; fittings, nozzles, 
etc., are C01111110n types of nickel-copper construction handling fresh and salt 
waters. 

The nickel-copper alloys are well suited to resist sea water corrosion. 
Both nickel and copper are resistant and the various alloys in some ways 
have advantages over the pure metals. Those higher in nickel have a probably 
somewhat lower overall corrosion rate, while those higher in copper are 
more positively resistant to general pitting. The higher copper alloys are 
more subject to attack at the water-line, a type of attack that begins to become 
serious in alloys with 80% or more copper. 

Nickel introduces a certain passivity in the presence of oxygen that may 
produce cathodic areas and stimulate local action at others. The presence 
of more copper lessens this tendency to localization. 

Copper is fatal to a majority of the marine growths that form on 1110st 
objects in the sea, particularly in harbor waters. At about 500/0 copper such 
organisms cease to grow on these alloys in many waters and at 70 Ni 30 eu 
the alloys are nearly free fro111 fouling. The ahsence of sea growths is 
desirable in itself and is further tlseful becfltlSe pitting is rec1llced. 

The action of .sea water uncler two sets of conditions is indicated by ten" 
year tests in ,vhich East River (New York City) water passed in constant 
gravity flow (horizontal) through tulles. The water was recircnlated, and 
was replenished every six 111011ths.4 

The observations on cupro-nickels were as follows: 

25 Ni 75 eu-evenly dissolved to the extent of .002 in., but with a number 
of broad smooth shallow areas .020 in. dee-p (12 mg. per sq. dm. per day) ; 
of good appearance generally. 
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15 Ni 85 eu-very smooth and evenly distributed corrosion to the extent 
of about .003 in., with some areas .005 in. deep (3 mg. per sq. dm. per day) ; 
of good appearance generally. 

10 Ni 90 en-dissolved to the extent of .003 in. (2 mg. per sq. dm. per 
day), with isolated pits .020 in. deep (12 mg. per sq. elm. per day) in one 
tube; remaining fOllr tllbes had a fine appearance. 

In one set of tests 31 in which specimens were submerged for 87 days in a 
slow tide stream of pure sea water, the results were as shown in Table 265. 

TABLE 265.-Niclul-co/'Per lvfctals ~'s. Sea rVatilr. 
Mg. per sq. dm. per day 

Nickel* ............................. . 10-11 
Monel metal* ........................ . 2- 8 
70 ell 30 Ni .......•................... 5-23 
Copper* ............................. . 22-28 

·Pitted. 

Condenser tubes of the nickel-copper alloys, particularly the 20ro and 
30% nickel compositions, with and without 5% zinc, are commonly used 
on turbine-driven ships, and occasionally in land power stations.7, 18,10,37,81. 

The nominal velocities of the cooling water through the tubes range around 
8 ft. per sec., hut the water is in turbulent flow, and air buhbles carried by the 
water impinge against the surface of the tube. The merit in nickel-copper 
for these conditions-so far as the present state of knowledge '\vould indicate 
-lies in the fact that the protective layers of corrosion product both resist 
breakdown in high degree and are self-healing. The 30% nickel alloy, in 
service and in laboratory tests, has given· generally better behavior than 
the 20%. 

The effect of tap water on Monel metal has been gaged by determining 
the drop in fatigl1e limit after exposure.21• 22, 20, 38-4tl Material with 
an original fatigue limit of 52,000 lbs. per sq. in. had after 280 days in air
saturated water, a fatigue limit of 47,000 lbs. per sq. in. Exposed to fatigue 
stresses and corrosion simultaneously, the damage is 11101'e marked. Using 
rotating cantilever beam fatigue specimens at a rate of 1450 revolutions per 
minute, the fatigue strength after 100,000,000 cycles (47 days) obtained 
with a stream of tap water playing on the specimens, dropped to about 26,000 
Ibs. per sq. in. This applied as well to cold-worked metal having an original 
fatigue limit of 52,(0) Ibs. per sq. in. and annealed metal with an original 
limit of 36,000 Ibs. Carried to 900,000,000 cycles (423 days) the fatigue 
strength had dropped to 10,000 lbs. per sq. in. The tests have shown also 
that a brackish river water is somewhat less damaging than the tap water 
used. 

FOOD PRODUCTS 

In foocI-processing industries, nickel-copper equipment is in C0111mon use 
-containers, conveyors, machine parts, table tops, etc. The suitability for 
this type of work G, 14, Hi, 23, 30, 51, GO, 70 is based, aside fr0111 structural ~har-
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acteris1.ics and availability, all a high degree of resistance and the practical 
absence of the likelihood of toxic contamination. Substances like fruit juices, 
milk, etc., have a free acid content, but are in general less corrosive than the 
corresponding pure acids of equivalent acid content. From the standpoint of 
life. of equipment, nickel-copper is well suited for handling acid foodstuffs 
either at ordinary temperatures or (in most cases) at elevated temperatures 
including boiling. 

Many processes in food preparation involve contact between the product 
and metal equipment of a few hours duration at the most, or in continuous 
processing only momentary contact before the product flows all to another 
step in the process. In either case, since corrosion rates for nickel-copper are 
low, the metal absorbed by the product is of negligible account and is not 
sufficient to affect the taste or change the color of the product, or to have 
toxic results.* It is only in cases where a given quantity of product is held 
in contact with metal for prolonged periods that these features require 
consideration. 

Many foodstuffs-vegetables, meats, etc.-are practically withottt action 
on nickel-copper aside from a brown or black discoloration that develops 011 

the metal in some foodstttffs, and that at times penetrates into the product. 
This is unsightly but does 110t signify serious attack or toxic contamination. 

Fruit juices corrode nickel-copper at rates of about 5 to 10 mg. per sq. 
dm. per day, or less, under quiet, room-temperature exposure conditions, 
and at somewhat higher rates when hot. 

Nickel-copper has some utility in handling milk and other dairy products. 
The corrosion resistance is good except under some conditions such as ele
vated temperatures, but prejudice against dissolved copper in milk has been 
strong in the dairy industry, even though the quantities absorbed from the 
metal equipment may be non-toxic. 

A good indication of the action of milk all Monell11etal is given by tests 
made on specimens exposed on the tubes of a surface preheater and a sur
face cooler respectively. Specimens on the preheater remained uncorroded 
whereas those on the cooler were attacked at the rates in Table 266, the 
temperature given applying to the milk at the point of test. 

TABLE 266.-Mollel Metal vs. lJ1ill~. 

Temp. 
of. 

43 
64 
79 

144 

Mg. pe_r sq. 
dIU. per day 

20 
60 

150 
390 

Thus, milk during heating, or rather milk heated by the metal is not corrosive 
to Monel metal, yet when cooled by the metal is definitely corrosive. 

" See chapters on Copper and on Nickel for discussions of toxicity. 
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ATl\IOSl'HERE 

Corrosion rates of nickel-copper in atmospheric exposure !I, lll, ~S. 77, gO are 
low, ranging clown below about 3 mg. per sq. el1l1. per clay, and usually much 
below this depending 011 factors of humidity, sulfur constituents in the air, 
chlorides in sea air, dirt accumulation, wash of rain, duration of exposure. 
The common visual evidences of change are "fogging," tarnishing, and 
development of a green product. Vernon 77 has pointed out that fogging is 
associated with condensation of moisture and subsequent chemical action 
between the 1l10istme and the metal. Tarnishing is associated with sulfur 
gases in the atmosphere. 

As a general rule nickel-copper in indoor atmospheres or rural (sulfur
free) outdoor atmospheres remains unchanged in appearance for relatively 
long periods of time. Change when it does occur takes the form of "fog
ging," or loss in luster. In a sulfur-bearing urban atmosphere nickel-copper 
"fogs" within a few hours, and acquires a tarnish within a few days. The 
tarnishing develops into a brownish and greenish corrosion film. The sulfur 
content in the air determines the rate of this change. In applications requir
ing that the original luster is maintained in sulfur-bearing atmospheres, 
the use of nickel-copper is impractical, since the luster can be maintained 
only with daily cleaning. 

Vernon 77 has commented as follows: "The tendency for tarnishing 
is in direct proportion to the copper content, while the tendency for fogging 
is in direct proportion to the nickel content. Consequently, if we take speci
mens of copper and nickel together with a series of their alloys, and expose 

TABLE 267.-Nickel-copper Ai cfats V.I. Atmosphere. 

Atmosphere 
and Test 
Method 

Rural 
Wt. increment .... . 
Resistance ....... . 
Wt. loss .......... . 

Suburban 
Wt. increment .... . 
Resistance ....... . 
Wt. loss .......... . 

Mild Industrial 
Wt. increment .... . 
Resistance ....... . 
Wt. 1055 •••••.•.••. 

Urban 
Wt. increment ..... 
Resistance 
Wt. 10ss .......... . 

Marine 
Wt. increment ..... 
Resistance 
Wt. loss .......... . 

Corrosion Rate-Mg. per sq. dm. per day 

Copper 20 Ni 80 Cll 70 Ni 30 Cu Nickel 

.098 
.85 
.47 

.23 
1.5 

.71 

.25 
2.3 

.96 

.71 
1.9 

.97 

.24 
2.4 

.91 

.22 
1.14 

.51 

.44 
1.35 
.78 

.64 
2.17 
1.27 

1.25 
2.23 
1.31 

.56 
1.86 
1.1 

.36 
1.06 

.35 

.83 
2.12 

.76 

.96 
2.95 

.83 

2.31 
4.05 
1.50 

.78 
2.4 

.70 

.39 
1.03 

.28 

.60 
1.68 

.59 

1.40 
3.45 
1.35 

1.51 
3.50 
1.43 

.87 
2.00 

.69 
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them to tarnishing conditions we find that tarnishing begins from the 
copper and copper-rich end of the series and falls off regularly in intensity 
as the copper content falls, nickel itsel f not being affected at all. On the 
other hand, if we expose them to fogging conditions, the attack proceeds 
from the nickel and nickel-rich end and falls off steadily to zero at the 
copper end." These remarks apply particularly to indoor exposure con
ditions, possibly to sheltered outdoor exposures. 

Actual corrosion rates of nickel-copper by atmospheres are very low. 
The most complete set of data is that given in Table 267.28 Three different 
criteria of damage were used-weight increment (calculated to the metal 
oxidized), loss in weight after cleaning, and change in electrical resistance. 
The duration in all cases was one year; specimens yielding the weight 
increment results were protected fr0111 rain, other specimens involved expo
sure to rain. 

STEAM 

The use of nickel-copper with steam 13,27,33, 68 is widespread. Examples 
of applications are valve seats and discs, turbine blading, gaskets on steam 
lines, diaphragms, dehydrators. The resistance to corrosion and erosion is 
good. Cases of unsatisfactory behavior fro111 wire-drawing or impingement 
corrosion-erosion have been traced to particularly severe conditions or to 
defective design. 

Monel metal has been included in a number of tests covering impinge
ment of high velocity steam. The conditions of these tests were chosen 
to give accelerated action: 

Steam, wet for most of the time, impinged at a calculated velocity of 2900 
feet per second on a Monel metal specimen held at an angle of 45°. At 
the end of seven weeks, with a few minor interrllptions, the metal was 
eroded to a depth of .0007 in.SI 

A Monel metal turbine blade section after 70 hours in dry saturated steam 
at a velocity of 3600 to 3900 feet per second was definitely attacked in 
the area of impingement.27 

The edge of a Monel metal specimen .015 in. thick exposed 400 hours in steam 
flowing at 3000 feet per second became indented and the surface of sheet 
thinned back from the edge.33 

HIGH-TEMPERATURE ATMOSPHERES 

The nickel-copper group are high temperature 18, 24, 31, 60, 70 alloys only 
in the sense that they resist progressive oxidization at higher temperatures 
than can ordinary steels, copper, and the brasses and bronzes. There are 
definite limitations in their capacity to stand heat. 

About 1200° F. is usually considered the upper limit of usefulness of 
the Monel metal type in oxidizing atmospheres. At 12000 F. the oxide 
film is protective; the gain in weight for the first 24-hours exposure is about 
40 mg. per sq. dm. per day, and with increasing duration the rate of gain 
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decreases. At 15000 F, the rate of gain for the first 24 how's is about 1000 
mg. per sq. dm. and this rate continues with time-in other words the 
oxide is not protective. Thus, between 12000 and 15000 F. a change takes 
place in the physical characteristics of the oxide stich that it no longer is 
effectively protective and deterioration is rapid.31 

The oxidation characteristics of nickel-copper in an atmosphere of 
oxygen in a range of 13820 to 2012 0 F. have been studied by Pilling and 
Bedworth.GO They found that the curve of oxidation against time at a 
given temperature is a simple quadratic parabola, the square (3/2 power 
for the intermediate nickel-copper range) of the amount of oxidation being 
proportional to the time of exposure. 

In Figure 60 are reproduced the results of Pilling and Bedworth. 
Wire specimens were held one hour in an oxygen atmosphere at 760 mm. 
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pressure. The unit of attack is m111. of metal oxidized as calculated from 
the weight increase when using an oxide metal ratio found experimentally to 
be a sound basis. 

Sulfur gases in a hot reducing atmosphere are highly damaging to 
nickel-copper, at temperatures of about 7000 F. and higher. At lower 
temperatures a sm'face blackening takes place, which develops into a 
heavier scale that is protective. At temperatures even below 7000 F. the 
action is somewhat damaging. For instance, after 7 days in a one to ten 
mixture of of hydrogen sulfide and natural gas at 625 0 F. a Monel metal 
specimen after removal of the sulfide scale had lost .001 to .002 in. on the 
exposed surface. On the other hand after 24 hours in a one to ten mixture 
of sulfur dioxide and natural gas at the same temperature Monel metal 
had suffered nO more than a slight surface blackening. Monel metal used 
in hydrogen sulfide gas running at times up to 10000 F. failed after six 
weeks by severe intergranular embrittIementP 

An oxidizing atmosphere carrying sulfur tends to form a less protective 
scale than gas without sulfur. Pure sulfur dioxide at 12920 F. has been 
found to be about twenty times more damaging to Monel metal than pure 
oxygen. Very low contents of sulfur dioxide in air at temperatures under 
about 12000 F. would 110t he expected to he damaging. 

In the heating of nickel-copper for forging (18500 to 2150° F.) or itl 
annealing (12000 to 19000 F.) it is extremely important to avoid gases 
carrying sulfur. Even very small contents of sulfur will resttlt in embrittled 
surface even though the period of exposure is short. 

Monel metal is not useful in handling hot reducing ammonia gases. 
Yanick 76 found that a Monel metal tube of .35 in. wall had suffered inter
granular fissuring after 28-hours exposure at 932 0 F. The metal was 
under 1500 lbs. internal pressure, and the gas consisted of 8'10 ammonia 
in a three to one hydrogen to nitrogen mixture. At 12740 F. a Monel metal 
rod, under no stress, had swollen to a 100se-fibered incoherent mass after 
four 111onths. Monel metal has reasonably good resistance in nitriding gas 
mixtures up to about 1085 0 F. Above this deterioration is rapid. 

M ISCELLANEQUS 

Molten metals. Nickel-copper is not commercially suitable for 
handling molten metals, with the exception of mercury. Tin, aluminum, 
lead, zinc are more or less rapid in their attack. Tin and nickel form an 
eutectic alloy which melts at 425 0 F. The melting point of tin is 4500 F. 
Aluminum forms alloys with copper and nickel at temperatures of 1013 0 

ancl1l66° F. respectively. Aluminum melts at 12140 F. Lead alloys with 
nickel at the melting point of the former, 6200 F. ; it forms no definite alloys 
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with copper. A eutectic of zinc and nickel melts at 786 0 F., which is the 
melting point of zinc. 

Monel metal (doubtless other nickel-copper alloys likewise) is well 
adapted for use with mercury. It is necessary, however, to avoid using 
strain-hardened metal, since even at ordinary temperatures this at times has 
suffered intercrystalline cracking. \Vhen properly annealed, cracking will 
not take place at ordinary as wel1 as elevated temperatures. Exposed 15 days 
at 7200 to 760 0 F. annealed MoneI metal mercury bulbs became amalgamated 
at a few scattered patches. In other tests of 17 days at the same tempera
tures the surface of Monel metal became coated with amalgam. 

Sul:fidizing substances. Nickel-copper, as already stated, is sensitive 
to sulfidization. Fused sulfur (248° F.) for instance attacks it strongly 
and organic sulfur-bearing compounds of various kinds 70 react to the extent 
at least of a tarnish or sulfide coating. Where the substance is acid, pitting 
sometimes takes place beneath this coating. As an example, specimens of 
Monel metal exposed 55 days both submerged and in the vapors above 
large volumes of crude light oil, neutral light oil, and motor benzol were 
pitted lightly to severely with the exception of those submerged in crude 
light oil. The specimens in the motor benzol exposure were corroded at 
average rates of 5S mg. per sq. dm. per day, with severe pitting.31 

Chlorinated hydrocarbons. Nickel-copper is generally suitable for 
handling the chlorinated hydrocarbons. In clean carbon tetrachloride at 
1'00111 temperature, with and without moisture, rates of Monel metal range 
under 2 mg. per sq. dm. per day, Specimens exposed in a. dry-cleaning 
carbon tetrachloride still were corroded at rates of S mg. per sq. dm. per 
day and less, whether in the liquid or in the vapor phase. Other tests have 
shown that in the hot substance, corrosion of Monel metal is less if water is 
absent than if present, and is less in the presence of air than in the absence 
of air. In a loo-hour test a rate of 94 mg. per sq. elm. per day was 
obtained in exposure in the vapors from a boiling mixture of tetrachloride 
and water.G5 Under the conditions of the test practically all air seems to 
have been excluded. This contrasts with the rate (maximum) of 5 mg. 
per sq. dm. per clay, mentioned above obtained in stills in the presence of air. 

Chloroform, ethylene dichloride, and trichlorethylene are likewise well 
resisted by nickel-copper. 

Iodine. Iodine vapors and tincture of iodine attack nickel-copper 
strongly. 

Alcohol, acetone. These substances, with and without water, are not 
corrosive to nickel-copper. Monel metal exposed 6 hours in a mixture of 
70% ethyl alcohol in water at 1040 F. was corroded at a rate of 1.2 mg. per 
sq. dm. per day.al Monel metal exposed 6 months at room temperature 
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in acetone and methanol respectively, and 30 days in the vapor from the 
boiling substances, showed no weight loss.tH 

NICKEL-COPPER 
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Chapter XIX 

Copper 

Copper combines high corrosion resistance in atmospheres, waters and 
chemicals with high electrical conductivity. This combination is supple
mented by several other characteristics of significance, both general and 
limited. High heat conductivity, workability and availability need especial 
mention. The resistance of copper in atmospheric exposure is particularly 
felicitous, for it means that no protective coatings are necessary (in contrast 
to iron) on the tremendous amount of copper exposed outdoors and indoors 
for electrical and other purposes. It is very widely used in handling acid 
and salt solutions and waters. 

The great ductility of copper is of advantage in processes of fabrica
tion. INhere greater strength than that of copper is desirable innumerable 
alloys high in copper are available. These are treated in another chapter. 

Commercial wrought copper is of relatively high purity-greater than 
99.90% copper. "Tough pitch" copper c~rries a low intentional content 
of oxygen; in deoxidized copper the oxygen content is reduced virtually to 
zero. "\Vhereas the oxygen-bearing copper is a particularly sound and strong 
variety, deoxidized copper is advantageous in resisting hot reducing gases 
in service or in hot working operations. In England, small additions of 
arsenic are considered useful for improving strength, and also atmospheric 
corrosion resistance. 

Copper has wide general commercial corrosion resistance. I t holds a 
cathodic 01" noble position in relation to oxidation by hydrogen ions, which 
gives it good resistance against acid solutions of low oxidizing capacity. 
Its resistance to the atmosphere and to waters is of the greatest significance. 
Exceptions to substances in which copper has general wide corrosion resist
ance are oxidizing acids, aqueous ammonia, and some strongly corrosive 
substances such as iodine and chlorine. Copper has extensive use in 
handling food products. It is limited for conditions in the high tempera
ture range by both its low strength and relatively unprotective oxides. 

The reluctance of copper to corrode clue to its inherent cathodic (noble) 
natnre is obscured in a few cases by special factors that are accelerating. 
Thus, it is relatively sensitive to metal-ion solution cell action, and it forms 
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soluble double salts in certain ammonia and cyanide solutions. Again, the 
presence of oxidizing agents seriously reduces its natural resistance to 
acid solutions. 

SOLUBILITY OF COPPER COMPOUNDS 

The dependence of corrosion resistance on solubilities of corrosion 
products is usually an obscure one, and is paliicularJy so in the case of 
copper. Two examples of such dependence are the development of insoluble 
basic salts-sulfate and carbonate-in atmospheric e..xposure, and of cuprous 
oxide in fresh waters,M2 in smoky atmospheres and at high tcmperatures.I''i 
These valuably increas.e the naturally high resistance. On the other hand, 
high solubility of complex cupric ammonium compounds in aqueous 
ammonia, and the solubility of the cyanides of ctJpper in potassium cyanide, 
help account for the strong corrosion of ammonia and cyanide solutions. 

Two-METAL GALVANIC CORROSION 

Copper is one of the more cathodic metals; in fact, generally, only 
passivated chromium metals are more cathodic. 

In exposure to the milder types of neutral reagents, such as fresh 
water, rain water, very dilute salt solutions and moist atmosphere, the gal
vanic attack that may result when copper is coupled with the copper alloys, 
nickel, lead, and tin is negligible to llon-existent. 'Vith iron 18 there is a 
tendency towards greater attack than with these other metals, the action 
of course being concentrated 011 the iron. These corrosives are poor 
electrolytes as a rule and for that reason suppress the galvanic currents. 
Nevertheless, the coupling of aluminum with copper in them is often 
unsafe practice, in view of the unusual sensitiveness of aluminum to coupled 
corrosion. Yet in the case 0 f aluminum, coupling with copper (high copper 
alloys) in ornamental metal work in outdoor urban atmosphere, has not 
usually led to undesirably great attack. 

As neutral solutions become more concentrated in salts, and therefore 
better electrolytes, the danger in using copper couples becomes more 
pronouncecl,1s This applies to solutions of the various neutral salts. 
Aluminum should not be coupled under these conditions, and relatively large 
surfaces of copper coupled with iron are likely to prove unsatisfactory. 
Lead, tin and solder may at times suifer attack. The high copper alloys 
and the nickel alloys on the other hand, since these 11a ve but very slight 
tendency to corrode uncoupled in such solutions, can be safely used in this 
group of corrosives. 

The situation in neutral chloride solutions, such as brines and sea water. 
is quite unlike that in the other neutral salt solutions. The possibility of 
danger in copper coupled with iron, lead, tin becomes more pronounced; 
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and the brasses in couple with copper may suffer an undesirable degree of 
accelerated corrosion. Large surfaces of copper, such as sheathing on 
boats or tank linings, are likely to have an appreciable effect on brass 
fittings or pipes, for intance, that may be in circuit with the copper. The 
copper alloys low in zinc or free from zinc are less inclined to be attacked 
coupled with copper. 

An example of a possible high degree of acceleration of iron corrosion 
when coupled with copper, is the case of a fully aerated, agitated, moderately 
dilute sodium chloride soll1tion. In this, uncoupled iron corroded at a rate 
of 350 mg. per sq. dm. per day, whereas when coupled with a copper speci
men of about twenty times its area, the rate was 7,900 mg. per sq. dm. per 
day-an increase of about twenty times.44 

As will be noted later on, copper is paliicularly reactive with chloride 
salts as compared with other neutral salts. In line with this is the result 
of some galvanic tests made in aerated sea water, in which Monel metal, 
normally slightly anodic to copper, behaved cathodically, with a rapid 
increase in the attack of the copper.44 

In acid exposure it is well where possible to avoid coupling copper with 
other metals, particularly with iron. In many cases of course it is not pos
sible to avoid this. Perhaps the least danger in such exposure would result 
from copper coupled with the high copper bronzes. In fact the cast bronzes 
carrying tin, lead and zinc (low) are often used with copper equipment 
handling acids. Monel metal likewise approaches copper in electrochemical 
nature and often in acid exposure may be coupled with copper. On the other 
hand brasses of relatively high zinc content are likely to suffer severely. 

ACIDS 

Copper is widely employed in apparatus handling acid solutions in 
chemical plants. 

A fairly definite division line exists between those acids that can be 
used at times with copper and those that cannot. The inherently non-oxidiz
ing acids such as acetic, sulfuric, hydrochloric, phosphoric are generally well 
resisted by copper so long as the content of dissolved oxygen, or of oxidizing 
impurities sllch as ferric salts, is fairly low. There are exceptions to these 
generalizations, such, for instance, as the fact that concentrated hydro
chloric acid will corrode copper rapidly, independently of the presence of 
oxidizing substances. 

It is a difficult matter to express the oxidizing capacity of a solution 
when this oxidizing capacity is derived from a content of dissolved oxygen 
(air). As a rule a thoroughly agitated or stirred solution, or one into 
which an air-stream is directed, approaches air-saturation. A solution of 
an acid that is in itself non-oxidizing, under aerated conditions becomes very 
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definitely corrosive to copper. This generalization applies both to strongly 
ionizing acids like sulfuric, hydrochloric, and formic, ancl to weakly ioniz
ing acids like acetic. Although the acid concentration ancl to a lesser 
extent the hydrogen-ion concentration, are factors in determining corrosion 
rates-the rates in general tending to increase with each of these £actors
the importance of these factors is overshadowed by the variable of dis
solved oxygen content (aeration) within the limits that this variable exists in 
the actual use of metals. Acids of inherent oxidizing capacity, such as 
nitric, sulfurous, and concentrated sulfuric, and acids carrying oxidizing 
impurities such as ferric salts, cannot be handled in copper equipment-at 
least these are more economically handled by other metals and alloys. Sul
furous acid, while generally considered reducing, acts as an oxidizing acid 
in the corrosion of metals, furnishing oxygen and sulfur for combination 
and accelerating the corrosion as much as or more than the true oxidizing 
agents. 

The action of acids on copper may be generalized as follows: 

1. In very dilute acid solutions, ranging from neutral to concentratiol1S on 
the order of JJ1 per cent, the action OIl copper is relatively low, the rates 
ranging well below 60 mg. per sq. dm. per day. This is true of oxidizing 
acids like nitric as well as of non-oxidizing acids like sulfuric, and the 
action is relatively insensitive to the accelerating effect of aeration. 

2. Non-oxidizing acids with an air content approaching zero have practically 
no corrosive effect, independent of concentration j thus rates in 1.2 normal 
sulfuric, hydrochloric, and acetic acids in the absence of air were less than 
1 mg. per sq. dm. per day.O!l Air free solutions are rarely met, but the 
fact that copper is virtually ul1corroded by them is significant. 

3. Solutions of lion-oxidizing acids (hydrochloric excepted) carrying air in 
such quantity as is absorbed in quiet contact with atmosphere are rather 
weakly corrosive, independently of concentration. The rates are roughly 
5-60 mg. per sq. dm. per day. 

4. Air-saturated solutions of non-oxidizing acids are likely to be rather 
strongly corrosive,-on the order of 50-300 mg. per sq. dm. per day, and 
higher for hydrochloric acid. The actual corrosion rate in any indi~ 
vidual case will depend in some degree on hydrogen ion concentration and 
certain other factors difficult to classify. 

5. Oxidizing acids except in very dilute solutions corrode copper rapidly~ 
roughly above 500 mg. per sq. dm. per day-independently of aeration. 
This is true of both inherently oxidizing acids-nitric-and acids whose 
oxidizing capacity is due to impurities such as ferric iron. 

To define more specifically the bounds within which these generalizations 
apply, it is necessary to say that at temperatures above ordinary room tem
peratures the rates are higher; that with very low concentrfl,tion acid solu~ 
tions-indefinitely below 0.01 per cent-the effect of aeration becomes 
relatively low; that the solubility of oxygen in acids, varying as it does 
with the acid concentration, is a further variable in determining corrosion 
rates; and that the development of low solubility corrosion products often 
is directly suppressive. 
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The rates in Table 268 3~ are particularly instructive in that three types 
() f corrosion reaction are expressed. The high rate for nitric reflects a 
powerful acid-oxidizing cOl1lbinatio1J. In the case of hydrochloric the cor
rosion was accompanied by hydrogen evolution, and was independent for 
the 1110st part of dissolved oxygen. Finally, sulfuric corroded only so fast 
as oxygen was supplied by diffusion through the solution. The test con
ditions were simple immersion, for 24 hours at 59°F. 

TABLE 268.-Copper vs. Acids. 

Acid 
Nitric-32% ......................... . 
Hydrochloric-cone. . ................. . 
Sulfuric-17% ....................... . 

Mg. per sq. dm. per day 
57,000 

180 
20 

Under the same conditions the action of phosphoric, acetic, tartaric, formic, 
oxalic, malic, etc., would be more like that of sulfuric. 

Aeration. The effect of a number of acids of 1 % concentration under 
quiet partial immersion conditions in sealed containers is indicated by the 
data in Table 269. The tests were made at 70° F. with five days duration.42 

TABLE 269.-Copper vs. Acids. 

Acid-1 % Mg. per sq. dm. per day 
Hydrochloric ............................ 142 
Sulfuric ................................. 28 
Acetic................................... 27 
Butyric ................................. 17 
Lactic .......... " .......... , ... , ., . .. .. 15 
Citric (0.2%) ........................... 14 

The aeration factor is well shown by the data in Table 270.62 Gas was 
hubbled through the solution for one hour previous to e:x;posure of the 
specimens, the ratio of nitrogen and oxygen in the gas being varied. The 
temperature was 72° F. and the duration 24 hours. 

TABLE 270.-Copper vs. Acids. 
Oxygen 
in Gas 

Per Cent 
o ..................... . 
5.5 ...........•.........• 

10.4 ..•................... 
15 " ................... . 
16.1 ..................... . 
21 (air) ................. . 
24.5 ..................... . 
26.4 ..................... . 
27.4 ..................... . 

Corrosion Rate-Mg. per sq. dm. per day 
Sulfuric Hydrochloric Acetic 

1.2 N 1.2 N 1.2 N 
<1 <1 <1 

69 
23 210 21 

260 
36 
58 

65 
540 

39 
39 
59 

Aeration is fl1lther covered by the data in Table 271,77 from tests in 
which hydro~en and oxygen gas respectively were bubbled through the 
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solution. Rates with oxygen gas are higher than would be obtained with 
air as the gas. The tests were made at room temperature, with five-hours 
duration. 

TABLE 271.-Coppcr vs. Acids. 

Acid 

Sulfuric 
6% 

20% 
96.5% 

Hydrochloric 
4% ...................... " .... . 

20% 
••••••••• '" ••••••••••••••••• 

Acetic 
6% ............................ . 

50% ............................ . 
Glacial ............................ . 

Citric 
50% .. , ...... '" ................ . 

Corrosion Rate-Mg. per sq. dm. pcr day 
Oxygen Hydrogen 

920 22 
840 36 
250 35 

8,600 IDS 
13,400 75 

143 8 
445 19 
12 12 

170 29 

Different exposure conditions involving' various degrees of aeration arc 
covered by the data 27 in Table 272. These are particularly useful in that 
a strong corrosive-hydrochloric-and a relatively weak acid-acetic-are 
compared. The tests were made at room temperature, for a 48-hour period 
following previous 48-hour exposure. The spray tests ran 30 days. 

TABLE 272.-Copper vs. Acids. 

EXllOsllre 

Total immersion 
Quiet .................. '" ....... . 
Air-agitated ...................... . 

Alternate immersion 
Continuous •....................... 
Intermittent ...................... . 

Spray (30 days) ..................... . 

Mg. per sq. elm. per day 
Hydrochloric Acetic 

IN IN 

320 
5,000 

3,200 
800 
290 

18 
65 

35 
14 
76 

Temperature. The accelerating effect of temperature rise is different 
in intensity for the different acids, and also for different aeration conditions. 
Data are very meager, but the two sets in Tables 273 and 274 suggest the 
order of acceleration. 

Tests have been made 42 in 1 % acid solutions, with specimens partially 
immersed in the liquid held in sealed containers. The duration at 1'00111 

temperature was 5 days, for the warm tests 5 hours. 

TABLE 273.-Co{lPer ~·s. Acids. 

Acid 
Mg. per sq. U1l1. per uay 

70° F. 145° F. 
Lactic-1 % ..•..............••••.•...• 15 73 
Butyric-l % ........................ . 17 109 
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In the following tests the specimens were simply immersed, without 
artificial aeration of the acids :4;; 

TABLE 274.-Copper vs. Acids. 

Hours Hours Mg. per sq. 
Acid Mg. per sq. 

Room temp. dm. per day 194-212° F. dm. per day 
Sulfuric 

5 . ~ ............. 7 77 7 120 
10 ............... 7 51 7 150 
20 '" , ......... 0. 7 26 7 110 

Citric 
Sat'd. ., .......... 24 3 2 56 

Lactic 
25 ............... 24 20 2 403 

Phosphoric 
35 85 .............. , 24 6 2 

Oxidizers. Oxidizers in solutions of the non-oxidizing acids are very 
strongly corrosive. The principal oxidizers encountered are ferric, cupric, 
stannic, mercuric salts. A number of illustrations are given in Table 275. 
In one set of tests 68 specimens were exposed to rnnning mine waters 
carrying sulfuric and ferric sulfate, at ordinary temperature. 

TABLE 27S.-C opper vs. O:(idizing Acid S ohttiolls. 

Water 

Sulfuric - .14% 
Ferric iron .006% 
Sulfuric - .22% 
Ferric iron .09% 
Sulfuric - .04% 
Ferric iron .01 % 

Days 

119 

33 

98 

Mg. per sq. 
dm. per day 

189 

706 

130 

Other oxidizers were added to acids, with the results III Table 276.711 

. The tests ran for 19 to 22 hours at 100° F. 

TABLE 276.-Copper vs. Acids. 

Acid 

Hydrochloric-l N ...................... . 
Hydrochloric-l N 
Potassium permanganate-S% ............ . 
Sulfuric-l N .•.......................... 
Sulfuric-l N 
Potassium dichromate-S% .•............. 
Sulfuric-l N 
Sodium chlorate-5% .................... . 

Mg. per sq. 
dm. pel' day 

230 

9,000 
43 

5,600 

8,500 

Nitric acid.as• S5, 43, 50.70 Nitric acid, except in extremely dilute solu
tions, should riot be considered suitable for contact with copper. In simple 
quiet submersion, in .06% acid, a rate of 20 mg. per sq. dm. per day has 



COPPER 413 

been reported.4ll Perhaps 0.1 % acid should be taken as the upper limit for 
satisfactory performance. In moderate concentrations rates rUIl up to OWl" 

1000 mg. per sq. dm. per day, and in concentrated aciel far above this. 

Sulfurous acid. Sulfurous acid solutions are strongly corrosi ve to 
copper, more by pitting action than by weight loss. Copper is usualiy 
satisfactorily resistant to smoky industrial atmospheres, but in some cases, 
as in flue linings exposed to moist sulfurous gases in high concentration 
copper is badly attacked. 

Phosphoric acid.45 , 47, [;9, 63 Tests 011 copper have been made, 50, 63 by 
quiet stlbmersioll for 250 hours at 60° F. in acid obtained by combustion of 
phosphorus and by leaching of superphosphate, respectively. The li'ltter 
was far more corrosive due to the presence of ferric iron as an impurity. 
(See Table 277.) 

TABLE 277.-COPPI!I' ~IS. Phosphoric Acid. 
Mg. per sq. dm. per day 

Pure phosphoric 
76% ................................ . 
420/0 •••..•.•.•......••...•.•......•.. 

Impure phosphoric 
42% ....................•............ 

SO 
100 

300 

Aeration of phosphoric has the normal accelerating action; heat is 
abnormally accelerating with phosphoric. A number of tests in hot acid, 
pure and impure (ferric iron) gave the results shown in Table 278. 

TABLE 278.-Copper ~'S. Phosphoric Acid. 

Pure acid 

Mg. per sq. 
dm. per day 

85%, unaerated, 203 0 F. ..................... 29 
25%, unaerated, 203 0 F. ..................... 105 
25%, aerated, 203 0 F. ..................... 2,200 
50%, unaerated, 176 0 F. ..................... 220 
25%, unaerated, 1760 F. ..................... 410 
10%, unaerated, 176 0 F. ..................... 490 

Impure, crude acid 
Dilute, unaerated, 1760 F. ............. 4,500 
Concentrated, unaerated, 1760 F. ............. 2.100 

Hydrochloric a.cid.D, 22,27,33,35,42.43, GO, 51, 62, 70, 70, 77 Hydrochloric 
acid is so corrosive to copper that concentrations higher than about 0.1 % 
cannot for most purposes be handled with it. In .030/0 acid under quiet 
submersion conditions rates of 25 mg. per sq. dm. per day have been 
reported.43 At 0.1 % the rates in simple immersion exposure are around 
100 to 200 mg. per sq. dm. per day, and rapidly increase with higher con
centrations, temperatures, and particularly with aeration. In concentra
tions above about 30% at room temperatute and 20% in the higher teru-
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perature range (c. g. 1670 F.), the corrosion reaction goes on with strong 
bydrogen evolution. as inrlicated in Figures 61 a11(1 62.22 
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FIGURE 61. Copper vs. Hydrochloric 
Acid at 167 0 F. 
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FIGURE 62. Copper vs. Hydrochloric 
Acid at 68 0 F. 

Sulfuric acid.13, 33, 35, 42, 43, 44, 50, til, 62,76,77 As a summary of the 
evidence on the sulfuric acid attack of copper, the following seem to be 
true as generalizations: 

1. Concentrations higher than about 80% in the cold and about 60% hot are 
too corrosive to warrant the use of copper. In concentrated acid, the 
corrosion reaction does not require, though is aided by, the presence of 
dissolved oxygen, and progresses with the -partial breakdown of the acid 
into reduced sulfur and free oxygen, both of which tend towards further 
corrosion. The action takes the form characteristically of pitting beneath 
a sulfide scale. 

2. Concentrations below 80% that are free of dissolved oxygen do not corrode 
copper at all at room temperatllre and but slightly at elevated temperatures. 

3, Concentrations below 80% with low content of dissolved oxygen (unagi
tated solutions exposed to the atmosphere) corrode copper at rates of about 
20 to 80 mg. per sq. dm. per day. The actual acid concentration is a minor 
variable, a range from .01 to 80% yielding corrosion rates of the same 
order. At elevated temperatures the rates are perhaps 50 to 120 mg. per 
sq. dm. per day. 

4. Concentrations below 80% under fully aerated conditions (strong agi
tation) corrode at rates of about 150 to 300 mg. per sq. dm. per day. The 
conditions at the solution-air-metal contact of a quiet solution approaches 
full aeration. At elevated temperatures (below about 60% concentration) 
the rates are 100 to 400 mg. per sq. dm. per day. Concentrations within 
the range of 1 to 20% are the most corrosive, hot or cold. 
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Quict submcrsion ill .05 % stllf uric at rooll1 tcmpcmtnre for a 7-day 
period gave a rate of 17 mg. per Sf(. dm. per rlay,4;{ indica.ting the action of 
very low concentrations. 

Temperature, concentration and aeration as variables were inval ved ill 
Table 279.77 The tests were of 5 hours duration. Hydrogen and oxygen 
respectively were bubbled through the solution. 

Sulfuric 
Acid Cone. 

% 
6 

20 
96.5 
6 

20 
96.5 
6 

20 
96.5 

TABLE 279.-Copper vs. Sltlluric Acid. 

Temp. 
of. 

68 
68 
68 
95 
95 
95 

122 
122 
122 

Mg. per sq. dm. pel' day 
Oxygen Hydrogen 

920 
840 
250 

2,300 
1,300 

300 
2,700 

600 
520 

21 
36 
35 
54 
51 
62 
75 
62 

260 

These rates for oxygen-saturated acid are much higher than would apply 
for air-saturated acid. The rate in air-saturated 6% acid at room tem
perature would be about 200 to 250 mg. per sq. dm. per day.44 Although 
the rate given above in 1'00111 temperature, concentrated acid under hydro
gen is low, copper is ordinarily not recommended for concentrated. sulfuric. 

Hot 6% acid, aerated and unaerated, gave the rates in Table 280.44 

Temp. 
OF. 
140 
160 
1'78 
194 

TABLE 280.-Coppcl' z's. Sulfuric Acid. 
Mg. per sq. dm. per day 

Unaerated Aerated 
105 280 

95 330 
145 370 
153 410 

Acetic acid.o, 10. 27. 42,44. vl, na, 02, 71 Copper equipment is used a great 
deal in commercial processes involving exposure to acetic acid, e. g., in the 
process of manufacturing acetic acid from calcium acetate and sulfuric 
acid. Although available corrosion rates indicate that the action of hot 
mixtures of acid and acetic anhydride, and hot glacial acid may sometimes 
be severely corrosive, ordinarily the rates of acetic, dilute or concentrated, 
boiling or cold, aerated or unaerated, fall below 300 mg. per sq. dm. per 
day. There is a tendency towards pitting, but its details are not clearly 
enough known to be stated. 

To generalize, the <dion of acetic is somewhat as follows: 

Cold, unaerated solutions, up to 100% concentration-under 50 mg. per 
sq. dm. per day. 

Cold, aerated solutions, up to 100% concentration-50 to 200 mg. per 
sq. dm. per day. 
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Hot ~olutions, 111laerated or aerated, ill concentrat.ions 10 100%-20 to 
1000 mg. per sq. dIll. per day. 

Mixture of anhydride and acid-in the cold up to 300, in the hot up to 
.3000 mg. per sq. dill. per day, with the degree of aeration of slight and "ariable 
significance. 

Tests have been made 44 in boiling mixtures of glacial acetic and dis
tiIled water, of 20-hour duration. (See Table 281.) " 

TAEl,E 281.-Copper vs. Acetic Acid. 

Acetic Acid 
Cone. 

Mg. per sq. drn. per day 

% 
5 

SO 
98 
99.9 

Vapot' Phase 

19 
72 
67 
15 

Liquid Phase 

22 
46 

176 
137 

Hydroxy-adds.D, 10, 42,53. 77 The hydroxy-acids as a whole behave 
not unlike acetic, so far as the limited data are an indication. In unaerated 
solutions at room temperatures, the rates for formic, butyric, lactic, citric, 
tartaric, malic are on the order of 6 to 70 mg. per sq. dm. per day. Aeration 
is accelerating to the extent perhaps of three or four-fold. At tempera
tures up to boiling the rates range up to 120 mg. per sq. dm. per day, some
times up to 300. Differences in corrosiveness among the acids exist but 
they are of minor degree and their nature impossible to classify. 

Chloracetic acid is known to be very corrosive. A boiling solution 
(spec. grav. 1.36) has given a rate of 1400 mg. per sq. dm. per day.!) 

Fatty acids. The fatty acids attack copper, producing green copper 
soaps.* Rates of 2S mg. per sq. dm. per day were obtained for copper 
exposed, submerged and in the vapor phase respectively, within a still 
handling crude split oleic and stearic acids at 440° F. under vacuu111.H Three 
months in a saponifier handling a boiling solution of 60% fatty acids and 
small contents of sulfuric, aromatic, and sulfonic acids led to a rate of 100 
mg. per sq. dm. per day.44 

Hydrogen sulfide. In aqueous solution, particularly in the presence 
of other acids, hydrogen sulfide rapidly blackens and corrodes copper. 

ALKALINE SOLUTIONS 

Caustic. Copper is only slowly corroded by caustic alkalies, but the 
action is appreciable. Since iron is less affected and costs less, copper is 
rather rarely an economical material of construction for handling alkalies. 
Where copper is desirable for other reasons it may resist some alkaline 
solutions, not ammonia, in a satisfactory manner. Rates in Table 282 were 
obtained in tests at 86° F. which ran 48 hours following 48 hours previous 
exposure.27 

"W. H. Bassett. private commnnication. 
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TABLE 282.-Coppcr 7'S. Sodium Hydroxide. 

Condition lIg. per sq. dm. per day 
Total immersion 

Quiet ............................... . 
Air-agitated ......................... . 

Alternate immersion 
Continuous .......................... . 
Intermittent ......................... . 

Spray .................................. . 

14 
20 

29 
14 
2 

417 

Lower rates have been reported in some tests n, 41, ·13 and higher rates for 
caustic soda and potash in others.l3 , 41, lJO 

Hot caustic soda, concentrating fro111 30 to 50% at 179° F. has given a 
rate of 14 mg. per sq. dm. per day.H Still further tests, ill concentrated 
caustic potash and caustic soda in a vacuum evaporator over a temperature 
range of 320 to 752° F. gave rates below 1 mg. per sq. dm. pel' day.56 Again 
a mixture of 10 parts caustic potash and 7 parts caustic soda, concentrating 
fro11125° to 50 0 Be yielded a rate of 120 mg. per sq. dm. per day.o 

Fused caustic at 660 0 to 11000 F, has been reported 7" to be very 
corrosive to copper, yet with the addition of 5% sodium peroxide to the 
fusion, the action, at least in the 660° to 7500 F, range, was greatly 
suppressed. 

Aqueous Ammonia.ls , 50 Ammonium hydroxide is one of the most 
rapidly reactive substances with copper, due to the formation of highly 
soluble copper-ammonium compounds. Advantage is taken of the solubility 
of copper compounds in ammonia in the use of ammonia polishing mixtures 
for removing the tarnish films from copper. 

Very dilute solutions of ammonia may be fairly low in their action. 
For instance, exposure in .01 normal ammoniu111 hydroxide in quiet immer
sion at room temperature for a week led to a rate of 15 mg. per sq. elm. 
per day.43 

The action of intermediate concentrations is well outlined by Table 
283,27 The solution was 1 normal strength, and the test period 48 hours 
following a previous 48-hou1' exposure; the spray test was nm for 30 days. 
All tests were at 1'00111 temperature. 

TAllLE 283.-CoPPCI' vs. A1/IIIlOuiUIll llJ'dro.-ride. 

Condition 
Total immersion 

Quiet ............................... . 
Air-agitated ............. , ........... . 

Alternate immersion 
Continuous ., ....................... ,. 
Intermittent ......................... . 

Spray (30 days) ....................... .. 

Aeration is strongly accelerating. 

Mg. llcr sq. dill. pcr day 

160 
430 

870 
205 

35 
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The extremely rapid attack under strong aeration and agitation is 
indicated by Table 284.44 The tests ran 3 to 7 hours at room temperature .. 

TABLE 28-t.-Coppcr vs. Ammollium Hydro.'ride. 

Ammonia 
% 
26.7 
10.6 
6.5 

Mg. per sq. dill. per day 

19,000 

4.2 
2.4 
1.0 

SALT SOLUTIONS 

27,000 
41,000 
66,000 
53,000 
38,000 

Cupper has excellent resistance to many salt solutions, sllch as the 
sulfates and nitrates of sodium and potassium, reasonably good resistance 
to others like the chlorides of sodium and calcium, which is of the greatest 
economic value in marine uses, and poor resistance to oxidizing substances 
like ferric and cupric salts, and to ammonia salts. Rates range from less 
than 1 mg. per sq. dm. per clay in the first group, to 4 to 70 mg. per sq. 
dm. per day in the non-oxidizing chlorides, and greater than this in the 
oxidizing-acid and the amll10nia salts. 

The data in Table 285 27 compare sodium chloride, a moderate cor
rosive, and potassium dichromate, which is weakly to negligibly corrosive. 
The tests were made in 1 normal solutions at room temperature for a 48-
hot11' period following a 48-hour previotls exposure, The spray test was 
rtm for 30 clays. 

TADLE 285.-CoPPC1" vs. Salt Solutions. 

Mg. per sq. 
Condition Sodium 

Total immersion 
Quiet ....... , ..................... . 
Air-agitated ...................... . 

Alternate immersion 
Continuous ................ , ...... , 
Intermittent ................. , .... . 

S:pray (30 days) .................... .. 

Chloride 

16 
29 

17 
6 
3.5 

dm. per day 
PotassiulIl 

Dichromate 

1.7 
.3 

.5 
1.1 

<.3 
Aeration and agitation is seen to be rather strongly accelerating in the 
case' of chloride. In fact, a 3% sodium chloride solution under strong 
aeration and agitation conditions has given a rate as high as 7S mg. per 
sq. dm. per day in three day cxposure.44 Aerated calcium chloride brine 
(1.14 spec. grav.) at room temperature has given a rate of 150 mg. per 
sq. elm, per clay for copper, in a 24-hour test.H The chlorides of potassium, 
sodium, magnesium and calcium are substantially alike in the order of 
their attack,n, 14, 16, 33, 41, 43, 51, fir, Where reacting acid, solutions become 
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more corrosive, with aeration becoming an acceleratillg factor. Zinc chloride 
and aluminum chloride solutions are eXH.mples. 

The salts that have negligible attack on coppcr-l 1llg. per sq. dm. per 
day and less-include the sulfates and nitrates of sodium, potassium, mag
nesium, calcium, etc.n, 14, il" The alkali carbonates and other salts reacting 
alkaline 11, 13, 41, 43 are likely to corrode at rates two or three times this 
maximum, The hypochlorites, except in very dilute solutions;H are strongly 
corrosive. 51 

Ammonia salts in moderate concentration yield rates of 15 to 80 mg. 
per sq. dm. per day, perhaps higher under strong aeration and agitation 
conditions. 

Solutions of the oxidizing acid salts-ferric and cupric, mercuric, stannic 
and silver salts,-are strongly corrosive to copper with rates ranging above 
100 mg. per sq. dm. per day, often much higher. This is particularly true 
of the chlorides. 

Cyanides are strongly corrosive to copper. 

FOOD PRODUCTS 

Copper is a standard material in the construction of equipment used 
in the preparation of foodstuffs, e. g., kettles, evaporators, pasteurizers, 
containers, and sheet metal work. The resistance of copper to foodstuffs 
is such that copper equipment ordinarily has an indefinitely long life, and 
under conditions where the food product is held for a brief period only-less 
than an hour or two-in contact with the metal, and where the metal 
can be cleaned frequently and periodically, copper is reasonably satisfactory. 
It has become C01111110n practice to coat the inside surface of copper equip
ment with tin. In spite of the fact that a tin coating is not permanent, 
this practice has its advantages. It prevents the formation of unsightly 
salts and the discoloration of the product, in cases of prolonged exposure. 
Again, copper is a rather rapidly tarnishing metal in both atmospheric and 
submerged exposure, whereas tin is 110t. 

The subject of the toxicity of copper salts has been in a confused state 
principally because of the failure to distinguish between the effect of heavy 
doses of copper compounds and of the relatively minute p1'oportiOI1$ nor
mally absorbed from copper equipment. Investigations 48, 21 strongly indi
cate that small quantities of copper are definitely beneficial to life. This 
is not a surprising discovery-though an extremely significant one-in view 
of the fact that most foods carry naturally an appreciable copper con
tent ;87,40, 82 e. g. (typical analyses) cow's milk 5.0 p.p.m., woman's milk 
0.4-0.6 p.p.m., potatoes 1.9 p.p.m., asparagus 7.0 p.p.m., walnuts, 11.2 p.p.m. 
oats 6.5 p.p.m., egg yolk 1.8 p.p.m., oysters 800 p.p.m. The occasional 
toxicity of oysters is not considered to derive fr0111 the copper. It would be 
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expected that the processes of the human budy wOllld be adjusted to this 
constant environme11t of copper in foods. 

/\. comparison between the quantity of copper naturally present in milk 
and the quantities absorbed from processing equipment is given in Tables 
286 and 287.40 

Milk 
TADLE 286.-Copper Can lent of M@. 

Raw ................................................... . 0.43 p.p.m. 
Screened (copper screens) .............................. . 
Screened (copper screens had stood exposed to air for 5 min. 

0.45 p.p.m. 

between loads) ...................................... . 0.97 p.p.m. 
Condensed Milk 

Skimmed milk condensed to 36% total solids in copper vac-
uum pans •..•..................•.•.................... 3,7 p.p.m. 

TAIILE 287,-Coppe1' Conlent of Fmit Products COl1l1ll01l1y Processed in Cappel' 
Equipment. 

Plant 1 Plant 3 
p.p.m. 

Strawberry preserves ........... 4 
Blackberry preserves ........... 4 
Cherry preserves ..... ,......... 3 
Apple butter ................... 3 
Chili sauce ..................... 7 
Ketchup........................ 8 

p.p.m. 
Plulll jelly ..................... 55 
Strawberry jelly .. , ............ 60 
Raspberry j eHy ................ 80 
Raspberry preserves ............ 4S 
Apple butter .................... 110 
Chili sance ..................... 18 

Plant 2 Plallt 4 
Currant jelly ......... ,.,....... 7 
Raspberry jeIly ........... ".... 5 
Raspberry preserves .... ,., .... , 4 
Peach preserves ..... , .... ".... 6 
Strawberry preserves ...... ".,. 10 
Blackberry preserves """"'" 3 
Apple butter "', .. , •... , .. , ... , 24 
Grape jam .,.,', .. , ........... , 4 
Chili sauce ... ,., ........... ,... 8 
Ketchup .. , .. " .......... ,."... 12 

Raspberry ielly .. ,.............. 2 
llaspberry preserves ...... , ..... 7 
Peach preserves ........ , .... ,., 4 
Strawberry preserves ........... 9 
Blackberry preserves ........ , .. 4 
Pineapple preserves ".", """ 3 
Plum preserves ..... , ... ,.,.,... 6 
Apricot preserves ....... , .. ,',. 11 

Where food processing ordinarily involves only short periods of contact 
between product and metal equipment, the cases where copper absorption 
may approach toxic significance are undoubtedly rare, corrosion rates being 
ordinarily low. 

Data suggesting the order of attack of copper in certain food products 
are given ill Tables 288 to 291. 

Hot to boiling fruit juices have given rates of 1 to 10 mg. per sq. dm. 
per day 011 copper,8,53 and in one set of data 44 the rates in Table 288. 

Orange juice .,." .. 

Lemon juice ....... . 

TABLE 288.-Copper VS, Frltit Juices. 

Temp. 
of. 
113 
203 
113 
203 
113 

Pressure 
Mm. 

60 
760 
60 

760 
60 

Time 
Hours 

1/2 
6 

3/4 
6 
1 

Mg. per sq. 
dm.per day 

44 
24 
IJ7 
12 
23 
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Tomato products may be mildly to strongly corrosive, depending on 
conditions. Plant tests have given the results in Table 289.44 

TABLE 289.-Copper vs. Tomato Prodllcts. 

TOIll.ato juice. in tank after e~tractori 170 0 F.; mild agitation and 
hIgh aeratIon; 8 hI's. 50 mm .....................•....•...... 

Tomato _juice filler bow~; 195 0 F.; very mild agitation i moderate 
aeratlon; 9 hrs. 30 Illlll ..................................... . 

Tomato scalding tank i 200 0 F.; vigorous agitation' moderate aera-
tion; 7 hrs. 25 min .......................... : .. , ........... . 

Catsup boiling tank i. 220 0 F.; vigorous agitation i aeratioll mod-
erate; 7 hrs. 55 rom ........••..•..........•.........•...•.•. 

Catsup finisher; 210° F.; slight agitation; intermittent exposure to 
air; 6 hrs. 50 min. . ....................•................... 

Mg. per sq. 
dm. per day 

209-402 

133-412 

78-184 

22- 43 

24-108 

Whereas cold milk has low to negligible action 011 copper-1 to 10 mg. 
per sq. dm. per clay,44-the action of agitated aerated milk at room tem
perature becomes moderately corrosive-IS to 3S mg. per sq. dm. per 
day.2f1. 31, 44, GO At pasteurizing temperature and higher corrosion becomes 
severe-8S to ISO mg. per sq. dm. per day,20, 31, 60,71 with higher rates 
under strong agitation conditions. 

A thorough investigation of corrosion rates in condensed milk and 
evaporated milk plants 60 has given the rates in Tables 290 and 291 for 
copper. 

TABLE 290.-Coppcr vs. MilTl P1'oducts. 

Exposure in Evaporator 

Bottom .............................. . 
Middle .............................. . 
Top ................................. . 

Mg. per sq. 
Condensed 

6-26 
8-25 
4-28 

TABLE 291.-Cnpper vs. Milk Products. 

Exposure 

Drop tank ........................... . 
Milk storage ........................ . 
Hotwell ............................. . 
Preheater ............................ . 
Fluid milk storage .................. . 

WATERS 

Mg. per sq. 
Condensed 

10-21 
o 

43-78 

3 

dm. per day 
Evaporated 

6-58 
8-45 
7-72 

dm. per day 
Evaporated 

14- 35 
0- 4 

35- S6 
123-160 

Copper has a generally admirable resistance to all types of fresh 
waters,l2. 66, 67 As u result copper is commonly used for such purposes as 
water lines, domestic hot-water tanks and linings 011 wooden storage tanks, 
and heat exchangers. Actual rates of corrosion are low, as a rule negligible. 
Perhaps in 1110St exposures the rates would be around 1 to 5 mg. per sq. 
dm. per day and less. Copper is not satisfactory for distilled water con-
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tainers, not because the life of copper is short but because the purity require
ments of distilled water are exceptionally high. The action is barely suffi
cient that in several months exposure copper will acquire a loose thin layer 
of corrosion product. Beneath this layer shallow pitting sometimes develops 
after long exposure. 

Carbonated water becomes much more corrosive. Twenty-hour tests 
made at room temperature in water saturated with air and carbon dioxide 
gave rates of 10 to 67 mg. per sq. dm. per day in the case of city water, 
and 13 to 40 in the case of distilled water.44 

As a resistor for sea water copper is probably the most useful of metals, 
although there is definite slow corrosion. At one time it was common to 
sheathe boat bottoms with copper; this is still being done to a limited extent. 
The principal drawback lies in the tendency copper has to corrode locally 
under specific conditions; (a) where there is a rapid flow of solution past 
the metal, (b) where stagnation encourages the formation of concentration 
cells, as at stagnant waterlines. Copper is far from efficient as a con
denser tube material, in steam power plants, because of rapid corrosion at 
the velocities of flow ,commonly involved. 

Even though sea water is much more corrosive. to all metals than fresh 
water copper, as stated, is valuable in widespread marine usage. Rates 
range from around 1 mg. per sq. elm. per day under the mildest conditions
quiet submersion and low degree of aeration-to 60 to 70 mg. per sq. dm. 
per day under the more difficult conditions. Velocity hecomes a very 
important accelerant along with aeration, particularly if the water is in 
rapid movement over a localized area. It is this condition that exists within 
condenser tubes handling sea water, a condition for which years ago copper 
had been found unsuitable. 

In one series of tests 2 that ran for 10 years, an average corrosion rate 
of 2 mg. per sq. elm. per elay was obtained, with a maximum of 8 mg. pel'1 
sq. dm. per clay at localizecl areas. The specimens were copper tubing, held 
horizontally, with sea water in constant gravity flow through them. In 
other tests copper specimens submerged 8t years in agitated, moderately 
aerated sea water were corroded at rates of 1 to 7 mg. per sq. elm. per day 
and less. 

In another long-time test 23-4 years~copper bars were exposed in 
Bristol (England) Channel at a position where they were submerged 93% 
of the time. The corrosion rates were about 15 mg. per sq. elm. per clay, with 
no appreciable localized attack. In another series of tests, over a three
year period, bars of copper exposed at half-tide level in Southampton 
(England) Harbor gave rates 011 the order of 0.5 mg. per sq. dm. per day.25 
In this latter test a heavy accu!11ulation of mud and oil was believed to 
have been protective. 
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Impingement tests with sea water have led to extremely strong cor
rosion of copper.G A water stream carrying entrained air impinging at a 
velocity of 10 it. per second at various angles penetrated copper specimens 
at rates of .048-.15 in. per year (300 to 940 mg. per sq. dm. per day) at 
localized areas. This impingement condition is aggravated as compared 
with ordinary condenser tube conditions, but these rates are an indication 
of the intensity of concentration cells set up by differential velocity. 

An important factor in connection with sea water behavior is that 
barnacles and sea-life do not collect on copper as they do on metals not rich 
in copper. Copper salts resulting from normal corrosion have a toxic effect 
on the organisms. This property is of great value in keeping copper clean 
in marine use and makes it a most useful constituent of antifouling marine 
paint. 

ATMOSPHERE 

Copper is more generally used by far in outdoor atmosphere conditions 
than any other metal requiring no protective coatings. Typical applications 
are electrical transmission, telephone, telegraph and trolley wires, window 
screening, ancl architectural sheet metal work, as roofing, flashing, spouting. 
Many are the cases where copper has endured for centuries and the expecta
tion of life is often measured in generations rather than years. 

In atmospheres carrying even only traces of gaseous sulfur compounds 
(hydrogen sulfide, sulf ur dioxide) copper normally tarnishes, the rate of 
tarnishing increasing with the sulfur compounds. In the absence of sul
fur compounds, copper tends to remain untarnished. In inclustrial and 
semi-industrial outdoor exposure the tarnish on copper develops into a 
pleasant-appearing black to green corrosion product that is common on the 
roofs, flashing and spouting of city buildings. The green patina which has 
a very definite esthetic value, develops slowly., sometimes over a period 
of years. In city atmospher~ the green color is due largely to the basic 
sulfate.n . 74 The basic chloride and carbonate are often present. 

These evidences of corrosive action do not reflect a condition of serious 
penetration of the copper. At least some of the corrosion products are 
protective. General experience and actual tests point to penetration rates 
in city atmospheres of around 0.1 to 2 mg. pel' sq. elm. per day, in rural 
atmospheres perhaps one-tenth of this range. A hundred years or more 
would therefore be required before a sheet .030 inch thick woulcl be pene
trated in city exposure; it is likely that penetration rates over long periods 
of time are considerably lower than 1 mg. per sq. dm. pel' day. Vernon and 
Whitby 74 have examined metal removed after 300 years of service. 

Very highly sulfidizing 72,79 atmospheres, stlch as in the neighborhood 
of railway roundhouses, in railway tunnels, etc., are more corrosive to 
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copper, in fact at times these are rapid in their attack-on the order of 
60 mg. per sq. Jm. per day-and the attack is often of a pitting nature. 

The results in Table 292 3D indicate the order of penetration rates of 
copper in exposure to different atmospheres, and compare the behavior 
of pure copper and arsenical copper. The duration of the tests was one 
year, and three criteria of damage were used. The specimens were exposed 
outdoors, those giving weight increase results being protected from the 
wash of rain and from dust accumulation, the others being exposed freely 
to the rain. 

TABLE 292.-Coppcr vs. Outdoor Atmosphere. 

Mg. per sq.·dm. per day 

A tll10sphere Weight Resistance increment method method 
Rural 

Pure copper .. , ...... I. .098 .85 
Arsenical .............. .09 1.2 

Suburban 
Pure copper ........... .23 1.5 
Arsenical .............. .22 1.6 

Mild industrial 
Pure copper ........... .25 2.3 
Arsenical .............. .30 2.2 

Urban 
Pure copper ........... .71 1.9 
Arsenical .............. .78 2.2 

Marine 
Pure copper ........... .24 2.4 
Arsenical .............. - .27 2.3 

Loss in 
weight 
method 

.47 

.39 

.71 

.60 

.96 

.87 

.97 

.96 

.91 

.77 

Using loss in tensile strength of wires as a criterion of behavior, the 
same investigator, Hudson,40 calculated the average corroded layer of metal 
as .00018 to .00026 inch per year for "high conductivity" and arsenical 
copper. These correspond to 1.1 to 1.6 mg .. per sq. dm. per day average 
attack. The specimens were in free open exposure in South Kensington 
(England), the duration being two years. 

Friend 24 reports rates of .46 to .63 mg. per sq. elm. per day for seven
years exposure of copper in Birmingham (England) atmosphere. 

An example 4 of accelerated corrosion is the case of the penetration, in 
16-years exposure to industrial atmosphere, of .021 inch copper flashing; 
the penetration occurred in narrow bands at the edge of overlying shingles, 
the remainder of the metal surface being in good condition. The accelerated 
corrosion (8 mg. per sq. dm. per day, localized) was due perhaps to a 
concentratioll cell of which one element was moisture held stagnant by 
capillarity beneath the edge of the shingles, and the other an adjacent area 
of moistme in relative 111otion. 
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HrGH-TEMl'ElIATURE CONJJITJ()NS 

While copper has certain llesirable properties ill resisling' lIxidation at 
temperatures of some elevation, it is not considered a high temperature 
metal; its strength and its resistance to hot atmospheres are low compared 
with iron and steel, and iron-chromiu!11-nickel. 

Exposed to pure air copper acquires an oxide coating at normal room 
temperatures, as Vernon 72 has pointed out, and the coating that forms is 
protective in the sense that it increases in thickness at a decreasing rate with 
time. This relationship holds essentially throughout the range from room 
temperature to 1850° F., the rates increasing with temperature. 

The behavior of copper in oxygen at 932 0 and 1832° F. is indicated in 
Figures 63 and 64, according to tests by Pilling and Bedworth.GS 
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FIGURE 64. Copper vs. Oxygen 
at 1832" F. 

Among the conclusions of Pilling and Bedworth are the following: 

1. The high temperature oxidation of copper is a direct reaction between 
copper and oxygen. Water vapor, if present, is inert. 

2. Oxygen pressure affects oxidation in two distinct ways: (a) above 0.3 
mm. the rate of oxidation increases slowly with pressure; (b) below 0.3 
rom. the rate increases rapidly with pressure. 

3. The oxide layer is composed almost wholly of cuprous oxide. The charac
teristics above outlined are indifferent to the presence of cupric oxide as a 
thin surface film. 

Reducing gases such as hydrogen, carbon monoxide, and hydrocarbons 
have an embrittling effect 51 in the high temperature range on un-deoxidized 
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copper, normally carrying on the order of 0.03 to 0.080/0 of oxygen as 
cuprous oxide. Gases like hydrogen and carbon monoxide reduce the 
oxide and form water and carbon dioxide respectively. Since hydrogen 
diffuses faster in copper than water vapor, and carbon monoxide faster 
than carbon dioxide, the reaction results in an increased volume that causes 
embrittlement. 

The embrittling action of reducing gases 81 increases in severity with the 
oxygen content of the metal and the temperature. Bassett and Bradley 1 

have pointed out that the depth of deoxidation of copper heated in reducing 
gas is greater the less cuprous oxide originally present, at least within the 
range of .015 to .136% oxygen. 

Moore and Beckinsale 54 have observed that the effect on copper with 
0.07% oxygen begins to be important at 11120 F. 

Fuller 20 has explained the embrittlenient of copper heated at 1472° F. 
one hour in an iron pipe filled with sea-sand as due to reducing gas formed 
by carbon in the pipe and organic matter in the sand. The reduction of oil 
films on heating has the same effect. 

MISCELLANEOUS CORROSIVE SUBSTANCES 

Sulfur compounds. Sulfur and sulfur compounds have a strong 
tendency to corrode copper. Against compounds in which the sulfur con
tent is low, such as gasoline, the action is confined to tarnishing without 
appreciable penetration.ar., 78,80 Advantage is macle of the tarnishing of 
copper by sulfur-hearing compounds in gasoline in a test for determining 
the corrosiveness of gasoline. In this, a fresh copper strip is immersed in 
gasoline at 1220 F. for three hours, and if the copper tarnishes, the gas 
is considered too corrosive for use in cars. The results il1 Table 293 indi
cate the quantities of free sulfur that have a tarnishing effect. 

Sulfur 
0/0 
.06 
.05 
.04 
.03 
.02 
.01 
.00 

TABLE 293.-Coppcl' ~'S. Gasolinc. 

80 0 F. 

Medium black 
Black spots 
Fine black spots 
Fine black spots 
Slight discoloration 
Unchanged 
Unchanged 

1220 F. 

Heavy black 
Medium black 
Black spots 
Fine specks 
Discoloration 
Unchanged 
Unchanged 

212 0 F. 

Heavy black 
Heavy black 
Medium black 
Black spots 
Discoloration 
Slight discoloration 
Unchanged 

An example of the action at room temperature of sulfur compounds 
is the case of a "plastilin" mixture carrying 160/0 free sulfur and 28% fatty 
acid held against samples of copper. In 7 clays the rate at 65° F. was 49 
mg. per sq. dm. per day; at 860 to 1040 F. the rate of 128 mg. per sq. 
elm. per day. The specimens were pitted beneath a black coating.a 
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Molten sulfur is extremely corrosive, the rate in 5 hours at 2840 F. 
being, in one case, as high as 9,400 mg. per sq. dm. per day.3 Boiling 
sulfur is extremely corrosive. A test is recorded 36 where a copper rod 
~ inch in diameter was completely dissolved in 4 hours-a rate of 2,000,000 
mg. per sq. elm. per day. 

Chlorinated hydrocarbons. Cold carbon tetrachloride is only very 
weakly corrosive to copper, with rates around 1 mg. per sq. dm. per day. 
In hot carbon tetrachloride copper corrodes at relatively high rates in the 
presence of air and at low rates in the absence of air. The corrosive power 
of the tetrachloride is dtte to the presence of hydrochloric acid, formed by 
hydrolysis. Exposed ill the vapors of a boiling mixture of tetrachloride 
and water for 100 hours, the rate for copper was 18 mg. per sq. dm. per 
day. In this test there was virtual exclusion of air.61 In another test of 
22 hours duration, a vapor and air mixture ga\'e a rate of 116 mg. per sq. 
elm. per day.44 

Other tests in the tetrachloride and other chlorinated solvents have 
given the rates in Table 294.44 The specimens were partially immersed in 
the solvents, in one case with a water layer, in the other without. 

TABLE 294.-Coppcr ~IS. Chlorillated H}'dl'ocal'/Jol!s. 

Mg. pc-r sq. dill. per clay 
Room Temp. Boiling 

Carbon tetrachloride ..... . 
Chloroform .............. . 
Ethylene dichloride ...... . 
Trichlorethylene ......... . 
Mixture of tetrachloride 

and trichlorethylene .... 

'Water 
Layer 

4 
.7 

1 
6 

2 

No "Yater 
Layer 

.2 

.5 

.2 

.2 

.1 

Water ]'\0 "Yater 
Layer Layer 

873 .3 
65 47 
73 9 
38 

1078 2.5 

The presence of water is seen to have been necessary for heavy corrosion 
to take place. 

Ten-hours exposure in boiling chlorinated hydrocarbons gave rates as 
given in Table 295. The liquids carried seeds (moisture) in one case and 
no seeds in another.G4 

T AnLE 295.-C opper vs. H 1'drocarbolls. 

Mg. per sq. dill. per day 
With Seeds Without Seeds 

180 360 
<7 <7 
150 <7 
650 1100 
<7 440 

Carbon tetrachloride ................. . 
Dichlorethylene ...................... . 
Trichlorethylene ..................... . 
Tetrachlorethane .......... " ........ . 
Pentachlorethane .................... . 



428 CORROSION RESISTANCE OF METALS AND ALLOYS 

Further tests showing the corrosive action of trichlorethylene are given 
by. Carlisle and Levine.10 

Molten llletals.:l4 Copper is not a satisfactory material for handling 
molten metals-tin, zinc, bismuth, antimony, lead. 

COPPER 
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Chapter XX 

High-Copper Alloys-Brass, Bronze, 
Nickel Silver 

The broad usefulness of pure copper is expanded and magnified by 
the high copper alloys which, often with no serious diminution of corrosion 
resistance, add to its properties a strength comparable with some steels. 
The bronzes-copper alloyed with tin, cadmium, silicon, aluminum and 
other elements-, and the brasses--copper alloyed with zinc-, have evolved 
as strong varieties of copper. 

As a group the high copper alloys behave in corrosion much like 
copper. In the most important exposure, atmospheric, 110 virtual differ
ence exists between copper and the bronzes in having extremely high 
resistance. The brasses, though somewhat inferior to copper and the 
bronzes in the atmosphere, are useful as a cheaper variation and because 
of special working properties. In sea water, another condition the copper 
group is very widely called upon to handle, copper is better under some 
conditions and the bronzes and brasses under others. 

Bronze, as a term, was applied originally to copper-tin alloys. Those 
with tin contents up to 10% continue to be the most important group. The 
casting variations often carry zinc and lead. Two typical and widely used 
casting alloys are 85 eu 5 Sn 5 Zn 5 Pb and 88 eu 10 Sn 2 Zn. 

Perhaps the strongest of the bronzes are aluminum bronze, the aluminum 
running up to 10% with and without iron and nickel, and the 96 eu 3 Si 
1 Mn type of alloy. Intermediate in strength between these and copper are 
the various alloys with 98 to 990/0 copper and small contents of elements 
like silicon and cadmium. This group developed to answer the need of a 
stronger material than copper and yet with a good share of the high 
electrical conductivity of copper. 

The copper-zinc alloys range from the low brasses with 10, 15 and 20% 
zinc through 70 eu 30 Zn and 66 eu 33 Zn to 60 eu 40 211. A tin addition 
of 1 % to the 60 eu 40 Zn and the 70 eu 30 2n is made for the sake of 
better behavior in sea water. The 60 eu 40 Zn is modified in casting form 
with small additions of iron, manganese, aluminum and nickel (the "man
ganese bro11zes") for markedly better strength and hardness. Lead is 
added to a number of compositions for better machinability. 

431 
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Thc usc of the nickel silvers has developed because they add to the 
desirahle corrosion resistance and mechanical properties of the copper-zinc 
alloys an appealing white color. They are capable of being polished them
selves to a beautiful finish or to serve as a base for silver or other surface 
plating. These carry up to 30% nickel in a brass mixture. Their principal 
llses are for table flat-ware, restaurant and soda fountain sheet metal work, 
in plumbing fixtures, and casting work in food processing plants and in 
miscellaneous stampings and wire products; 

The copper alloy group have reasonably good resistance to acid solu
tions, provided the oxidizing capacity of the solution is not high. They 
ordinarily are not the best-suited metals for handling alkaline solutions, 
but against neutral salt solutions and waters, both fresh and sea, they are 
very widely used. They are moderately satisfactory with food products. 
Great resistance to the atmosphere and waters accounts for the larger part 
of their utility as corrosion-resistant metals. 

Two-METAL GALVANIC BEHAVIOR 

The copper alloys, like copper, are cathodic to iron and steel, aluminum, 
lead, tin, and zinc, and to the chromium alloys when in their active con
dition. Nickel often is anodic to copper, but accelerated corrosion usually 
is not pronounced in the milder exposures. Nickel-copper is so close to the 
bronzes electrochemically that it is apt to alternate polarity. On the other 
hand the brasses are in most cases anodic to nickel-copper. 

Brasses and aluminum bronze are closely similar in electrochemical 
behavior, and both are definitely anodic to copper and ·the high copper 
bronzes. In active corrodents galvanic acceleration with such couples 
would be recognizable. 

The results of one test on galvanic behavior are worth mentioning.33 

With a strong solution of quiet sodium chloride as the electrolyte, the 
polarity in open circuit was determined for several combinations of copper 
alloy couples. No current was found to flow in any combination, on clos
ing the circuit, indicating that accelerated corrosion was either absent or 
extremely 10w.33 (See Table 296.) 

TADI.E 296.-Copper Alloys-Galvanic Behavior. 

Cathode Anode 
Bronze (85 eu 5 Sn 5 Zn 5 Pb) Brass (70 eu 30 2n) 
Copper Bronze 
Copper Silicon·manganese 

Bronze 
Silicon·manganese bronze 
Monel (68 Ni 29 eu) 
Monel 

bronze (96 eu 3 Si 1 Mn) 
Silicon-manganese bronze 
Brass 
Bronze 
Silicon-manganese bronze 

Volts 
.013 
.035 

.038 

.002 

.011 

.066 

.048 
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In acid solutions coupling of different copper alloys is likely to lead to 
accelerated attack of undesirable intensity. 

The coupling of iron and the copper alloys is C01111110n enough in 
equipment handling neutral solutions and \vaters. IrOll is both anodic to 
bronze and moderately attacked by neutral solutions carrying dissolved 
oxygen. If such solutions are good electrolytes, like sea water or brilles, 
definite acceleration will occur. Aerated sea water will corrode iron at 
about 20 mg. per sq. dm. per day. Coupled with large areas of copper alloy 
the rates might climb two or three-fold. In one case bronze screws were 
used to attach a bronze tongue to a cast iron centrifugal pump casing, 
handling sea water. The water washed the assembly at rather high velocity. 
\Vithin two months the cast iron was severely attacked and the screws 
were loose due to corrosion of the threads of the iron. 

In fresh water, couples of copper alloys, or of a copper alloy with iron 
are rarely dangerous. Accelerated attack of the iron tends to become 
noticeable where the area of iron is small and the area of copper alloy 
great, as in the case of a steel bolt in a copper alloy plate. In aerated waters 
iron even when uncoupled becomes noticeably attacked. 

DEZINCIFICATION 

Copper in solution will tend to plate out cathodically on copper-zinc 
alloys with the equivalent in alloy passing into solution. The greater the 
concentration of copper ions and the higher the zinc content of the alloy, 
the greater is the tendency for the copper to plate out. The corrosion of 

. the higher zinc brasses under certain exposure conditions introduces copper 
ions in snfficient concentration into the interfacial film of solution to bring 
about deposition of copper. It is this phenomenon that is known as dezin
cification. The subject has been dealt with in a number of papers, 3, 4, 8, 

ll, 19, 20, 47, 52 perhaps 1110st effectively by Bengough and May.lO 
Dezincification is not often serions. Brass with zinc ranging from 30 

to 40% is widely used as steam-condenser tubing. In sea water, tubes of 
the 30% alloy frequently have given as much as twenty-years service, and 
more. Even though these may at times be dezincified the progress of the 
attack has not been sufficient to destroy the usefulness of the tubes. In fresh 
waters, tubes of both the 30 and the 40% zinc alloys are very widely used, in 
a great many cases with success. Brass with 20% zinc has at times suffered 
serious attack of this type but is definitely more resistant than brasses with 
higher zinc .. The 15% zinc alloy is an improvement over the 200/0 zinc 
alloy; in fact the former is considered essentially free from attack under 
all normal conditions of use. 

Brass with 400/0 zinc is of a two-phase nature, the two constituents being 
known as alpha and beta. The alpha constituent carries less zinc than tl1e 
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beta, and consequently is less susceptible to dezincification than the beta. 
Muntz metal with its 40% zinc content and "naval" brass with 390/0 zinc 
and 1 % tin are both two-phase alloys, and are sufficiently susceptible that 
for sea water they are seldom considered satisfactory. On the other hand, 
the "manganese bronzes" carrying approximately the same zinc content are 
often used in sea water, for such purposes as propeller wheels and other 
heavy castings. The use of manganese bronze for propellers is dictated by 
the hardness of the alloy, carrying as it does small contents of iron and 
sometimes aluminum and other elements. Actually such heavy parts may 
stand dezincification that would be seriously rapid if taking place on metal 
of thinner section. 

In fresh waters, more particularly of high chlorine content, though not 
necessarily so, dezincification sometimes takes place with Muntz metal. 
It has been observed, for instance, \'lith the natural waters of Washington, 
D. c., Dedham and Brookline, Mass., in sufficient intensity that pipes in 
households have changed to porous copper through the entire thickness, in 
20 to 25 years time. It is not clear whether hard water or soft water is 
the more reactive. 

As stated above two necessary conditions for dezillcification are high 
copper-ion concentration, and high zinc content in the alloy. There is a 
third condition that has been pointed out by Bcngough and May,lO namely, 
relatively low degree of aeration. This, strictly speaking, is associated inti
mately with the copper-ion concentration, since it has been shown that the 
ingress of dissolved oxygen into the interfacial layer at the surface of 
dissolving brass leads to precipitation of a copper compound. The conse-_ 
quence of course is a lessening of copper-ion concentration. 

Bengough and May have pointed ant the extreme complexity of the 
chemical reactions taking place at the surface of corroding brass. They 
have distinguished as many as twelve precipitated compounds, all of which 
may influence the protectiveness of the film that develops on the metal. 
It is this film, when of a certain nature, that pockets solution sufficiently 
tb let copper-ion concentration build up, and that offers an obstacle to the 
ingress of dissolved oxygen. Whether the corrosion product film will be 
of the type to prevent corrosion, or to promote dezincification, or to allow 
general dissolution without copper deposition can scarcely be anticipated in 
the present state of knowledge. 

A number of observations have been made, in the study of clezincification, 
that are well to mention here. One is that action sometimes is localized 
and severely penetrating and at other times generally spread over the 
surface and of shallow depth. So-called plug type dezincification occurs 
at times on steam-condenser tubes handling sea water, although why the 
action takes this form is not clear. 
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Another fact is that scales high in zinc cOl11pot1llds seem to favor 
dezincificatiol1 by being especially resistant to the penetration of oxygen. 

The presel1ce of 1 % tin in 70 Ctt 30 Zn favors resistance to dezinciftca
tion. Thus, Bengongh and May 10 found the appearance of copper deposi
tion on Admiralty metal was delayed for about two 1110nths as compared 
with regular 70 Cu 30 Zn, and furthermore the total amount of deposition 
was less. Also the presence of .01 to .02% arsenic was found definitely 
to prevent deposition of copper. The presence of iron and probably man
ganese favors dezincificatioll. 

Dezincification in sea water is intensified by the presence of more cathodic 
metal in galvanic couple with the brass. vVhere the cathodic metal is exten
sive in area the action has been observed to be remarkably rapid. 

Dezincification takes place in atmospheric exposure, though at a very 
slow rate.!!8 It is apt to become damaging only in the case of thin section 
metal, such as fine wire. Moist sea coast and urban atmospheres are 
undoubtedly more conducive than other atmospheres. 

Aluminum bronze is subject to attack similar to dezincification, though 
the action can scarcely be referred to as dezincificatiol1. Copper tends to 
plate out on aluminum bronze, with an 8% aluminum content for instance, 
as it does on brass. Whether the tendency is greater or less, and whether 
or not it exists uncleI' the same range of conditions, as in the case of brass, 
cannot be stated. It has been observed a number of times after exposure 
in warm dilute sulfuric acid, to the depth of three quarters of an inch of rod. 

CORROSION CRACKING OF BRASS 

Under some corrosive conditions, in which it is otherwise satisfactory, 
and when proper precautions are not taken, brass of high zinc content may 
be subject to corrosion cracking, known also as season cracking.43 , 51 This 
type of behavior is distinct fr0111 corrosion fatigne in that the stresses, 
which in combination with corrosion lead to corrosion cracking, are of a 
static nature rather than dynamic or cyclic. Furthermore, the action pro
gresses along grain boundaries. 

More study of this phenomenon has been done in connection with brass 
than with other metals, because the large quantities of brass used under 
conditions which cause it, have made material for such study available. 
Corrosion cracking occurs also in other metals. 

In the cases where brass is affected by corrosion cracking internal strains 
imposed by cold working are usually present. Strain-relief annealing, fol
lowing cold work, can be counted on as a complete preventive of corrosion 
cracking fro111 such strains. Externally applied stresses may also cause 
corrosion cracking, and at certain critical values such stresses may result in 
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corrosion cracking of br;lss and other lllet~ls, whether or 110t they have 
l)een pl~operly annealed. 

Although exposure to moist ammonia atmospheres and mercury salt 
solutions is particularly drastic in producing cracking, exposures as mild 
as atmospheric will produce it over a period of time. A number of cases 
are on record where brass hus spontaneously cracked under mild conditions 
as in indoor atmosphere, especially after rapid changes in temperature. On 
the other hand, a good many other exposures have no effect. Thus tons of 
condenser tubes of 60 Cu 40 Z11 are used in fresh waters and 70 Cu 30 2n 
and 70 Cu 29 2n 1 S11 in salt waters, in the presence of externally applied 
stress if not cold working strains, without cracking. Acids as a rule do not 
cause it. Traces of ammonia in the atmosphere are believed to be a potent 
agency. 

Corrosiol1 cracking, like dezincification, is almost unknown in brasses of 
zinc content below 20%. The two-phase brass compositions, such as 60 Cu 
402n, are more susceptible than the one-phase group with less than 33~o 
zinc. Since the two phases respond differently to heat and both hot and 
cold working forces, it is believed that even uniform treatment of this type 
may produce unevenly distributed internal strain. 42 Cracking for the most 
part takes place in an intercrystalline manner; occasionally in the two-phase 
alloys c.racks have been observed to transgress the beta crystals. 

A positive test for the presence of the strains which produce corrosion 
cracking is the characteristically intercrystalline action of mercury salt 
solution.1 Corrosion cracking which has been known to affect cartridge 
cases in atmospheric exposure can be forecast by subjecting typical samples 
to a four-hour exposure in strong mercury solution. 

A common method of preventing corrosion cracking is by annealing 
work-strained metal at about 5000 F. for an hour or so. This treatment 
will not affect mechanical properties in an important way, and still is sufficient 
to relieve practically all the unevenly distributed stress. In the case of 
drawn tubes, Crampton liS has found it possible to avoid s1.1sceptibility of 
cold-worked brass; by 1l10difications in drawing practice. 

CORROSION AND FATIGUE 

Copper alloys have been included in the 111vestigatiol1ss2. as of "corrosion 
fatigue," in which specimens were tested in a rotating cantilever beam 
fatigue machine while the specimens were exposed to a stream of water. 
Whereas the endurance limit of copper was not altered by the water stream, 
the endurance limits of various brasses and aluminum bronze were lowered 
somewhat. The curves of Figure 65 inclUde the air-endurance curve of 
7t<p'o aluminum bronze (2.9~o iron) having a tensile strength of 90,000 Ibs. 
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per sq. in., together with results in carbonate fresh water and a saline water. 
The damage to 62 eu 37 Zn, both annealed and cold worked, is indicated in 
Figure 66. 

It was also found that,-in common with steels, stainless steels, Monel, 
and aluminu111 alloys,-specimens of aluminum bronze suffered a loss in 
fatigue strength by previous exposure, unstressed, in tap water. The 
damage corresponded to a 150/0 drop in fatigue limit from 160 days' previous 
exposure.3S 

ACIDS 

Against acids the copper alloys behave as a group in much the same way 
as copper, and the rates of attack of the various kinds of alloys cluster 
around those of copper. In practically all acid exposure-the principal 
exception is the very rare case of air-free solution-the rates of attack are 
definitely appreciable and in many cases moderately high. The corrosion 
introduces copper ions into the diffusion film against the surface of the 
metal. All the alloys when corroding have this film carrying copper ions 
as a common condition. Its presence is in a sense a control over the rate 
of subsequent corrosion, for the metal-ion solution cells, that are normally 
associated with such a film, are as important a factor in determining con
tinued corrosion as the oxygen that the solution itself supplies to the 
reaction. 

Several of the alloying elements of copper, besides improving other 
properties, have a definitely st1ppressing effect on corrosion in certain condi
tions. This has been observed with aluminum, zinc, silicon, possibly tin. 
An unusually good example is given by the data in Table 297 7 obtained in 
alternate immersion tests running 216 hours. The tests were of an accel
erated nature, and the rates therefore were much higher than would be 
experienced in simple, quiet-immersion tests. 

Copper 

99.31 
99.10 
98.42 
97.96 
97.27 
96.45 
95.83 
96.03 
94.60 

TABLE 297.-Copper-silicoll Alloys vs. Acids. 

Alloy Mg. per sq. dm. per day 
Silicon 10% HYdrochloric 10% Sulfuric 

room temp. 1400 F . 
. 57 1500 2680 
.78 1260 2820 

1.14 1060 2430 
1.61 820 1940 
2.12 710 1310 
2.56 640 1430 
3.04 690 1080 
3.17 710 1210 
4.01 760 870 

The apparent beneficial effect of zinc additions against hydrochloric and 
of aluminum additions against several acids is sometimes even more marked. 
Bllt in these latter cases, where the zinc is present to the extent of 30 to 40%, 
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the lower rates as compared with copper and other copper alloys are not 
necessarily indications of a lower degree of attack. Actually the true rates 
may be fully as high, at times higher, but the deposition of copper from the 
solution has obscured the fact insofar as weight-loss measurements are 
concerned. Such dezincification, or "de-aluminification," is a common 
occurrence with the high zinc alloys of copper and the copper-aluminum 
alloys in acids. In fact the high zinc brasses seldom are useful with strong 
acid solutions on account of the tendency to corrode in this fashion. 

Leaded bronzes often are considered particularly suited for handling 
sulfuric aciel solutions. a view based 011 the well-known protective film
forming capacity of lead itself in sulfuric. It is possible that the belief is 
justified in the case of bronzes with sufficiently high lead, yet the following 
results in aerated, agitated sulfuric acid would indicate that a lead content 
of at least 15 % has not the desired and expected effect.s3 The tests were run 
at room temperature for 24 hours. (See Table 298.) 

TABLE 298.-COPPel· AlloJ's vs. Sltlfltric Acid. 

Mg. per sq. dm. per day 
5% acid 15% acid 50% acid 

84 Cu 13 Sn 2.S Zn .................. 250 150 53 
75 Cu 11 Sn 15 Pb .................. 360 245 83 

Copper itself is often more resistant than its alloys to acid solutions, as 
indicated by some of the results in Table 299 from tests made on specimens 
placed in various exposures in the plant of a large chemical company.33 

TABLE 299.-Copper Metals vs. Acids. 

Acetic acid 
80% crude, room temp., bottom of tank ........... . 
80% pure, room temp., bottom of tank ........... . 
80% pure, room temp., top of tank .............. . 

Formic acid 
90%, 2120 F. submerg~d ........................ . 
90%, 212 0 F:, vapors ......... " ................ . 
90%, room temp., bottOlrt. of tank ................ . 
90%, room temp., partial immersion ............. . 

Lactic acid 

Mg. per sq. dm. per day 
Brasses 

Copper Bronzes 

35 
68 

130 

240 
36 
81 
75 

47- 64 
76.:.. 94 

520-650 

210-270 
35-320 
41- 82 
55-150 

30% spent liquor, 80-150· F. ..................... 10 94-230 
5-48% during concentration in vacuum .... . . . . . . . • 43 46- 65 

The better resistance of <lopper is seen to be by no means a consistent fact. 
Tin as a rule seems. 1110re to be without benefit than otherwise in its 

effect on copper in acid ,exposure. Of forty comparisons covering a wide 
range of acid exposut:,~ conditions-dilute, concentrated, aerated, notl
aerated, hot, colcl-in ,tiJ1irteen cases copper was somewhat better than the 
tin bronzes and in nin~teen cases there was no appreciable difference. 
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A rather interesting comparison of the possible effect of 1 % tin in 70 
Cu 30 Zn is given by the data in Table 300.8 The specimens were submerged 
3 days in quiet .002 normal acid at 122 0 F. 

TABLE 300.-CapPel· Metals vs. Acids. 
Mg. per sq. dm. per day 

Hydrochloric Sulfuric 
Copper .............................. . 233 150 

214 143 70 Cu 30 Zn .............•............. 
70 Cll 29 Zn 1 S11 •........•.•..•.......• 53 33 

This result must be used with caution, however, in view of the possibility of 
dezincification. 

An indication of the possible effect of zinc and tin is given by the follow
ing set of data comparing copper and 70 Cu 29 2n 1 Sn in a weakly and 
strongly corrosive acid respectively, and under both aerated and unaerated 
conditions.22 The solutions were one normal in strength, and the duration 
48 hours following previous 48-hou1"5 exposure, (See Table 301.) 

Test 
Condition 

Total immersion 

TABLE 301.-Capper Metals vs. Acids. 

Mg. per sq. dm. per day 
Hydrochloric Acetic 

Copper 70 Cll 29 Zn Copper 70 Cu 29 Zn 
1 Sn 1 Sn 

Quiet ................ 320 95 18 20 
Air-agitated ......... 5000 3300 65 71 

Alternate immersion 
Continuous .. ,....... 3200 1900 35 <IS 
Intermittent .......•. 800 350 14 45 

Spray (30 days) ........ 290 280 76 110 

This concentration of hydrochloric is definitely more corrosive to copper 
than to the brass, yet here again the possibility of copper cementation on 
the brass would make this an apparent rather than a real difference. At any 
rate, of forty-four available comparisons in acid exposure, no appreciable 
difference between copper and the zinc alloys was evident in ten cases, the 
zinc alloys were better in sixteen cases, and worse in eighteen. 

A review of the data on acid resistance of the copper alloys brings out 
the interesting point, therefore-and one that is not usually realized-that 
110 marked difference in general resistance exists among the different types. 
Furthermore, rarely if ever is it true that one type of alloy is better than the 
others in resistance to a single acid in the various concentration, aeration and 
heat conditions in which the acid may exist. Differences in resistance 
among the various alloys are often apparent in anyone exposure condition, 
but these differences are in 1110st cases of minor account, and-a rather 
important point-almost always unpredictable frorn, experience other than 
under this very same condition. 
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In other words it is not possible to predict, with any degree of accuracy, 
that this or that high copper alloy will be more suitable for handling this 
or that acid under a given set of exposure conditions. If ever it becomes 
possible so to predict, it will be because of the accumulation of a far larger 
body of test data than at present is available, and because the tests yielding 
the datu are far better controlled in the important factors of corrosion than 
is true of most tests made to date. It appears extremely unlikely that even 
these developments will bring out a fundamental advantage, in actual use, 
for anyone type of alloy, at least of those developed so far. Corrosion 
exposure in chemical processing almost never involves the very delicate 
control of conditions than are required for reproducible results in corrosion 
testing, and the wider the range of conditions that a given piece of equip
ment is asked to handle the more nearly alike in behavior the different alloys 
of which the equipment might be constructed will become. 

One circumstance should be mentioned at this point as an exception to 
this general thesis, and that is the susceptibility of aluminum bronze and 
high zinc brass to the reprecipitation type of attack. This fact tends to throw 
these two types of alloy into a somewhat inferior position in acid exposure. 

Now will be given a Humber of sets of data in which various copper 
alloys were tested under similar conditions. 

The rates in Table 302 46 were obtained in a single solution-vinegar of 
4% acetic content-at 68° F. for 100 hours. 

TAnLE 302.-Copper Metals VS. Villegal' (Acetic Acid). 

Alloy 

Copper .....•..• , ..•...•.........•. 
80 Cu20 Sn ....................•..• 
80 Cu 10 SI1 10 Pb ....•.............. 
75 Cu 10 SI1 15 Pb .................. . 
70 Cu 5 SI1 25 Pb ...•.............. , 
85 Cu 5 SI1 5 Pb 5 ZI1 .. , ......... .. 
86 Cu 8 Sn 6 Ph ................. .. 
86 Cu 10 Sn 4 Fe .......•........... 
89 Cu 2.5 Fe 4.5 Al 4 Mn ............ . 

Mg. per sq. dl11. per day 

Quiet Aerated S Ilnmersio11 pray 
8 

17 
35 
61 
61 
28 
25 
16 
16 

51 
120 
95 

110 
120 
97 
80 
65 
72 

200 
140 
115 
150 
620 
140 
115 
170 
206 

Tin bronzes with zinc; lead and antimony additions were tested in the 
acids given in Table 303.14 The tests 'were run over an 8-hour period, with 
constant agitation. 

The data in Table 304 are interesting in that they compare phosphor 
(tin) bronze, silicon manganese bronze, and brass, in acid solutions, cold 
and. hot j aerated and unaerated, The acid was 90% fonnic, the duration 
from 7 to 27 days.38 
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TABm .103.-Co""cr Mrtals vs. Arids, 
Mg. per sq. dm. per day 

Hydrochloric Phosphoric Sulful'ic 
6% 5% 5% 
1370 310 380 89 eu 7 SIl 4 2n ................. . 

8S eu 6 SIl 9 2n , ................ . 
86 eu 10 SI1 4 Zn ................ . 

1250 150 440 

82eu 10 5n7 Zn.l Pb ........... . 
1310 280 690 

84 eu 9.5 Sn6 Pb ................. . 
1190 290 810 

83 eu 10 Sn 7 Pb ................. , 
1760 320 1180 

87 eu 9.5 Sn 3 Sb ................. . 
1600 330 1060 

85 ett 9.7 SI1 5 Sb ................ . 
l~O ~O ~O 
1970 3'10 1060 

TABLE 304.-Copper Metals vs. Formic Acid. 

Mg. per sq. dm. per day 

Alloy Room temp. 212' F. 
Submersion Partial Submersion. Vapors Immersion 

Copper .............. 81 75 240 36 
PhosphoI:' (tin) bronze 57 140 280 36 
Silicon-manganese 

bronze 
EverduI:' ...... 65 50 205 S3 
Herculoy ..... 41 78 210 65 

Low brass ........... 77 72 230 35 
High brass ......... 80 86 240 320 

In Table 305 84 a large number of alloys were tested itl aerated pme 2570 
phosphoric at 203° F. The duration was indefinitely greater than 24 hours. 
Tbere is extreme variation in the degree of attack. 

TABLE 30S.-Copper Metals vs. Phosphoric Acid. 

Alloy Mg. per sq. dm. per day 
Copper ............. ,.................... 2100 
Aluminum bronze 

87 eu 7.8 Al 3.7 Fe .................... . 
89 eu 8 AI 2.8 Fe ................... .. 
85 eu 10 AI4 Fe .................... . 

95.5 eu 3 Si 1.2 Mn ....................... . 
Brasses 

87.5 eu 10.5 Zn ..•...................... 
66 eu 32.5 Zn ........................ . 
60 eu 39 Zn 1 Sn ................... .. 
68 eu 23 2n 3 Mn 2 Fc ............... . 

Nickel bronze 
74 eu 16 Ni 3.7 Fe S.5 AI ............... . 
27 eu 66Ni2.7 Si2 Fe ................. . 
88 eu 5 Ni 5 Sn ..................... . 

1700 
5200 llitting 
280 H 

9300 fine pitting 

140 
]70 
430 
180 

;ill,OOO 
l.400 
B,OOO pitting 

Finally, in Table 306, are results comparing twq::,qt1.ite unlike alloys ttnder 
strong aeration and agitation conditions. These i~u.,trate well the relative 
similarity in resistance of copper alloys, under ~r\'\ful1y controlled test 
conditions.ss The tests were run 20 hours. . 
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TABLE 306.-Coppcr Alloys vs. Acids. 

Mg. per sq. dm. per day 

Sulfuric 

Aluminum bronze Silicon 
manganese bronze 

10%-180° F ....................... . 
25%-180" F ....................... . 

Hydrochloric 
3%-160° F •....................... 

15%- 58° F ....................... . 

914 
691 

142,) 
7.J.O 

1173 
872 

2460 
677 

Nitric acid.26, 32 The copper alloys are 110t useful with nitric, rates 
running up into the thousands mg. per sq. dm. per day_ 

Hydrochloric acid.7, 8, 14, 22. 26, 30,32, 33.30. 39, 4~,"3 This is the most 
corrosive of the non-oxidizing group of acids to the copper alloys. In 
dilute and moderately dilute concentrations in quiet exposure rates run 
around 40-200 mg. per sq. dm. per day. Aeration, increasing tempera
tures, and increasing concentration are strongly accelerating, rates run
ning up over 1000 mg. per sq, dm. per clay. 

Sulfuric acid.T, 8, 14, 20, 30, :12, S3, 3;;, 3(1, 4~, ~:l The copper alloys are 
fairly resistant to sulfuric solutions, with rates 011 the order of 10 to 100 
mg. per sq. elm, per day in quiet exposure for concentrations up to around 
80%. Aeration is strongly accelerating, particularly in the 1 to 20% 
range of concentration, with rates running up to 100 to 400 mg. per sq. 
elm. per day. Sulfuric in the pickling of steel has a 5 to 10% concentra
tion and is used moderately hot. -Under these conditions, where aeration 
degree is low, rates run on the order of 100 to 200 mg. per sq. elm. per day, 
with a two or three times acceleration if the acid should become aerated. 
Leaded bronzes and aluminum bronzes are used in this service, the latter 
frequently corroding with cementation of copper. 

Acid over 75 to 80% in concentration, particularly when hot, cannot 
safely be handled with the copper alloys. 

Sulfurous acid.sa , 86 Before the advent of the stainless steels bronzes 
were widely used for handling acid sulfite and sulfurous solutions. Even 
now they are used to some extent in sulfurous-sulfuric mixtures that 
destroy the passivity of stainless. Hot sulfite liquors found in the sulfite 
pl"ocess of paper-making corrode bronzes on the order of 1000 mg. per 
sq. dm. per day anel greater. At ordinary temperatures the rates are 
lower, being 011 the order of 100 to 200 mg. per sq. dm. per day, perhaps 
at times higher than this. 

Phosphoric acid.H , 34,35.55 Pure phosphoric in the cold and of low 
aeration degree is reasonably well resisted by copper alloys, with rates 
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ranging down below 100 mg. per sq. dm. per day. Higher temperatures 
are rather strongly accelerating, pushing rates up into the 400 to several 
thousand mg. per sq. dm. per day ral1ge. Crude phosphoric carrying 
ferric iron is extremely corrosive, particularly when diluted. 

Acetic and other hydroxy-acids.22 , 26, so, SS, 35, 39, 45; 48 In quiet, rOOlU
temperature exposure corrosion rates run around 10 to 100 mg. per sq. 
dm. per day. Agitation, aeration, and elevated temperatures push the rates 
up into the 50 to 600 range. 

Oxidizers in acid solutions.u7 Oxidizers like ferric salts, cupric salts, 
mercuric, stannic salts, etc., are strongly accelerating on corrosion of copper 
alloys. Such substances, present even in rather low quantities, multiply 
corrosion perhaps several-fold. Mention has already been made of this 
in connection with phosphoric j ferric salts are found also in sulfuric
aluminum sulfate mixtures and in acid mine wa.ters. Attack by such sub
stances is likely to be rapid. 

Water-line attack. The behavior of aluminum bronze in acid water
line tests has points of interest.33 The specimens were partially immersed 
in quiet solutions for ten days at room temperature. In one normal sulfuric 
large quantities of moist, blue-green salts formed over the unsubmergecl 
surfaces, with a water-line zone of redeposited copper; immediately below 
this zone the metal was brightly etched, the remainder of the submerged 
portions being attacked only slightly if at all. In one normal acetic, pale 
green salts developed though to a less extent than in sulfuric, Pitting 
occurred at the water-line but no copper deposition, and the submerged 
surface was lightly etched. In one normal and one-tenth normal sulfurous, 
corrosion of the pitting type was heavy 011 both submerged and ullsubmergecl 
surfaces, with deposition of copper at the water-line. Water-line exposure 
should not be considered particularly severe 011 this alloy nor on copper 
alloys in general. Due to solution cells that develop, it is corrosive to 
many metals. 

CAUSTIC ALKALINE SOLUTIONS 

Copper alloys, like copper, are useful with caustic alkaline solutions in 
spite of their indifferent resistance to them.2 , 14, 35, 30, 53 At ordinary tem
peratures in quiet exposure rates range around 1 to 10 mg. per sq. dm. pel' 
day; agitation, aeration and higher temperatures push rates up to 20 to 
50 mg. per sq. dm. per day. 

An indication of behavior of the high copper alloys can be gained from 
the data in Table 307 on a brass composition and on copper itself 22 in one 
normal sodium hydroxide. The tests were made at room temperature for 
a duration .0£ 48 hours following previotts 48-hou1's exposure. The spray 
tests ran 30 days. 
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TADLE 307.-Coppey Metals vs. Sodium Hsdro.dde. 

Corrosion Rate 
Condition Mg. per sq. dm. ller day 

Total immersion 
Copper 70 eu 29 Zn 1 Sn 

Quiet ............................ . 
Air-agitated ..................... . 

Alternate immersion 
Continuous ...................... . 
Intermittent ..................... . 

Spray (30 days) .................... .. 

14 
20 

29 
14 
2 

15 
33 

54 
24 

Although no specific data are available to make it certain, the nickel~ 
silver alloys probably have better resistance than the other metals of the 
group, against caustic alkaline solutions. 

AMMONIUM HYDROXIDE 

These alloys like copper are very rapidly attacked by ammonia solu
tions.H ,22 In fact it is well to keep the brasses, bronzes, and nickel silvers 
away from ammonia conditions of any nature. Cold-worked brass of high 
zinc content that has not had a suitable strain-relief anneal is susceptible to 
corrosion-cracking in exposure to moist atmosphere carrying even small 
contents of ammonia, 

The rates in Table 308 were obtained in moderately dilute ammonia 
solutions. The tests 22 were made at room temperature over a 48-ho11r 
period following previous 48 hours exposure. The spray test ran 30 days. 

TABLE 30S.-Copper Metals VS. A11t1ltOllilltn Hydro.t"ide. 

Condition 

Total immersion 
Quiet ............................ . 
Air-agitated .............. , ...... . 

Alternate immersion 
Continuous ...........•........... 
Intermittent ..................... . 

Spray ............................... . 

Corrosion Rate 
Mg. per sq. dm. per day 

Copper 70 eu 29 Zn 1 Sn 

160 
430 

870 
205 
35 

95 
570 

1400 
220 

21 

SALT SOLUTIONS 

The copper alloys are widely used handling salt solutions 14, 31, 39, 40 of 
various kinds, particularly those that react neutral in aqueous solutions. 
Among these are soluble nitrates, sulfates, chlorides of sodium, potassium, 
magnesium and calcium. Corrosion rates in these range around 1 mg. per 
sq. dm. per day, perhaps somewhat higher in agitated, aerated exposure and 
somewhat lower in quiet. The chlorides are more corrosive than the other 
salts, especially under strong agitation and aeration conditions where metal~ 
ion concentration cells become active. Thus a silicon-manganese bronze 
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was attacked at a rate of 60 mg. per sq. dm. per day in air-saturated, agitated, 
two-day exposure in 3% sodium chloride.sB Against chlorides the brasses 
are definitely better than the non-zinc alloys of the group. A comparison 
between copper and 70 ell 29 Zn 1 Sn is given in Table 309. The high 
copper bronzes are rather similar in behavior to copper itself. These tests 22 

were made at room temperature, over a 48-hollr period, following pre
vious 48-hours exposure. The spray tests ran 30 days. 

TADLE 309.-Copper j1,letals vs. Sodium Chloride. 

Condition 

Total immersion 
Quiet ............................ . 
Air-agitated ..................... . 

Alternate immersion 
Continuous ...................... . 
Intermittent ..................... . 

Spray ............................... . 

Corrosion Rate 
Mg. per sq. dm. per day 

Copper 70 Cll 29 Zn 1 Sn 

16 
29 

17 
6 
3.5 

11 
11 

8 
3 
4.5 

On the other hand the high zinc brasses (30 to 40lfo zinc) are suscep
tible at times in chloride exposure to clezincification. 

Ammonia salt 35, 54 solutions are strong in their action on these copper 
alloys, and cannot usefully be handled with them. This is particularly 
true of the chloride. Rates range around 50 mg. per sq. dm. per clay in 
quiet exposure anclmuch above this when strongly agitated. 

Of the alkaline salts, the carbonates 1,1 are reasonably well resisted, rates 
apparently remaining below 20 mg. per sq. dm. per day. The alkaline 
silicates, phosphates, clichromates, etc., have slight if any action. With 
these the expected action of the alkali is suppressed by the formation of 
silicate, phosphate, dichromate films. Exposure in dichromate, aerated and 
unaerated,22 has given rates of 1 mg. per sq. dm. per day and less. 

The alkaline hypochlorites and cyanides on the other hand are not use
fully handled with the copper alloys, rates ranging up over 100 mg. per sq. 
dm. per day. 

Acid salts such as aluminum chloride act like the corresponding acids 
and are mildly to strongly corrosive when agitated and aerated. Salts that 
are oxidizing as well as acid are strongly corrosive. Thus the soluble ferric, 
stannic, mercuric, cupric, and silver salts are better not used with the copper 
alloys. Rates under average conditions would range above 100 mg. per sq. 
dm. per day, often well above this. Mercuric salts cause rapid corrosion 
cracking of high zinc brasses carrying internal strains, as mentioned earlier. 

A set of experiments 33 has been made with aluminum bronze specimens 
partially immersed for eleven days in quiet one normal solutions of various 
salts. In magnesium chloride a greenish corrosion product accumulated at 
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the water-line; in sodium carbonate the corrosion product was more pro
nounced, with pitting at the water-line; in aluminum sulfate pitting occurred 
at the water-line and below; and in ammonium chloride numerous broad 
water-line pits occurred. Water-line exposure of course favors concen
tration cell action on most metals. 

FOOD PRODUCTS 

Brass, bronze and nickel silver are widely used in handling food products, 
for such equipment as valves, fittings and pipe Jines, pump parts, screens, 
filters, fastenings. The advantages of these metals lie in the avoidance of 
the rusting of iron parts, low cost as compared with 1110st other non-rusting 
metals, and reasonably good resistance to the products. Disadvantages 
include the accumulation of unsightly green corrosion product on the metal, 
possible discoloration of the fooclstuff, and fear of copper absorption in 
toxic quantity by the foodstuff. Often, and very successfully, the copper 
alloys are coated heavily with tin as a preventive of these undesirable 
features. 

The nickel silvers have an appearance advantage over the brasses and 
bronzes, and often a somewhat better resistance to tarnishing and green salt 
accumulations. These, in common with the other copper alloys, are subject 
to blackening by sulfur-bearing foodstuffs, such as some vegetable products. 

Actual corrosion rates in food product exposure are usually low to 
negligible-around 1 mg. per sq. dm. per day and less for the neutral sub
stances, 1 to 20 more or less for acid products like colel milk and fruit 
juices, and somewhat higher for these under the more severe conditions of 
aeration or heat.ll' 10. 80, 45, 53. l'ill 

WATERS 

Corrosion rates of the copper alloys in natural fresh water 13. 25. 50 are in 
general low to negligible. Perhaps 1 mg. per sq. dm. per day would be a fair 
rate for average conditions, which would include quiet exposure and waters 
in moderate flow or agitation. These compare with average rates for iron 
of 10 to 20 mg. per sq. dm. per day and higher. Precipitation of salts from 
waters is more than likely to act in a protective manner. Tremendolls ton
nages of copper metals in the form of pipe, fittings, valves, etc., are used 
handling fresh waters-brasses, tin bronzes and silicon-manganese bronzes 
and copper itself as wrought metals, and the high copper bronzes with tin, 
zinc and lead as castings. Nickel silver both wrought and cast is used in 
plumbing where appearance is considered particularly desirable. 

High zinc brasses in certain types of waters, notably chloride and hard 51 

waters, are susceptible to slow dezincification. As an example, in the course 
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of years brass pipe handling household water supplies in the suburbs of 
Boston, and in \Vashington, D. c., has become locally or completely dezinci
fied. In this condition, though the pipe may retain its physical form, water 
will soak slowly through the walls of the pipe and any degree of internal 
pressure will cause failure. 

Dissolved oxygen is an important factor in determining the extent of 
attack of waters on brass. In tests quoted by Speller,58 brass was found to 
corrode in a hot city water with its normal content of dissolved oxygen about 
ten times as rapidly as in the same water with most of the dissolved oxygen 
removed. Furthermore dezincificatioll was much more rapid in the presence 
of the oxygen. 

Waters having this action on brass are better handled by low zinc brass 
(15 to 20% zinc) which is not susceptible to dezillcificatioll, or by copper 
itself. 

Sea Water.s, D, 10, 10, 20, 41, 05 Corrosion of copper alloys by sea water 

is l1111ch more complicated in its factors and more pronounced than true of 
fresh waters, a fact related to the much greater activity of sea water 011 

copper itself. 
Average corrosion rates of the alloys in quiet exposure or in moderate 

flow are on the order of 1 to 10 mg. per sq. elm. per day. Strong aeration 
and particularly rapid flow push average rates up to 20 to 60 mg. per sq. dm. 
per clay for the high copper bronzes, the range for the aluminum bronzes 
and brasses being somewhat less than this. 

These rates as noted are average over-all rates. Exposure of the copper 
alloys to sea water, however, leads often to localized action-pits, grooves, 
and in the case of the high brasses, dezincification. Thus in ten-year tests 
reported by Bassett and Davis,o in which tubes of different alloys were 
exposed to sea water in horizontal gravity flow through them, localized 
a ttack was characteristic. Whereas over-aU corrosion rates ran around 
1 to 2 mg. per sq. dm. per day, localized attack took place in the worst cases 
at rates of 250 to 300 mg. per sq_. dm. per day. Brasses with 20 to 30% 
zinc behaved excellently, rates of localized attack keeping below 20 mg. per 
sq. dm. per day, without dezincificatiol1. An alloy with 10% zinc was 
eqttally good, but localized attack of 15 and 17% zinc alloys ran as high as 
100 to 150 mg. per sq. dm. per day. High zinc brasses were badly dezinci
fied with the exception that 63 eu 36 Z11 0.5 Sn was unusually good, with 
localized attack of less than 2 mg. per sq. elm. per day. Tin bronze was 
reasonably gooel, with a ma.'{imum rate of 20 mg. per sq. dm. per day; and 
aluminum bronze was poor with localized rates of 15 to 60 mg. per sq. elm. 
pel" day. 

In conjunction with these results it is interesting to consider the data 
obtaineel in tests where specimen bars were exposed to Bristol (England) 
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Channel water for four years. Their location was such that they wcrt:' 
suhmerged ~1.1'7(' of the tiI11C.~l The results are given in Tahle 310. 

TAm.E 310.-· Col't,,/, Alloys 7'S. Sea n'lller. 

70 ell 28 Zll 2 Pb .................. . 
62 ell 37 Zn 1 Sn .................. . 
61 ell 39 Zll ....................... . 
60 ell 39 Zll 1.3 Ph ................. . 

A ve. corrosion 
rate - mg. pel' 
sq. dm. per day 

22 
24 
12 
6 

Ecmarks 

No dezincification 
Some spotty dezincification 
Some spotty dezillcification 
No dezincification 

No pitting or localized attack other than the spotty dezincificatiol1111entiol1ed 
\vas noted. 

The ten-year test results described on page 448 are extremely interesting 
for a number of reasons, but especially in illustrating so forcibly the extreme 
variability in behavior of the copper alloys, as a group and individually, to 
flowing sea water. A single specimen may have a high general resistance 
and still in a localized spot Or two be very rapidly attacked. Copper alloys, 
corroding even slightly in sea water develop at their surfaces liquid and 
solid films of corrosion product that have a potentially suppressive effect on 
further corrosion. Yet the movement of sea water particularly when 
carrying entrained air bubbles and when turbulent often upsets the full pro
tective effect ot these films. 'Where locally upset, local action takes place 
with a speed that is determined by the power ancl persistence of the con
centration cells that result. 

The building up and break-do,vll of these films depend on an extremely 
complex group of factors, both chemical and physical, relating to the com
pounds formed and their physical characteristics, and to the forces of motion 
and impingement of the water. A furtber complicating factor is the forma
tion of deposits fro111 the water itself. 

The fact that sea water is an excellent conductor makes possible the 
very rapid corrosion rates sometimes observed in sea water, hy intensifying 
the power of the cells. 

One of the more dif-ficult of sea water conditions to handle is that of 
condenser tubes, particularly on board ship. In this service 70 Cu 30 Zn 
an(1 70 en 29 Zn 1 Sn are most generally used and are winely successful. 
Their ultimate life is determined by slow dezincification in the less stringent 
exposures, tubes lasting 10 to 20 years (about 20 to 40 mg. per sq. dm. per 
day). Rarely, in more destructive exposures, localized attack may run as 

high as 400 mg. per sq. dm. per day (one year life) and higher. The 60 Cu40 
Zn tube, commonly used for fresh water conditions, has little utility for sea 
water, invariably suffering rapid dezincification. Copper and the tin bronzes 
are much more susceptible than the brasses to localized as well as general 
attack, under condenser conditions. A relatively recent alloy that has par-
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ticular virtue is 76 ell 22 ZI1 2 AI. This has handled, reasonably well to 
excellently, conditions under which brass itself has been unsatisfactory. 
Aluminum bronze is little used, clue to high cost, but at times has given 
good results. 

Bengough and May 10 have classified the types and characteristics of 
scales that appear on brass condenser tubes. (See Table 311.) 

Type 

1 

2 

4 

5 

TABLE 311.-TYPes of Scales on Brass Tubes. 

1. Calcium carbonate type. 
2. Vitreous, corrosion-resisting type. 
3. Semi-permeable type. 
4. Crystalline, lower oxide type. 
S. Crystalline, highly oxidized type. 

General Property 

Usually highly protective 

Highly protective 

Highly protective where 
vitreous. Much less pro
tective where crystalline 

State of Aggregation 

Usually v e r y finely 
crystalline 

Vitreous in lower layers 

Vi treollS and crystallin e j 
proportions vary from 
mainly vitreous to mainly 
crystalline 

Only slightly protective Mainly cry s t a II inc. 
(underlying tubes spe- Vitreous in patches 
cially liable to pitting) 

Fairly protective (under- Mainly cry s t a II i n e ; 
I yin g tubes specially not very adherent 
liable to fail by scale 
erosion) 

Principle Visible 
Constituents 

Calcium carbonate; fer
ric compounds 

Difficul t to ide n t i f y. 
Probably largely zinc 
hydroxide and cupric 
hydroxide; possibly also 
calcium sulfate 

Copper crystals; z inc 
h y d r 0 xi d e and oxy
chI 0 rid e. Sometimes 
traces of copper com
pounds 

Cuprolls oxide, sum~
times s III a II copper 
cry 5 t a I 5, cupric hy
droxide, cupric oxychlo
ride, some calcium sul
fate, "zinc oxychloride" 

Cupdc hydroxide, basic 
carbonate, cupric oxy
chloride, "zinc oxychlo
ride," calci11m sulfate 

The reader is referred to the original paper for an extremely interesting 
ancl instmctive study of scales. 

Recently a number of investigators have tested the resistance of con
denser tube alloys to jet-impingement conc1itions.10, 12, 10, 20, 41, 44 Some 
very rapid rates of attack have been obtained. In one set of tests 9 a water 
stream flowing at a velocity of 10 ft. per sec. was made to impinge at a right 
angle on specimens of 70 eu 30 Zn, the temperature being 68° F., the time 
28 days. Increasing the entangled air content of the water stream increased 
attack very greatly. (See Table 312.) 
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TADLE 312.-Brass vs. Chloride Solufi01!. 

Entangled air 
cu. em per hr. 

0.7 
25 

145 
3,000 

11,000 

Penetration 
inches 

<.0004 
<-0004 
<.0004 

.015 

.040 

Calculated 
corrosion rate 
Mg. :per sq dm. 

per day 
<29 
<29 
<29 
1100 
2900 
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The importance of air Imhbles as a factor is well illustrated. The highest 
rate given is not greater than those that have been rarely observed in actual 
tube installations. 

In the present state of understanding of the sea-water, condenser-tube 
corrosion problem, it may confidently be stated that turbulent flow of cooling 
water carrying entrained air bubbles is the first necessary condition favoring 
rapid corrosion, but this condition mayor may not lead to rapid corrosion, 
and that in general aluminum brass (76 Cu 22 Z11 2 AI) in service has given 
in more cases than not a better account of itsel f than Admiralty brass and 
70 Cu 30 2n. On the other hand, it still is not possible to predict what 
behavior a tube material is going to give, under average to severe condenser 
conditions, and furthermore fool-proof practical means of preventing rapid 
attack on the brasses have not yet evolved. 

ATMOSPHERE 

In atmospheres 18, 27, 28, 20, 00, 61, 62, 63. 64 the bronzes behave much like 
copper, the brasses in a somewhat inferior manner. In rural atmospheres 
rates range well below 1 mg. per sq. dm. per day, in urban atmospheres 
about 1 to 2 mg. per sq. elm. per day and in marine atmospheres around 1 mg. 
per sq. dm. per day.28 In heavy sulfurous atmospheres rates climb much 
higher, e.g. around 40 to 60 mg. per sq. dm. per day in the smoke jack of a 
railroad roundhouse.63 , 64 

The bronzes tarnish in atmospheric exposure to a dull, sometimes black 
finish, the tarnishing being more pronounced and rapid in sulfur-bearing 
industrial atmospheres. Green salts may develop under some conditions. 
The brasses of higher copper content tarnish more rapidly than the high zinc 
brasses, the latter tending to dull rather than tarnish in the early stages. 
For indoor and outdoor architectural purposes where various shades of 
yellow and red-yellow of the brasses and the appearance of nickel-silver 
have esthetic interest, tarnishing may be prevented by periodical cleaning or 
by the application of lacquers. Tarnishing of brasses has been given a good 
deal of study by Vernon.60 

An extremely good illustration of behavior is afforded by the tests of 
Hudson,29 in which hard-drawn wire (.066 in dia.) and strip (.02 in. thick) 
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were exposed two years on the room of a building in South Kensington, 
London. From the loss in tensile strength the equivalent average thickness 
(in. per yr.) of the corroded layer was calculated. (See Table 313.) 

TABLE 313.-Copper Metals vs. Outdoor Urball Atmosphere. 

Copper ............................. . 
99.05 Cu .91 Sn ..................... . 
98.72 Cu .67 Zn .................... .. 
99.16 Cu .76 Si .................... .. 
98.94 eu .96 Cd ..................... . 
70.83 eu 29.14 Zn ................... . 
70.29 eu 29.66 Zn ................... . 

In. pel' year 
.000186-266 
.000245 
.000195 
.000213 
.000215 
.000637 
.001321 

Mg. per sq. 
elm. per day 

1.15-1.65 
1.52 
1.21 
1.32 
1.33 
3.8 
7.8 

Hudson attributed the greater damage to the brasses to cIezincification. In 
an earlier paper 28 he refers further to evidences of clezincification in out
door exposure. 

Typical examples of atmospheric uses of bronze are trolley, cable and 
pmver transmission wires, catenary bolts and fittings. Silicon-manganese 
bronze and phosphor bronze are common materials for parts not carrying 
current, and copper alloyed with low content of silicon, tin, cadmium, etc., 
for conducting parts. Brasses are widely used for bolts and similar acces
so1'ies. 

HIGH TEMPERATURES 

The copper alloys are widely used in the elevated temperature range up 
to 7000 to 8000 F. Above this range both progressive oxidation and lack 
of strength are limitations. There is widespread use of aluminul11 bronze 
exhaust valve seats in aircraft engines, a service involving temperatures 
around 750 0 F. According to Bassett,o all1minum bronzes are used a good 
deal at elevated temperatures because of good scaling resistance. He 
states further that many of the alloys of copper scale at red heat and above 
red heat, and that brass gradually loses zinc by vobtilizatioll above 8400 F. 

With respect to brass, Dllnn17 has concluded as follows: 

"The zinc-copper alloys fall, as fat· as their behavior under oxidation is 
concerned, into two classes, fairly sharply separated. Those with copper con
tents below about 80% all oxidize at essentially the same rate, and all give 
rise to an oxide which is almost pure zinc oxide. Those with copper ahove 
about 860/0 oxidize at approximately the same rate as copper, and the oxide 
contains the metal in the same proportion as the original metal. The first 
or zinc"forming class oxidize at about one-eighth of the rate of the second or 
copper oxide-forming class. 

"The rate of oxidation increases exponentially with temperature, doubling 
itself approximately for every 75° C. rise in temperature." 

He found also that aluminum had a very beneficial effect, an alloy with 
1.9% aluminum having a low rate of attaek up to 14720 F. 
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113, 114, 115, 116-117 

Aluminum and its light alloys, iron 
salts vs., 138, 141 

Irt.ctic acid VS., 140, 145-146 
lemon juice V5., 136 
magncsium in, 112, 124 
malic acid VS., 140, 145-146 
magnesium chloride VS., 134 
magnesium sulfate vs., 134 
manganese in, 112, 115, 118-119, 124, 

129, 137, 138 
mcrcuric chloride vs., 134 
mercury salts vs., 138 
milk YS., 137 
nitric acid VS., 100, 137, 138, 139, 140, 

142 
orange juice vs., 13'7 
oxalic acid vs., 145 
oxide film, 112-113, 114, 115, 121, 126, 

138, 146, 148 
passivity, 85, 89 
phenols VS., 145 
phosphates vs., 134 
phosphoric acid vs., 137, 143 
pitting, 113, 114, 116, 117-118, 128.129, 

130 
potassium dichromate vs., 133 
potassiUm hydroxide VS., 146 
potassium nitrate vs., 131 
propionic acid VS., 144, 145-146 
protective film, 21, 59, 112, 113, 114, 

115, 117, 121, 125, 126, 127, 129, 131, 
138, 139, 140 

protective methods, 125-126 
resistan,ce c.ompared with other 

.metals, 100 
rural air vs., 115, 118 
salicylic acid vs., 145 
salt solutions vs., 130-134 
salt spray VS., 114, 116, 125 
silver nitrate vs., 134 
sea air VS., 118, 126-129 
sea water vs., 100, 114, 117, 118, 119-

120, 125, 129-130 
silicon in, 112, 115, 118, 124, 129, 137, 

149 
soaps vs., 146 
sodium bicarbonate VS., 146 
sodium carbonate vs., 134, 146 
sodium chloride vs., 133-134, 135 
sodium chloride and hydrogen perox-

ide mixture VS., 114, 132-133 
sodium hydroxide VS., 100, 145-148 
sodium silicate vs., 146 
sodium sulfate VS., 134 
solution cell, 117 
stannic chloride vs., 134 
steam vs., 148-149 
stress-corrosion, 116, 118-120 . 
sulfur gases (high temperature), 148 
sulfuric acid vs., 100, 137, 138, 139, 140, 

141, 142 
sulfurous acid vs., 142 
tartaric add vs., 140, 145-146 
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AluminuIll,. tensile properties, effect of 
corrOSIon on, 114, 127, 128. 129, 130 

t~st methods for, 113-114 . 
tm salts vs. 138 
tomato juic~ vs., 136 
toxicity, 13S~136 
trisodium phosphate vs., 146 
Il!'ban air vs., 100, 115, 126-129 
vmegar VS., 139 
water vs., 129-130 
water-line attack, 118 129 
zinc in, 112, ll5, 129 ' 

Aluminum brass 
(see Copper (high) alloys) 

Aluminum bronze 
(see Copper (high) alloys) 

Aluminum chloride 
chromium alloys VS., 310 
copper vs., 419 
copper (high) alloys 'IS., 446 
iron VS., 334 
n_ickel-copper alloys vs., 394 
tm vs., 198 

Aluminum sulfate, copper (high) alloys 
vs., 447 

iron vs., 234 
nickel-copper alloys vs., 393, 394 
silicon-iron 'Is., 275 

Ammonia (high temperature), chromium 
alloys VS., 324-32,5 

iron VS., 2(,S 
nickel vS" 375 . 
nickel-copper alloys vs" 4tll 

Ammonia vapor, chromiulll-plaled steel 
vs., 338 

Ammonium carbonate, aluminum vs., 134 
Amlllonium chloride, aluminum vs., 13-1. 

147 
copper (high) alloys vs., 447 
iron vs., 260 
nickel-iron alloys vs., 345 
zinc VS., 164 

Ammonium hydroxide, aluminum vs., 
147-148 

chromium alloys vs., 310 
copper 'Is., 406, 407, 417-418, 445 
copper (high) alloys vs., 436, 445 
as corrosive, 79 
iron vs., 260 
lead, 215 
nickel vs., 364-365 
nickel-copper alloys 'Is., 382, 392-393 
silicon iron VS" 277 
tin VS., 198 
zinc 'Is., 162 

Ammonium nitrate, aluminum vs., 134 
Ammonium phosphate, lead 'IS., 213 
Ammonium salts, copper vs., 418, 419 

copper (high) alloys VS., 446 
Ammonium sulfate, aluminum vs., 134 
Amphoteric nature, lead, 214 

tin, 197 
zinc, 162 

Anodic action, 35 (see also Electrolytic 
effects) 

.\nodic oxidation, aluminum, 125 
Apple juice, aluminum vs. 136 

chromium alloys '15., 316 
nickel vs., 371 
tin vs., 182, 197 

Aqueous ammonia (see Ammonium 
hydroxide) 

Arabic acid, zinc vs., 162 
Areas of electrodes in galvanic cor

rosion,34 
Atmosphere (see Air) 

Bacteria, effect on oxidation and reduc
tion, 62 

produces llydrogcll sulfide. 77 
in soils, 52, 53 . 

Barium chloride, fused chromium alloys 
vs., 325 ' 

Barium hydroxide, iron '15., 2% 
lead 'IS" 204 

Barnacles (see also Marine growth) 
chromium alloys, 287. 288, 311,313, 314 
copper, 423 
nit.:kel-copper alloys, 395 

Battery, dry cell zinc, 159 
Bearing alloys, lead in, 202 
Beets, iron 'Is., 181 

tin VS., 182 
Benzoic a.cici, chromium alloys '15., 308 
Benzol, lIlckcl VS., 377 

nickel-copper alloys V5., 402 
Bicarbonate salt solutions, lead vs., 215 
Blackberries, iron VS., 181 

tin vs., 181, 182, 183 
Bleaching agents, as corrosive, 62, 63 
misters in metal surface as loci of cell 

action, 94 
Boilers, disso1ved air in, 61 

iron, 238-241 
Boiler water, iron 'IS., 238-241 
Borax, fused, chromium alloys 'Is .. 326 
Brass (see Copper (high) alloys) . 
Brines, aluminum vs., 130-131, 135 

cadmium vs., 178 
chromium alloys VS., 290, 291, 311 
in classification of corrosion, 17 
as corrosive, 68-70 
iron vs., 234 
nickel vs., 355 
nickel-copper alloys VS., 382 
zinc VB., 166 

Bromine, as oxidizing corrosive, 63 
Buttem1i1k, aluminum vs., 137 
Butyric acid, aluminum vs., 140, 144, 

145-146 
chromium alloys vs., 307, 308 
copper 'IS., 410, 411,416 
iron vs., 247 
tin '15., 194 
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Cadmium plate, 175-178 
acids vs., 178 
air VB., 175-177 
alkaline solutions VS., 178 
brines vs., 178 
caustic alkaline solutions vs., 1'78 
in classification of corrosion, 17 
fresh water vs., 178 
galvanic behavior, 33, 12.1, 124, 175, 

177-178, 260, 262, 335 
neutral solutions vs., 175 
potassium chloride vs. 178 
rural air, 175-177 
sea air, 175-177 
sea water vs., 178 
sodium chloride vs., 177-178 
stress corrosion, 17& 
urban air, 175-177 

Calcium bicarbonate, iron vs., 158 
lead vs., 216 
zinc vs., 158 

Calcium bisulfite, silicon-iron, 277 
Calcium carbonate. films, 62 

iron V5., 233, 238 
lead V5., 216 
ill water, 67 

Calcium chloride, as corrosive, 69 
aluminum VS., 131, 134 
chromium alloys vs., 311, 312 
copper V5., 35'7, 418 
copper (high) alloys vs., 445 
iron VS., 234 
nickel vs., 365 
nickel-copper alloys vs., 393 
tin vs., 198 

Calcium chloride, fused chromi11111 alloys 
V5., 325, 326 

Calcium hydroxide, iro11 vs., 257 
lead vs., 220, 223 

Calcium hypochlorite, chromium alloys 
VS., 312 

nickel-copper alloys vs., 394, 395 
Calcium nitrate, copper (high) alloys 

vs., 445 . 
nickel, 365 

Calcipm silicate, iron vs., 238 
Calcium sulfate, iron vs., 238 
Canning, food (see also Tin can), 72, 73 
Carbide precipitation (18-8 stainless 

steel), 289, 290, 291, 293 
vhotograph of, 95 

Carbolic acid (see Phenols) 
Carbon (high temperatures), chromium 

alloys vs., 325 
iron vs., 265 

Carbonated water, (see also Carbonic 
acid) 

copper VS., 422 
nickel vs., 369 

Carbonate salt solutions, aluminull1 vs., 
134 

copper (high) alloys vs., 446 
as corrosive, 69 

Carbonate salt solutions, lead ys., 203, 215 
Carbon dioxide (in air), 49 
Carbon dioxide (high temperature), 

chromium ys., 341 
chromium alloys vs., 322 
as corrosive, 75 
iron vs., 264, 266, 348 
nickel-iron alloys V5., 348 

Carbon dioxide (in steam), nickel vs., 
370 

Carbon dioxide (in water), (see also 
Carbonic acid, Carbonated water) 

copper vs., 422 
iron vs., 233, 234, 238 
nickel ys., 369 

Carbonic acid, (see also Carbonated 
water, Carbon dioxide (in water) 

chromium alloys V5., 291 
iroll vs., 158, 248, 249 
lead vs., 217, ZI8 
tin ys., 199 
zinc V5., 158, 163, 167 

Carbon monoxide (high temperature), 
cht·omiu111 alloys V5., 322 

copper vs., 425, 426 
iron V5., 204 

Carbon tetrachloride, copper V5., 427 
nickel vs., 377-378 
nickel-copper aUoys V5., 402 

Carburizing conditions, chromium alloys 
vs., 325 

Casein, inhihitor in milk, 72 
Cathodic action, as accelerating rate 

factor, 21-22 
in alkalies, 79 
by films, 25 
as inhibi tOI", 60 
in solution ceUs, 35, 38 
of dissolved oxygen, 67 
tendency to take place, 85-87 

Cau5:tic alkaline solutions (see also 
Alkaline solutions, Sodium hydrox
ide, etc.) 

aluminum vs., 115, 145-148 
cadmium VS •• 178 
chromium alloys vs., 309 
copper V5., 416-417 
copper (high) alloys vs., 444-445 
iron VS., 256-2'59 
lead vs., 214 
magnesium vs., 106 
nickel vs., 363 
nickel-copper alloys vs., 382 
nickel-iron alloys vs., 346 
silicon-iron vs., 277 
tin Ys., 197-198 

Caustic fusions, chromium alloys vs., 325 
Cementation, 63 (see also Dezillcifica-

tion) . 
Cereals, nickel vs., 370 
Chemical corrosion, in classification of 

corrosion, 17 
vs. electrolysis, 23, 35 
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Chemical corrosion, as form of corro
sion, 29-30 

photograph of, 12 
Cherries, iron vs., 181, 182 

tin VS., 181, 182, 183 
Chloracetic acid, copper vs., 416 
Chlorate salts, 63 
Chloride salt solutions, aluminum vs., 

115, 129-130 
chromium alloys VS., 289, 310, 311 
iron vs., 233 
lead vs., 215, 219 
nickel-copper alloys vs., 393 

Chlorides, as acid corrosion products. 58 
in air 49, 50 
organic, 71 (see also Chlorinated 

hydrocarbons) 
Chlorinated hydrocarbons, copper vs., 

427-428 
nickel VS., 377-378 
nickel-copper alloys vs., 402 

Chlorine (in solution), chromium alloys 
vs., 312 

copper vs., 406 
molybdenum alloys V5., 284 
nickel vs., 366 
nickel-copper alloys vs., 395 
as oxidizing corrosive, 60, 63 

Chloroform, copper vs., 427 
nickel-copper alloys vs" 402 

Chromate salt solutions, iron vs., 234 
lead vs., 215 
nickel vs., 362 
as oxidizing corrosive, 60, 63 

Chromic acid, aluminulll VS., 143 
chromium alloys VS., 305·306 
iron vs., 247, 250 
lead vs., 203, 213 
magnesium vs., 110 
nickel VS., 362 
nickel-copper alloys vs., 384, 388 

Chromiulll, acetic acid vs., 338 
acids vs., 335, 338 
carbon dioxide (high temperature) 

vs., 341 
in classification of corrosion, 17 
galvanic behavior, 123, 260, 262, 335-

336 
high temperature conditions vs., 340-

342 
hydrochloric acid vs., 335, 338 
nitric acid vs., 338 
oxide film, 335 
oxygen (high temperature) vs., 341 
passivity of, 85, 89, 335 
phosphoric acid vs., 33R 
salt solutions vs., 335 
steam (high temperature) vs., 341 
sulfur dioxide (high temperature) V5., 

341 
sulfuric acid vs., 335, 338 
water vs., 335 

Chromium alloys, 285-326 
abrasion, effect of, 290 
acetic acid vs., 100, 295, 298, 305, 306-

307, 308 
acids vs., 289 
air VS., 316-317 
air (high temperature) vs., 317, 318-

322 
alkali fusions vs., 318 
alkaline salts VS., 312 
alkaline solutions vs., 309-310 
aluminum chloride vs., 310 
ammonia (high temperature) vs., 324-

325 
ammonium hydroxide VS., 310 
apple juice vs., 316 
austenite, 285, 286 
barnacles, effect of, in sea water, 287, 

288, 311, 313, 314 
benzoic acid vs., 308 
brines vs., 290, zn, 311 
butyric acid V5., 307. 308 
calcium chloride vs., 311, 312 
calcium hypochlorite vs., 312 
carbide precipitation, 289,290, 291, 293 
carbon, effect of, 285, 289, 291-294, 303, 

3G7 
carbon (high temperature) vs., 325 
carbon dioxide (high temperature) 

vs., 322 
carbon monoxide (high temperature) 

vs., 322 
carbollic acid vs., 291 
carburizing >conditions vs., 325 
caustic alkaline solutions vs., 309 
chloride salts vs., 298, 310, 311 
chlorine (in solution) vs., 312 
chromic acid vs., 305-306 
chromium, effect of, 285, 288, 289, 291-

294, 302, 303, 318, (see also data 
throughout chapter) 

citric acid vs" 307, 308, 316 
in classification of corrosion, 17 
cold working, effect of, 293 
columbium, effect of, 293 
copper chloride >'5., 310 
copper sulfate vs., 301, 302 
corrosion cracking, 47 
corrosion fatigue, 315 
cnpric sal ts vs., 298 
dissolved air as factor, 61 
distilled water vs., 312 
electropotentials of, 287 
fatty acids vs., 307, 308 
ferric chloride vs., 310 
ferric salts vs., 62, 298 
(erric sulfate VS., 301 
fluorine compounds (acid) VS., 304 
food products VS., 315-316 
formic acid vs., 298, 307, 308 
fresh water vs., 100, 312, 313, 315 
fruit juices vs., 316 
fused barium chloride vs., 325 
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Chromium alloys, fused borax vs., 326 
fused caustic vs., 309, 325 
fused compounds vs., 325-326 
fused cyanides VS., 325 
fused sodium carbonate vs., 325, 326 
fused sodium chloride vs., 325, 326 
fused sodium cyanide VB., 326 
fused sodium sulfate vs., 326 
gallic acid VS., 307, 308 
galvanic behavior 33, 206, 260, 263, 

294-297, 358, 382, 383, 407, 432 
grain 5 ize, effect of, 292, 293 
grape juice vs., 316 
halide acids VS., 298, 299 
heat treatment, effect of, 285, 287, 291, 

292. 293, 299, 301, 303, 304, 306, 308, 
313 

high temperature conditions vs., 317-
326 

hydrochloric acid VB., 287, 295, 297, 
298, 299-300, 303, 304 

hydrogen sulfide vs., 305 
hypochlorite salts vs., 312 
intergranular attack, 291-294, 302, 303 
iron chloride vs., 310 
lactic acid vs., 307, 308 
lemon juice vs., 316 
malic acid vs., 307, 316 
mercuric chloride vs., 310 
mercurous sulfate VS., 302 
mercury chloride vs., 310 
milk VS., 295 
molten aluminum vs., 325 
molten babbitt vs., 325 
molten brass vs., 325 
molten lead VS., 325 
molten metals VS., 325 
molten solder vs., 325 
molten till vs., 325 
molten zinc vs" 325 
molybdenum, effect of, 290. 299, 300, 

301, 303, 304, 305, 306, 307, 311, 314, 
316, 322 

monochloracetic acid vs., 308 
nickel, effect of, 285, 289, 290, 302, 303, 

318, (see also data throughout 
chapter) 

nitric acid vs., 100, 287, 288, 297, 298-
299, 301 

nitrogen (high temperature) vs., 322, 
324, 325 

oleic acid vs., 307 
oxalic acid vs., 307, 308 
oxide film, 295, 310, 311, 312 
oxidizing acids vs., 59 
oxidizing substance, effect of, 286-290, 

301, 302, 305 (see also comments 
throughout chapter) 

passivating treatment, 288 
passiv:ity: activity 21, 85, 266-290 (see 

also comments throughout chapter) 
phenols vs., 307, 308 
phosphoric acid V5., 298, 304-305 

Chromium alloys, pitting, 287, 288, 290, 
30'7, 311, 312, 313, 314, 315, 316, 317 

pores, effect of, 28'7 
potassium ferricyanide vs., 302 
potassium hydroxide vs., 309, 325 
resistance compared with other met-

als, 100 
rural air vs., 316, 317 
salt solutions vs., 287, 310-312 
salt spray vs., 312, 313 
sea air VS., 287, 316-317 
sea water vs., 100, 287, 288, 290, 295, 

313-314, 315 
silicon, effect of, 299, 300, 304, 305, 322, 

323 
silver sulfate VS., 302 
sodium carbonate vs., 309 
sodium chloride vs" 290, 295, 296, 311 
sodium hydroxide vs., 100, 259, 309, 325 
sodium hypochlorite vs., 312 
sodium sulfate VS., 295, 296 
solution cells, 287, 312, 313, 317 
stabilizer, effect of, 293, 311 
stannic chloride VS., 310 
stannous c1110ride vs., 310, 311 
steam vs., 325 
stress-corrosion, 315 
sugar-salt mixtures vs., 316 
sulfur dioxide (high temperature) vs., 

323, 324 
sulfur gases (high temperature) vs., 

286, 317, 318, 323-324, 325 
sulfuric acid VS., 22, 100, 286. 290, 294, 

296, 297, 298, 300-302, 303, 304 
sulfuric-copper sulfate solution vs., 

291, 292, 293, 294, 301, 303 
sulfuric-nitric acid vs., 287 
sulfurous acid vs., 290, 295, 296, 302-

304 
tartaric acid vs., 298, 307, 308, 316 
tin chloride vs., 310 
titanium, effect of, 293, 294, 307 
tomato juice vs., 316 
toxicity, 316 
trichloracetic acid vs., 308 
tungsten, effect of, 299, 300, 301, 304, 

305, 322, 323 
types, 285, 318 
urban air vs., 100, 287, 316-317 
vinegar-salt mixture vs., 316 
waters vs., 312-315 
welding, effect of, 287, 291, 293, 303, 

311, 312, 315 
zinc chloride vs., 310, 311 

Chromium-plate, 331-342 
abrasion resistance, 332 
acids vs., 337, 338 
air vs., 332, 335, 336, 337, 339 
ammonia vs., 338 
on brass, 332 
on copper, 332 
copper-deposition test, 333 
on copper-plate, 332, 333, 334, 337 
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Chromiur:t-plate, corrosion fatigue 340 
cracks In, 332 333 334 341 
distilled wate~ vs: 339 
ferricyanide test 333 
"flash" platings, '332 
fresh water vs., 340 
galvanic behavior 335-336 
hydrochloric acid'vs., 338 
hydrogen sulfide vs., 338, 339 
hydrogen sulfide test, 333 
indoor air vs., 332 
molten glass VS., 341 
molten lead vs., 342 
of;1 f;1ickeI·plate, 332, 333, 334, 337, 351 
mtnc aCld V5., 338, 339 
plating process, 331 
porosity, 332, 333, 335, 336 341 
rural air vs" 337 ' 
salt solutions ys., 335, 337 
salt spray test, 332, 333, 335 
sea air vs., 337 
sea water VS., 340 
sodium chloride spray, 335 
steam vs., 340 
on steel 332, 333, 334, 335, 337, 338 330 
stress corrosion, 340 ' 
structural consideratious, 332-335 
sulfur substances YS., 342 
testing methods, 332, 333 
thickuess, 332, 336 
undercoatings, 332 
urban air VS., 337 
on zinc, 332 

Citric acid, aluminulll VS., 139, 140, 145-
146 

chromium alloys YS., 307, 308, 316 
copper vs .. 410, 411, 412, 416 
in fruits, 72 
iron VS., 181, 186, 232, 247 
nickel YS., 362 
nickel-copper alloys vs. 384 390 
tin YS., 181, 186, 190, 194, 195: 196 

City air (see Urban air) 
Classification of corrosion, 17 
Cleaning compounds (alkaline), alumi-

ntlm YS., 135, 145 
Climate, SO 
Cold-working strains as factor, 47, 93 
Colloids in hydrochloric acid, 58 

as inhibitor in foods, 59, 72 
Color in foods and dyes, 71 
Combustion. gases in air, 50 

as corr05lVe, 77 
Composition of metals in classification 

of corrosion, 17 
as corrosion factor, 92 

Concentration cell (see also Solution 
cell) 

terminology, 24, 25, 29, 32, 3'7 
Condensers, copper (high) alloys, 448-

451 
motion in, 62 
nickel-copper tubes, 391 

Condensers, tubes, 70, 89 
photograph of tube, 86 

Conditions, corrodinO" in classification 
of corrosion, 17 "" 

Conductivity of solutions 33 
Contamination of prodJct, foods and 

organic compounds 71 
milk, 73 ' 

Cooking (see food products) 
Concrete, lead V5., 223 
COf;1densed milk, copper VS., 420, 421 

till VS., 197 
Copper, 406-428 

acetic acid vs., 100, 386, 408 409 410 
411, 415-416, 439, 440 ' , , 

acids vs., 406, 408-416 
air vs., 51, 61, 406, 407 423-424 
alkal~ne carbonates v;., 419 
alkaline solutions vs. 79 416-418 
alunlinum chloride v~. 419 
ammonium hydroxide' ys. 406 407, 

417-418, 445 " 
ammonium salts YS. 418 419 
butyric acid vs., 410: 411' 416 
calcium chloride vs., 357, 418 
carbonated water vs., 422 
carbon dioxide (in waters) ys. 422 
carbon monoxide (high temp~rature) 

ys., 425, 426 
carbon tetrachloride Y5., 427 
caustic alkaline solutions V5. 416-417 
chloracetic acid V5., 416 ' 
chlorinated hydrocarbons vs. 427-428 
chlorine (ill solution) V5., 406 
chlO1-oform V5., 427 
citric acid vs., 410, 411,412, 416 
in classification of corrosion, 17 
coated with tin, 189 
composition, 406 
condensed milk vs., 420, 421 
corrosion product, 89 
cupric salts 'IS., 412, 418, 419 
cyanide solutions YS., 419 
dichlorethylene 'ls., 427 
distilled water vs., 421 
ethylene dichloride ys., 427 
evaporated milk 'IS., 421 
fatty acids vs., 416, 426 
ferric salts vs., 408, 409, 412, 413, 418, 

419 
ferric sulfate V5., 412 
food products vs., 406, 419-421 
formic acid vs., 409, 410, 416, 431), 442 
h-esh water V5., 100, 407, 421 
fruit juices V5., 420 
fused caustic YS., 417 
fused sodium peroxide V5., 417 
galvanic behavior, 33, 107, 121, 123, 

124, 158, 260, 261, 262, 294. 295, 335, 
354, 355, 356, 357, 358, 382, 383, 407-
408,432 

gasoline vs., 426 
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Copper, high temperature conditions 
ys., 406, 407, 425-426 

hydrocarbon gases (high temperature) 
YS., 425, 426 

hydrochloric acid vs., 386, 408, 409, 
410, 411, 412, 413-414,440 

hydrogen (high temperature) vs., 425, 
426 

hydrogen sulfide (in solution) ys., 416 
hydroxy-acids VS., 416 
hypochlorites ys., 41Y 
intergranular attack, 425, 426 
iodine vs., 406 
lactic acid vs., 410, 41 I, 412, 416, 439 
lemon juice vs., 420 
magnesium chloride ys., 418 
malic acid vs., 410, 416 
marine growth, effect on, 423 
mercuric salts vs., 412,419 
milk vs., 420, 421 
mine waters YS., 412 
molten antimony YS., 428 
molten bismuth YS., 428 
molten lead VS., 428 
molten metal s vs., 428 
molten sulfur YS., 427 
molten tin Y5., 428 
molten zinc vs., 428 
nitric acid vs., 100, 409, 410, 412-413 
oleic acid ys., 416 
orange juice vs., 420 
oxalic acid vs., 410 
oxidizillg agents vo., 21 
oxygen (high temperature) vs., 425 
pcntachlorethane vs., 427 
phosphoric acid vs., 408, 410, 412, 413, 

442 
pitting, 413, 414, 415, 424, 426 
potassium chloride vs., 418 
potassium cyanide VS., 407 
potassium dichromate vs., 412, 418 
potassium hydroxide vs., 417 
potassium nitrate vs., 418, 419 
potassium permanganate vs .. 412 
potassium sulfate vs., 418, 419 
reducing gases (high temperature) 

vs., 425-426 
res i s tan c e compared with other 

metals, 100 
rural air ys., 398, 424 
sea air vs., 398, 424 
sea water vs., 100, 422-423 
silver salts vs., 419 
sodium chlorate YS., 412 
sodium chloride VS., 418, 446 
sodium hydroxide vs., 100, 416-417, 445 
sodium nitrate vs., 418, 419 
sodium stlifate vs., 418, 419 
solubility of compounds, 407 
solution cell, 406, 422 
stannic salts vs., 412, 419 
stearic acid vs., 416 
su! fur vs., 426 

Copper, sulfur compounds vs., 426 
sulfuric acid, 100, 357, 358, 408, 409, 

410, 411, 412, 414-415, 416 
suIfmous acid vs., 409, 413 
tank as example of corrosioll, 26 
tartaric acid vs., 41\), 416 
tetrachlorethane vs., 427 
tomato juice vs., 421 
toxicity, 419420 
trichlorethylene VS., 427, 428 
urban air vs., 100, 398, 407, 423 
water vs., 406, 421-423 
zinc chloride vs., 419 

Copper (high) alloys, 431-452 
acetic acid vs., 100, 444 
acids YS" 61, 432, 438-444 
air vs., 431, 435, 436, 451-452 
alkaline solutions vs., 432, 444-445 
aluminum chloride vs., 446 
aluminnm sulfate vs'.' 447 
ammonia salts vS" 446 
ammonium chloride vs., 447 
ammoniulTI hydroxide vs., 436, 445 
calcium chloride vs .. 445 
calcium nitrate vs., 445 
carbonates vs., 446 
caustic alkaline solutions vs., 444-445 
corrosion cracking, 47, 435-436 
corrosion fatigue, 436-438 
cupric salts vs., 444, 446 
cyanides vs., 446 
dezincification, 45-46, 433-435, 439, 448, 

449, 452 
dichromates vs., 446 
ill classification of corrosion, 17 
in electrolytic cells, 38-40 
ferric salts vs., 444, 446 
formic acid vs., 441, 442 
fresh water vs., 100, 431, 434, 437, 438, 

447 
galvanic behavior, 33, 121, 123, 206, 

260, 294, 295, 296, 356, 357, 382, 383, 
407, 408, 432-433 

high temperature conditions vs., 74, 
452 

hydrochloric acid vs., 438, 442, 443 
hydroxy-acids VS., 444 
hypochloritcs VS., 446 
magnesium chloride vs., 445, 446, 447 
magnesiulll nitrate vs., 445 
mercuric salts VB., 444, 446 
mercury salts VS., 436 
mine waters vs., 21, 444 
nitric acid vs., 100, 443 
phosphate salts vs., 446 
phosphoric acid vs., 442, 443-444 
pitting, 444, 447, 448, 449 
potassiul1l chloride vs .. 445 
potassium nitrate YS., 445 
potassium sulfate vs., 445 
protective film 449, 450 
res i s tan c e compared with other 

metals, 100 
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Copper, rural air vs., 451 

salt solutions vs., 62, 418-419 
sea water vs., 100, 431, 433, 434, 437, 

448-451 
sea air vs., 435, 451 
salt solutions vs., 432, 445-447 
silicate salts vs., 446 
silver salts V5., 446 
sodium carbonate vs., 447 
sodium chloride vs., 357, 445, 446 
sodium hydJ"Oxiele VS., 100, 444-445 
sodium nitrate vs., 445 
sodium sulfate V5., 445 
solution ceIIs, 438, 449 
stannic salts V5., 444, 446 
stress corrosion, 435-438 
sulfuric acid vs., 100, 435, 438, 442, 443, 

444 
sulfurous acid V5., 296, 443, 444 
types, 431-432, 442, 450 
urban air V5., 100, 435, 451, 452 
vinegar V5., 441 
waters VS., 432, 447-451 
water·line attack, 444, 446-447 

Copper chloride, chromium alloys vs., 
310 

nickel VS., 3CiG 
nickel-copper alloys V5., 394 

Copper-nickel aIIoys (see Nickel-copper 
aIIoys) 

Copper nitrate, nickel-cappel" alloys vs., 
394 

Copper salts, aluminulll VS., 138 
iron VS., 234 
nickel V5., 362, 366 
nickel-copper aIlors VS., 391, 394 

Copper sulfate, aluminum vSoo 134 
chromium alloys VS., 301, 302 
nickel-copper alloys vs., 391, 394 

Corn, iron V5., 181 
Corrosion cracking, in classification of 

corrosion. 17 
copper (high) alloys VS., 47, 435-436 
as form of corrosion, 28, 46-47 
lead, 204-205 
nickel-copper alloys, 402 
photograph of, 90 

Corrosion fatigue, alulUinum, 118-120 
chromium alloys, 315 
chromium-plated steel, 340 
ill classification of corrosion, 17 
copper (high) alloys, 436-438 
as form of corrosion, 29, 46-47 
galvanized iron, 171-172 
iron, 239, 244-246 
lead, 2Q4-205 
nickel vs., 352-354 
nickel-copper alloys, 3Y6 
photograph of, 91 

Corrosiron (see Silicon-iron) 
Corrosives, 49-81 

in classification of corrosion, 15-17 

Cranberry juice, iron V5., 182 
nickel VS., 371, 372 
tin VS., 182 

Cupric chloride, molybdenul1l alloys \'5., 
282 

Cupric salt solutions, chromium alloys 
V5., 298 

copper vs .. 412, 418, 419 
copper (high) alloys VS., 44,), H6 
molybdenum alloys \'s., 279 

Currant Juice, nickel vs., 371, 372 
Cyanides, fused, chromium alloys vs., 

325 
Cyanide solutions, copper vs., 419 

copper (high) alloys vs., 44G 
nickel-copper alloys VS., 393 
silicon-iron, 277 

Dairy products (see also Milk, Butter-
milk), 72, 73 

Daniell cell (see Electrolytic effect) 
Decay of organic matter, 53 
Defects in metal snrface, condenser 

tubes, 70 
photograph of, 82, 86 

Dewberry juice, iron vs., ]82 
tin VS., 182 

Dezindfication, 45-46, 433-435, 439, 448, 
449, 452 

ill classification of corrosion, 17 
as form of corrosion, 29 
photograph of, 14 

Diagnosis, effect of metal on corrosive, 
71 

electrolytic, 34 
of form of c01"rosio11, 29 
oxidizing effect, 61 
of particular causes, 93 
of rate factors, 19 

Dichlorethylene. copper vs., 427 
nickel vs., 377 

Dichromates, copper (high) alloys vs., 
446 

Differential aeration (see Film cell) 
Diffusion and chemical affinity, 85 

at high temperatures, 74-
through prodUcts of corrosion, 88 
temperature effect, 25 

Direct chemical corrosion (see alsn 
Chemical corrosion, see Reactions) 

as form of corrosion, 29-30 
Distilled water, chromium alloys VS., 312 

chromium-plated steel, 339 
copper V5., 421 
i tOll V5., 239 
lead VS., 204, 20S, 215, 217 
nickel, 368, 369 
nickel-copper alloy, VS., 395 
tin vs., 199 
zinc V5., 159, 160, 161, 163, 1CiS, IG7 

Drinking water, 66 (see also Fresh 
water) 

Ductility, data 011 metals, 103 
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Duralumin (see Aluminum and its light 
alloys) 

Duralplat (see Aluminum and its light 
alloys) 

Duriron (see Silicon-iron) 
Dust in atmosphere, 50 
Dyes, 71 

as oxidizers or reducers, 62 

"Eighteell and eight" stainless steel 
(see Chromium alloys) 

Elasticity, modulus of, 104 
Elderbeny juice, iron vs" 182 

tin vs" 182 
Electrical resistivity of metals, 104 
Electrochemical series, 84 (see also Gal

vanic series) 
Electrode areas, 34 
ElectrolYsis (see also Electrolytic 

effects) 
direct chemical attack compared with 

30 ' 
by metal 01' solution cells, 24 
in practical example, 26 

E'lectrolyte concentration cell, 3'j 
Electrolytic effect (cells), 23-25 

in air, 50 
in classification of corrosion 17 
diagrams, 39 ' 
ancl direct chemical corrosion, 35 
oxidizing rate as factor, 22 
as rate factor, 2'3-24, 25 
salts, 68 
soil, 52 
and solution pt'cssure, 84 

Electrolytic theory, the, 35 
E'mbrittlement (see Corrosion cl'ack

ing) 
Embrittlement, hydrogen (see Hydrogen 

embrittlement) 
Energy relations, 84-85 

and acidity, 20 
the tendency to corrode, 84, 8S 
and temperature, 25 

Estimation of corrosion, electrolytic, 32 
forms, 29 
rates, 19 

Etching, photograph, 12 
by pickling, 30 

Ethylene dichloride, copper vs., 427 
nickel-copper alloys vs., 402 

Evaporated milk, cOj}per vs" 421 
tin VS., 197 

Evaporator tubes, photograph, 36 
Everdur (see Copper (high) alloys) 
Examination, for classification, 17 

for form, 29 
Expansion, coefficient of, 104 

Factors, rate, 19-27 
ill classification of corrosion 17 

FattKo8acicls, chromium alloys' vs., 307, 

Fatty acids, copper VB., 416, 426 
nickel-copper alloys VS., 390-391 

Ferric chloride, aluminum vs., 134 
chromi urn alloys vs., 310 
molybdenum alloys vs., 281 
nickel vs., 366 
nickel-copper alloys vs" 393 
silicon-iron vs., 275, 276 
tin vs" 198 

Ferric sulphate, aluminum vs" 134 
chromium alloys vs., 301 
copper VB., 412 
molybdelJum alloys vs., 282 

Ferric salt solutions, chrolllium alloy> 
VS., 298 

copper vs., 408, 409, 412, 413, 418, 419 
copper (high) alloys vs" 444, 446 
iron vs" 2.14, 256 
molybdenum alloys VS,' 279 
nickel vs., 358, 362, 366 
nickel-copper alloys vs., 389, 391, 394 
as oxidizing agent, 60, 62 
in phosphoric acid, 59 
silicon-iron VS., 275, 276 

Ferrous chloride, molybdenum alloys 
VB., 282 

Ferroxyl test, zinc coatings, 158 
Film cell, 44 

and differential aeration, 38 
and passivity, 87 
and solution cell, 34, 87 

Films, accelerating, (see Products of 
corrosion) 

Films, solid protective, in acid corro
sion, 5(j, 57 

in alkalies, 79 
aluminum, 112, 113, 114, 115, 117, 121, 

125, 126, 127, 129, 131, 138, 139, 140 
ill atmospheric exposure, SO 
in classification of corrosion, 17 
copper (high) alloys, 449, 450 
and corrosion fatigue, 47 
electrolytic effect, 44 
and form of corrosiol1, 30 
at high temperature, 74 
iron 228, 233, 234, 235, 241, 250, 252, 

258 
lead 202, 203, 205, 207, 208, 209, 215, 

21'7, 222 
in milk, 73 
and movement, 22 
nickel-copper, 396 
in oxidizing corrosion, 60, 63 
practical example, 26 
as rate factor, 24-25, 85-89 
silicon-iron, 274, 276, 277 
in solution cells, 34, 38, 44 
and surface type, 94 
and tendency to react, 92 
in waters, 66 
zinc, 159, 160) 161 

Flavor of fOOdS, 71 
Fluorine, 63 
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Fluorine compounds (acid) 
chromium alloys vs., 304 

Fog, 50 
Food produds, as acid~, 59 

aluminum vs. 135-137 
chromium aU'oys vs., 315·316 
in classification of corrosion, 17 
coppe- vs., 406, 419-421 
as corrosive, 71-73 
iron vs., 242 
nickel 350, 370-372 
nickel-copper alloys vs., 382, 396-397 
nickel plate vs., 351 
tin VS., 181-192, 196-198 

. zinc 166-168 
Formic acid, altul1intlll1 vs., 145 

chromium alloys VS., 298, 307, 308 
copper vs., 409, 410, 416, 439, 442 
copper (high) alloys vs., 441, 442 
lead VS., 203 
ni ckel VS., 362 
nickel-copper alloys VS., 390 

F~rms of ~orr~sion, 15, 16, 29-48 
III class1i1catIOn of corrosion 17 

Fresh water, aluminum vs., ioo 118 
119-120 ' " 

cadmium-plate vs., 178 
chromium alloys vs., 100, 312, 313, 315 
chromiulll plated steel vs., 340 
in classification of corrosion, 17 
comparison of various metals, 100 
copper vs., 100, 407, 421 
copper (high) alloys vs., 100, 431, 434. 

437, 438, 447 
as corrosive, 63-68 
iron vs., 100, 158, 236, 244, 245, 246, 

257, 258, 261, 346, 355 
lead VS., 100, 206, 215, 216, 217 
magnesium VS., 110 
nickel vs., 100, 352, 353, 354, 368, 369 
n~ckel-~opper alloys VS., 100, 395, 396 
mckel-Iron alloys vs., 346, 347 
tin vs., 100 
zinc vs., 100, 158, 159, 164, 165, 166 

167, 171 ' 
Fruit acids, 59, 72 
Fruit juices, aluminum vs., 136 

chromium alloys VS., 316 
copper vs., 420 
llickel vs., 371 
llickel-copper alloys vs., 397 

Fuels, 50, 51 
Fuming sulfuric acid, iron vs., 253 
Furnaces, 74, 75 
Fused borax, nickel vs., 377 
Fused caustic, chromium alloys vs., 309, 

325 
copper vs., 41'7 
iron VS., 259 
nickel vs., 376 

Fused substances, chromium alloys vs., 
325-326 

nickel vs., 376 

Fused salls, nickel-copper alloys vs., 382 
Fusc(i cyanide, nickel vs., 377 
Fused potassium bisuifatp, nickel \'5 .. 

377 
Fused silver chloride, nickel V5., 377 
Fused sodium peroxide. copper vs., 417 
Fused sodium peroxide, nickel VS" 376 
Fused sulfur, copper V5" 427 

nickel-copper alloys vs., 402 
Fused vanadic oxide, nickel vs., 377 

Gallic acid, chrolniulll alloys vs., 307, 308 
Galvanic (two-metal) corrosion, of alloy 

phases, 92 
aluminum, 106, 107, 120-125, 158, 260, 

277,. 295, 335, 354, 382, 383, 407, 432 
cadmlUnJ, 123, 124, 175, 177-178, 260 

262, 335 ' 
chromium, 123, 260, 262 335-336 
chromium alloys, 206, 260, 263, 294-297, 

358, 382, 383, 407, 432 
chromium-plate, 335-336 
ill classification of corrosion, 17 
copper, H17, 121, 123, 124, 158, 260, 261, 

262, 294, 295, 335, 354, 355, 356, 357, 
358, 382, 383,407-408, 432 

copper (high) alloys, 121, 123, 206, 
260. 294, 295, 296, 356, 357, 382, 383, 
407, 408, 432-433 

definition, 32 
diagram of, 38 
as form of corrosion, 29, 32-34 
~alvallized steel, 107, 123, 382 
IrO!}, 107, 123, 124, 158, 159, 175, 177, 

184-186, 206, 260-263, 2n, 295, 296, 
335, 351, 354, 355, 356, 382, 383, 407, 
408, 432, 433 

lead, 107, 121, 158, 205-206. 260, 354, 
355, 383, 407, 432 

magnesium, 106-107, 121, 124, 382 
manganese, 107 
mercury, 107 
nickel, 107, 121, 123, 124, 158, 260, 262, 

295, 335, 351, 354-358, 363, 382, 383, 
384, 407, 432 

nickel-copper alloys, 121, 122, 205, 206, 
294, 295, 296, 297, 356, 358, 382-384, 
387, 4a7, 408, 432 

nickel plate, 351 
photograph of, 42 
pitting, 45 
platinum, 107, 260, 296, 382 
practical example ai, 42 
as rate factor, 24 
silver solder, 384 
solder (le~d-tjn), 206, 354, 383, 384, 407 
alld solutlOll celIs, 35-38 
tin, 121, 182, 183, 184-186, 187, 188, 189, 

190, 191, 196, 260, 262, 354, 382, 383, 
407,432 

zinc, to7, 121. 123, 124, 158-159, 260, 
262, 295, 335, 354, 382, 383, 432 
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Galvanic series, standard electrochemi
cal, 32, 33, 38 

Galvanized iron and steel (sec Zinc and 
zinc coatings) 

Gas, natural, 53 
Gas, combustion, 74 
Gasoline, copper V5., 426 
Gold, oxidizing agents V5., 59 
Grapefruit, iron Ys., 181, 182 

tin VS., 181 
Grape juice, aluminum V5., 136 

chromium alloys V8., 316 
iron VS., 182 
nickel YS., 371 
tin VS., 182, 197 

Growth, cast iron, 266-267 

Halide acids, chromium alloys VS., 298, 
299 

silicon iroll V5., 275, 276 
Halides, as corrosion products, 69 
Halogens, 63 
Harbor waters, 70 
Hard waters, lead V5., 217 
Health, effect of food contamination on, 

71 (see also Toxicity) 
Heat conductivity, 104 
Herculoy, (see Copper (high) alloys) 
High-temperature conditions, alumi-

num V5., 148-149 
clll-Omiul11 vs., 340-342 
chromium alloys VS., 317-326 
in classification of corrosioll, 17 
copper V5., 406, 407, 425-426 
copper (high) alloys VS., 74, 452 
as corrosive, 73-76 
iron V5., 74, 75, 263-268 
lead VS., 223 
nickel V5., 350, 372-376 
nickel-copper alloys VS., 382, 399-401 
nickel-iron alloys V5., 347-348 
tin V5., 199 
zinc V8., 1'72 

Homogeneity of metal, as corrosion fac
tor, 92 

and chemical affinity, 84 
lack of, 24, 31 

Humidity, in air, 50 
films and, 25 

Hydrate film, zinc, 159, 160, 161 
Hydrochloric acid, air and, 61 

aluminum vs" 115, 137, 138, 139, 140-
141 

chromium Y5., 335, 338 
chromium alloys VS., 287, 295, 297, 298, 

299-300, 303, 304 
chromium-plated steel V5., 338 
copper vs., 386, 408, 409, 410, 411, 412, 

413-414, 440 
copper (high) alloys V8., 438, 442, 443 
as corrosive, 21, 55, 58, 61, 76 
at high temperature, 76 
iron vs., 232, 247, 248, 249, 250, 256 

Hydrochloric acid, lead VS., 203, 206, 
207, 208, 210, 211, 214 

molybdenuIll alloys VS., 279-281 
magnesium VS., 106, 110 
nickel YS., 21, 280, 358, 359-360, 386 
nickel-copper alloys V5., 384, 385, 387 
nickel-iron alloys VS., 345 
silicon-iron VS., 274, 275, 276 
as strong acid, 55, 58 
tin VS., 184, 193, 194, 195 
zinc VS., 159, 160, 161, 162 

Hydrocarbon gases (high temperature) 
copper VS., 425, 426 

Hydrofluoric acid, lead vs., 203, 206, 213 
magnesium vs., 106, 110 
nickel-copper alloys V5., 387-388 
silicon-iron VS., 275, 276 

Hydrogen (aqueous conditions) (see 
Polarization) 

in acid corrosion, 19, 20 
in electrolysis, 23 
in galvanic action, 34 
over voltage, 55, 110, 181, 185, 189, 193, 

230 
as product of corrosi\)n, 88 
in solution cells, 37 

Hydrogen, (high temperature) copper 
VS., 425, 426 

Hydrogen embrittlement, in alkalies, 79 
iron, 254 

Hydrogen ion, acidity and, 19, 20 
acids and, 55 
electrolytic effect and, 23 
in weak acids, 59 

Hydrogen peroxide, nickel-copper alloys 
vs., 391 

Hydrogen sulfide (in atmosphere), 51 
Hydrogen sulfide (high temperature) 

as corrosive, 75 
iron VS., 264-265, 324 

. nickel V5., 375 
nickel-copper alloys YS., 401 

Hydrogen sulfide (in solution), chromi-
um alloys VS., 305 

chromium-plated steel vs., 338, 339 
as corrosive, 76, 77 
copper V5., 416 
nickel V8., 362, 366, 377 
nickel-copper alloys vs., 391 

Hydroxy acids (see also Organic acids, 
Acetic acid, etc.) 

copper V5., 416 
copper (high) alloys VS., 444 

Hygroscopic substances, 25 
in soils, 53 

Hypochlorite salt solutions, aluminum 
vs., 131, 1.14 

chromium alloys V5., 312 
copper VS., 419 
copper (high) alloys VS., 446 
nickel VS., 366 
nickel-copper alloys vs., 393, 395 
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Hypochlorite salt solutions, tin vs. 
198-199 

Hypochlorous acid, 59 

Impingment attack (steam), nickel 
copper alloys, 399 

Inclusions, films and 94 
pits and, 31 ' 

In?oor air, chromium-plate, 332 
Iron vs., 244 

Industrial atmosphere, 50 (see also 
Urban air) 

sulfur compounds in 77 
Inhibitors of corrosiOI;, aluminulll 134, 

135, 146 ' 
in foods, 72 
iron vs., 234, 240, 246, 253-254 
oxidizing agents as, 63 
silicates as, 67 
in tin can, 189-190 

Inland air (see Rural air) 
Insulation, galvanic. 34 
Intercrystalline embrittlement or attack 

(see Intergranular attack) 
Intergranular attack (see also Corro

sion cracking, Corrosion fatigue 
Hydrogen embrittlement) , 

alkalies and, 79, 92 
chromium alloys, 291-294, 302, 303 
copper, 425, 426 
cluralumin, 47, 113, 114, liS, 116-117 
iron, 238, 239, 253, 265 
at high temperature, 75 
nickel, 373, 375, 376 
nickel-copper alloys vs., 394, 401, 402 
photograph of, 95 
pitting', 31 

Invar, 344, 347 
Iodine, copper vs., 406 

as corrosive, 63 
nickel-copper alloys VS., 402 

Iron and steel, 227-268 
abrasion of protective film, 253 
acetic acid vs" WO, 190, 247, 248, 250, 

256 
acids VS., 228, 229, 232, 246-256, 262 
acid-neutral boundary, 228, 229 248, 

249 ' 
air VS., 51, 234, 235, 242-246, 262 
air (high temperature) VS., 263-265, 

26'7 
air-free (neutral) solutions vs., 231· 

232 
alkaline solutions vs., 78, 228, 229, 232, 

2'56-260, 262 
alkaline-neutral boundary, 228, 229, 

257 
aluminum chloride vs., 234 
aluminum sulfate VB., 234 
aluminum treatment at high tempera

ture, 268 
ammonia (high temperature) VB., 265 
ammonium chloride vs., 260 

Iron and steel. ammonium hydroxide 
VS., 260 

harium hydroxide "5., 256 
beets VS., 181 
blackberries vs., 181 
boiler water vs., 238-241 
boilers, 238-241 
brines vs., 234 
butyric acid vs., 247 
cadmium plate, 175-178, 244, 246, 262 
calciUIll bicarbonate vs., 158 
calcium carbonate vs., 233, 238 
calciuIll chloride vs., 234 
calcium hydroxide vs., 257 
calcium silicate vs., 238 
calcium sulfate vs., 238 
carbon (high temperature) vs., 265 
carbon dioxide (high temperature) 

vs., 264, 266 
carbon dioxide (in water) vs., 233, 234, 

238 
carbon monoxide vs., 264 
carbonic acid vs., 158 248, 249 
case-hardening (steel), 265 
cast iron, 227, 23+, 236, 250,' 251, 252, 

256, 258, 259. 263, 264, 266, 267 
cast iron, alloy, 228. 255, 256, 258, 

259, 266, 267 
caustic alkaline solutions vs., 256-259 
chloride salts, iron vs., 233 
chromate salts vs., 234 
chromic acid VS., 247, 250 
chromium plate, 244, 246, 262, 279-284 
chromium (stainless) steel (see also 

285-326) 227 
cherries vs., 181, 182 
citric acid vs., 181, 186, 232, 2.f7 
in classification of corrosion, 17 
copper salts V5., 234 
corn vs., 181 
corrosion fatigue, 239, 244-246 
corrosion resistance, general, 228 
cranberry juice vs., 182 
deactivation, 236, 238 
deaeration, 235-236, 238 
dewberry juice vs., 182 
distilled water vs., 239 
elderberry juice VB., 182 
electrolytic effects, 23 
ferric hydroxide layer, 230, 233, 250 
ferric salts vs., 234 ,256 
ferrous hydroxide layer, 230, 233 
ferrous sulfate film, 89, 252 
food products vs., 181-192, 242 
fresh water vs., 100, 158, 236, 244, 245, 

246, 257, 258, 261, 346, 355 
fuming sulfuric acid vs., 253 
fused caustic soda vs., 259 
galvanic behaviDr, 33, 107, 123, 124, 

158, 159, 175, 177, 184-186, 206, 260-
263, 277, 295, 296, 335, 351, 354, 355, 
356, 382, 383, 407, 408, 432, 433 

galvanized, 154-172, 242, 244, 262 
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Iron and steel. glass enamel coati 11gS, 
242 

grapefnJit V5., 181, 182 
grape juice vs" 182 
graphitization (cast iron), 238 
growth (cast iron) 266-267 
high temperature conclitiolls VS., 74, 

75, 263-258 
hot water heating systems, 231, 231i 
hydrochloric acid vs., 184, 232, 247, 

248, 249, 250, 256 
hydrogen embrittlement, 254 
hydrogen evolution, 228, 229, 230, 231, 

232 
hydrogen sulfide (high temperature) 

vs., 264-265 
indoor air vs., 244 
inhibitors, 233, 234, 240, 246, 253-254 
intergranular embrittlement, 238. 239, 

253, 265 
lactic acid vs., 247 
laundry waters, 234 
lime (in water) vs., 233 
magnesium carbonate vs., 238 
magnesium chloride vs., 234, 238 
magnesium silicate vs., 238 
magnesium sulfate vs., 158 
malic acid VB., 181, 186, 250 
malonic acid vs.,. 190 
mercury salts vs., 234 
mill scale, 236, 237, 2380, 2G3 
mine water vs., 234 
molten brazing solder vs., 268 
molten copper vs., 268 
molten lead vs., 267 
molten metals vs., 267-268 
molten zinc vs., 267, 268 
municipal water supplies, 23.j. 
neutral-acid boundary, 228, 229, 248, 249 
neutral solutions, 228, 229, 230-2'46, 

260, 262 
neutral-alkaline boundary 228, 229, 25'7 
neutral solutions, effect of constitu

ents in, 232,-234 
nickel iron alloys (see also 344-348), 

228 
nickel plate, 244, 262, 350-352 
nitric acid vs., 100, 247, 248, 250, 254-

255, 256 
nitriding (steel), 265 
nitrogen (high temperature) vs., 265 
overvoltage, 185, 189, 230 
oxalic acid vs., 181 
oxide coating (high temperature). 

263-265 
oxide :film, 230 
oxidizing agents vs., 59 
oxygen (high temperature) vs., 264 
paints, 244 
passivity!, 250, 254 
peach JUIce VS., 182 
phenols vs., 249 
phosphoric acid vs., 250, 255, 256 

Iron and steel, pineapple juice vs., 181 
"pipe line c.urrents", 241 
pitting, 229, 231, 235, 238 
polorization by hydrogen, 230 
potassium chloride vs., 233 
potassium chromate vs., 233 
potassium ferricyanide vs., 233, 234 
potassium hydroxide vs., 256, 258, 259 
potassium ni trate vs., 233 
potassium sulfate vs., 233 
pre-heaters, 238 
products of corrosion, 89 
propionic acid vs., 250 
protective film, 228, 233, 234, 235, 241, 

250, 252, 258 
prunes and citric acid vs., 186 
pumpkin vs., 181 
raspberry juice vs., 182 
refrigerating brines, 234 
res i s tan c e compared with other 

metals, 1()0 
rhubarb vs., 181, 182 
rnral air vs., 243, 244 
rnst, 230, 231, 234, 243, 257 
salt solutions vs., 62, 230-246 
salt water vs., 100 
sea air vs., 243, 244 
sea water vs., 100, 235-238, 245, 246, 

263, 346 
silicon iron, (see also 274-2'17) 227,255 
sodium carbonate vs., 233, 234, 240, 

256 . 
sodium chloride vs., 158, 235, 260, 261, 

262, 346, 355, 408 
sodium chromate vs., 234 
sodium dichromate vs., 234 
sodium hydroxide vs., 100, 233, 234, 

240, 241, 256-259 
sodium phosphate vs., 233, 234 
sodium silicate vs., 234, 256 
sodium sulfate vs., 158, 240, 241, 296 
soil waters vs., 241 
solution cells, 236, 241 
stannous salts vs., 185 
steam vs., 234, 246, 264. 266 
steam systems, 234, 236 
steel (carbon), 227, 234, 235, 237-238, 

242, 243, 250, 252, 258, 263, 264, 265 
steel (chromium), 227, 245, 246, 263 
steel (copper), 227, 234, 235, 237-238, 

263 
steel (low alloy), 227. 244, 245, 246 
steel (molybdenum), 227 
steel (nickel), 'l27, 237-238, 245, 246, 

258,264 
strawberries vs., 181, 182 
stray currents, 241 
stress corrosion, 239, 240, 244-246 
succinic acid vs., 190 
sulfur dioxide (high temperature) 

vs., 264 
sulfur gases (high temperature) vs., 

264, 268 
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Iron and steel. sulfuric acid V5., 21, 100, 
247. 248, 249, 250-255, 256. 345, 355 

tannin vs., 240 
tartaric acid vs., 181, 250 
tin salts vs., 234 
tin plate, 180-199, 242, 244, 262 
tomato juice vs., 182 
toxicity, 242 
tri-sodium phosphate vs .. 240, 247, 257 
types, 227 
types, comparison of resistance, 2'34-

235, 255 
urban air vs., 100, 242 
water vs" 230-246 
wrought iron, 227, 234, 235, 237-238, 

242, 243, 251 
zinc coatings, 154-172, 242, 244, 262 
zinc sulfate vs., 233, 234 

Iron chloride, chromium alloys vs., 310 
Iron salts in acids, aluminum V5., 138, 

141 
Iron salts, nickel vs., 3liO 

Lactic acid, aluminum vs .. 140, 145-146 
chromiu1ll alloys vs., 307, 308 
copper VS., 410, 411, 412, 416, 439 
as corrosive, '72 
iron vs., 247 
in milk, 73 
nickel vs., 362 
nickel-copper alloys 1'5., 384, 390 
tin vs., 194 

Laps, surface, 94 
Lead. 202-223 

acetic acid vs., WO, 203, 204, 205, 206. 
208, 212, 220 

air vs., 204, 205, 221-223 
air (high temperature) vs., 223 
alkaline solutions YS., 203, 214-215 
alloys, 202, 205, 221 
ammonium hydroxide vs., 215 
anunonium phosphate vs., 213 
amphoteric natuI'e, 214 
antimony in, 202, 206, 210, 212, 213, 220 
barium hydroxide V5., 204 
bearing alloys, 202 
bicarbonate salts vs., 215 
cable sheathing, 202, 219 
calcium bicarbonate ys., 216 
calcium carbonate vs., 216 
calcium hydroxide vs., 220, 223 
carbonate film, 215. 217 

carbonate salts vs .. 203, 215 
carbonic acid vs., 217, 218 
caustic alkaline solutions vs., 2-14 
chloride salts vs., 215, 219 
chromate salts V5., 215 
chromic acid vS., 203, 213 
in classification of corrosion, 17 
composition, 202 
concrete vs., 223 
corrosion fatigue, 204-205 
distilled water vs., 204, 205, 215. 217 

Lead, emhrittlement, 204-205 
formic acid V5., 203 
fresh water vs., 100, 206, 215, 216, 217 
galvanic behavior, 33, 107, 121, 158, 

205-206, 260, 354, 355. 383, 407, 432 
"hard" lead, 202, 205 
hard waters vs., 217 
high temperature conditions vs., 223 
hvdrochloric acid "5., 21, 203, 206, 207, 

. 208, 210, 211, 214 
hydrofluoric acid V5., 203, 20G, 213 
impurities in. 214 
lime YS., 217 
magnesiulll sulfate vs., 216 
neutral solutions ys., 203, 215-221 
nitrate salts V5., 203, 215-216 
nitric acid vs., 100, 203, 204, 206, 207, 

208, 210, 211-212 
oak timbers vs., 223 
oil vs., 204, 205 
oxide film. 215, 217, 222 
phosphoric acid vs., 203, 206, 212-213 
potassium chloride vs., 216 
potassium dichromate vs., 215-216 
products of corrosion, 8<) 
protective films. 202, 203, 205. 207. 208-

209, 215, 217, 222 
potassium nitrate V5., 216 
potassium sulfate vs., 216 
res i 5 tan c e. compared with other 
. metals, 100 
rural air vs., 222 
sea air vs., 222 
sea water vs., 100, 216 
silicate solutions vs., 215, 217 
sodium carbonate vs., 216 
sodium chloride VS" 206, 215 
sodium hydroxide vs., 100, 204, 214, 223 
sodium sulfate vs., 210 
soft waters vs., 217 
soil waters vs., 203, 215, 219. 220, 221 
in solder, 180, 202 
solubility of compounds, 203 
steam vs., 223 
stray electric currents, 221 
strength, 202, 223 
stress corrosion, 204-205 
sulfate film, 207, 208-209 
sulfate salts vs., 215 
sulfuric acid vs., 57. 100, 203, 205, 206, 

2JJ7, 208-211, 212, 214 
sulfurous acid vs., 203. 206, 209, 210, 

213 
in Terne plate, 199, 221 
tin in, 202, 220 
toxicity, 217, 219 
turpentine VS., 223 
urban air vs., 100. 222 
vichy water vs., 217 
vinegar vs .. 208 
water vs., 204, 215-221 

Leaded bronze (see Copper (high) 
a !1oys) 
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Lel1KoE;,ae. zinc vs., 167 
Lemon juj'ce, aluminum YS., 136 

chromhml alloys YS., 316 
copper YS., 420 
ni·:kel '\'5., 371 
tin VS., 197 

Lime (in water), iron Y5., 233 
lead vs., 217 

Local corrosion (see Electrolytic effects, 
Corrosion cracking, Pitting, SO[tI
tiol1 C(' lls) 

1.!agnesiulll and its alloys, 105-110 
acids V5., 106, 110 
air '\'5., 108 
alloying elements, effect oi, IG5 
caustic solutions YS., Hl6 
chromic acid vs., 110 
in classification of corrosion, 17 
copper in, 105 
fresh water vs., 110 
galvanic behavior, 33, 106-107, 121, 

124, 382 
hydrochloric acid vs., 106, 1]0 
hych-ofiuoric acid vs., 106. 110 
m;tngallese in, 105, 109, 110 
nickel in, lOS 
nitric acid vs., 110 
overvoltage, 110 
oxide £Im, 105, 106 
phosphoric acid, vs., 110 
pitting, 107, 108 
protective methods, 108-109 
salt spray vs., 109 
salt water V5., 109-110 
sea air vs., 108 
sodium chloride VS., 106 
types of alloys, 105 
urban air VS., 108 
waters VS., 106 

Magnesiulll carbonate, iron vs., 238 
.Magnesium chloride, aluminum VS., 134 

copper VS., 418 
copper (high) alloys YS., 445, 446, 447 
iron vs., 234, 238 
nickel-copper alloys vs., 393 
nickel iron alloys vs., 345 
tin VS., 198 

Magnesium nitrate, copper (high) alloys 
vs., 445 

Magnesium silicate, iron VS., 238 
Magnesium sulfate, aluminum vs., 134 

iron V5., 158 
lead vs" 216 
nickel-iron alloys vs., 345 
zinc vs., 158, ](i5 

Malic acid, aluminum YS .. 140, 145-146 
chromium alloys vs., 307, 316 
copper vs., 410, 416 
as corrosive, 72 
iron VS., 181, 186, 250 
nickel-copper alloys ys., 384, 390 
nickel vs., 362 

Malic acid, tin YS" 181, 190, 194, 195, 196 
Malonic acid, iron vs., 190 

tin V5 .. 190, 195 
Manganese, galvanic behavior, 107 . 
Manganese bronze, (see Copper (h1gh) 

alloys) 
Marine growth (see also Barnacles), 

copper, 423 
as electrolytic cells, 70 

Marsh soils, 52 
Measurement of corrosion, chemical 

corrosion, 30 
metal effect on corrosive, 71 
pitting, 32 
rates, 19. 100-104 
soil corrosion, 55 

Meat, nickel-copper alloys V5., 397 
Melting point, data on metals, 104 
Mercaptan (in water), nickel vs., 377 
Mercuric chloride, aluminum vs., 134 

chromium alloys, vs., 310 
nickel vs., 366 
nickel-copper alloys vs., 393 

Mercuric salts, copper vs., 412, 419 
copper (high) alloys vs., 444, 446 
nickel-copper alloys YS., 394 

Mercurous sulfate, 
chromium alloys vs" 302 

Mercury, as corrosive, 47 
galvanic behavior, 107 
nickel vs., 376 
nickel-copper alloys vs" 402 

Mercury chloride, chromiul11 alloys vs., 
310 

Mercury salts, aluminum vs., 138 
hrass VS., 436 
irOI\ vs., 234 

Milk, aluminum vs., 137 
as corrosive, 72 73 
chromium alloys vs., 295 
copper vs., 420, 421 
nickel V8., 354, 372 
nickel-copper alloys VS., 397 
tin vs., 196, 197 
zinc vs., 167 

Mine waters (see also Ferric salts, Sul-
furic acid), copper vs., 412 

copper (high) alloys VS., 21, 444 
ferric iron ill 52 
iron vs., 234 
nickel V5., 362 
nickel-cappel' alloys vs., 391 
silicon-iron vs., 274, 275 

Mineral spring water as corrosive, 77 
Moisture, atmospheric, 25, 50 
Molten altlminum, chromiulll alloys vs., 

325 
nickel vs., 376 
nickel-copper alloys vs., 401 

Molten antimony, cOPl?er vs., 428 
Molten babbitt, chromIUm alloys V5., 325 
Molten bismuth, copper vs. ' 428 
Molten brass, chromium alloys vs., 325 
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Molten brazing solder, iron vs., 268 
Molten copper, iron VS., 268 
Molten glass, chromium plate vs., 341 
Molten lead, chromium alloys VS., 325 

chromium-plate vs., 342 
copper VS., 428 
iron vs., 267 
nickel vs., 376 
nickel-copper alloys vs., 401 

1Iolten metals (see also specific metals), 
chromium alloys vs., 325 

copper vs., 428 
iron VS., 267-268 
nickel vs., 3'76 
nkkcl-copper VS., 382, 401-402 

Moltcn soldcr. chromium alloys VS., 325 
nickel VS., 377 

Molten tin, chromium alloys VS., 325 
copper vs., 428 
nickel vs., 376 
nickel-copper alloys vs .. 401 

Molten zinc, chromium alloys vs., 325 
copper VS., 428 
iron VS., 267, 268 
nickel vs., 376 
nickel-copper alloys vs., 401, 402 

Molybdenum alloys, 279-284 
chlorine (in solution) vs., 284 
chromium in, 279 
in classification of corrosion, 17 
cupric chloride VB" 282 
cupric salts VS., 279 
ferric chloride vs., 281 
ferric salts VS., 279 
ferric sulfate vs., 282 
ferrous chloride vs,' 282 
hydrochloric acid VS., 279-281 
nitric acid VB., 279, 283 
non-oxidizing acids vs., 279 
oxidizing acids vs., 279, 281, 282, 2~3 
phosphoric acid VS., 283-284 
smoke scruhber conditions VS., 282 
sulfidizing acid vs., 283 
sulfuric a'cid VS., 282-283 
sulfurous acid VS" 282 
tin salts vs., 279 
tungsten in, 279 
types, 279 

Monel metal (see Nickel-copper alloys) 
Monochloracetic acid, chromium alloys 

VS., 308 
Movement of corrosive, air, 51 

aera tion, 62 
in classification of corrosion, 17 
high temperattlre conditions, 75 
as rate factor, 22-23 

Muntz metal (see Copper (high) alloys) 

Natural water (see Fresh water) 
N a val brass (see Copper (high) allo:;:~) 
Neutral solutions (see also specIfic 

solution). cadmium, 175 
iron vs., 228, 229, 230-246, 260, 262 

Neutral solutions, lead V5., 203, 215-221 
11ickel, 350 
nickel-copper alloys vs., 382, 393 
nickel-iron alloys vs., 345 

Nickel, 350-378 
acetic acid \"~" 1 00, 358, 360-361, 362. 

386 
acids VS., 350, 354, 358-363 
air VS., 51, 350, 354, 366-368 
air (high temperature) VS., 373 
alkaline solutions VS., '78, 350, 363-365 
ammonia (high temperature) \'5., 375 
ammonium hydroxide vs., 364-365 
apple juice vs., 371 
benzOl vs., 377 
brines, 355 
calcium chloride \'5., 365 
calcium nitrate vs., 365 
carbonated water vs., 369 
carbon dioxide (in water) vs., 369 
carbon dioxide (in steam) vs., 370 
carbon tetrachloride vs., 377-378 
caustic alkaline solutions vs .. 363 
cereals vs., 370 
chlorinated compounds VS., 377-378 
chlorine (in solution) vs., 366 
chromate solution VS., 362 
chromic acid V5., 362 
citric acid vs., 362 
in classification of corrosion, 17 
cOluposition, 350 
copper chloride vs., 366 
copper salts vs .. 362, 366 
corrosion fatigue, 352-354 
cranberry juice vs., 371, 372 
currant juice VB., 371, 372 
dichlorethylene vs .. 377 
distilled water vs., 368, 369 
ferric chloride vs., 360 
ferric salts vs., 358, 362, 366 
fissured sudace. effects of, 369 
"fogging," 367 . 
food products vs., 350, 370-312 
food products vs., 351 
formic acid vs., 362 
fresh water vs., 100, 352, 353, 354. 368, 

369 
fruit juices vs., 371 
fused borax vs., 377 
fused caustic V5., 376 
fused cyanide VS" 377 
fused potassium bisulfate vs., 377 
fused silver chloride vs., 377 
fused sodium peroxide vs., 3'76 
fused substances vs., 376 
fused vanadic acid vs" 377 
galvanic behavior, 33, 107, 121, 123, 

124, 158, 260, 262, 295, 335, 351, 354-
358, 363, 382, 383, 384, 407, 432 

gt'ape juice vs., 371 
high temperature conditions '\IS .. 350, 

372-376 
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Nickel, hydrochloric acid V5., 21, 280, 
358, 359- 360, 386 

hydrogen sulfide (high temperature) 
vs., 375 

hydrogen sulfide (in solution) vs., 362, 
366, 37; 

hypochlorites vs., 366 
intcrgranular attack, 373, 375, 376 
iron salts vs., 360 
lactic acid vs., 362 
lemon juice vs., 371 
malic acid V5., 362 
mercaptan (in water) VS., 377 
mercuric chloride V5., 366 
mercury vs., 376 
milk vs., 354, 372 
mine water VS., 362 
molten aluminum VS., 376 
molten lead vs., 376 
molten metals VS., 376 
molten sulfur vs., 377 
molten tin vs., 376 
molten zinc vs., 3'76 
neutral solutions vs., 350 
nickel plate, 350-352 
nitric acid vs., 100, 350, 354, 358. 359 
nitriding gases VS., 375 
oil VS .. 377 
organic acids vs., 361-362 
passivity, 350, 364 
pentachlorethanc VS., 377 
peroxide solution, 362 
phosphoric acid VS., 358, 360 
pitting, 365, 366, 369, 377 
potassium dichromate V~., 365 
potassium hydroxide vs" 363 
products of corrosion, 89 
reducing gases (high temperature) 

vs., 374-375 
resistance compared with other met-

als, 100 
mral air VS., 366, 368, 398 
salt solutions vs., 354, 355, 365-366 
sea air vs., 366, 368, 398 
sea water vs., 100, 354, 368 
silver nitrate VS., 366 
silver salts vs., 366 
sodium carbonate VS., 365 
sodium chloride YS., 346, 365 
sodium hydroxide VS., 100,.363-364 
sodium nitrate YS., 365 
sodium sulfate YS., 365 
sodium sulfide YS., 366 
stannic chloride Ys., 366 
stannic salts VS., 366 
steam VS., 370 
stres 5 corrosion, 352-354 
sulfur dioxide (high temperature) vs., 

375, 376 
sulfur gases (high temperature) vs., 

373, 375 
sulfuric acid vs., 100, 345, 354, 355, 

358-359, 362 

Nickel, sulfurous acid vs., 358, 362 
tartaric acid vs., 358, 362 
tetrachlorethane vs., 377 
tomato juice vs., 371, 372 
toxicity, 370, 372 
trichlorethylene vs., 377 
urban air vs., 100, 366, 368, 398 
vegetables vs., 3'71 
vinegar vs., 371 
water vs., 368-370 
wa ter-line attack, 376 
zinc carbonate vs., 365 
zinc chloride vs., 365 
zinc nitrate vs., 365 
zinc sulfate vs., 365 

Nickel-copper alloys, 381-403 
acetic acid vs., 100, 384, 385, 389-390 
acetone vs., 402 
acids vs., 382, 384-391 
aeration effect (acids), 22 
air VS., 382 
alcohol VS., 402, 403 
alkaline solutions YS., 391-393 
aluminum chloride vs., 394-
aluminum sulfate ys., 393, 394 
ammonia (high temperature) vs .. 401 
ammonium hydroxide vs., 382, 392-393 
benzol YS., 402 . 
brines vs., 382 
calcium chloride vs., 393 
calcium hypochlorite vs., 394, 395 
carbon tetrachloride VS., 402 
caustic alkaline solutions vs., 382 
chloride salts vS., 393 
chlorinated hydrocarbons vs., 402 
chlorine (in solution) vs., 395 
chloroform YS., 402 
chromic acid vs., 384, 388 
citric acid ys., 384, 390 
composition,. effect of, 385 
copper chloride vs., 394 
copper nitrate vS., 394 
copper salts YS., 391, 394 
copper sulfate vs., 391, 394 
corrosion fatigue, 396 
cyanide solutions vs., 393 
distilled water vs., 395 
ethylel1e dichloride vs. 402 
fatty acids YS., 390-391' 
ferric chloride vs., 393 
ferric salts vs., 389, 391, 394 
"fogging" in air expOS1I1'e, 398 
food products vs., 382 396.397 
formic acid vs., 390 ' 
fresh water vs., 100, 395, 396 
fruit juices vs., 397 
fused salts YS., 382 
fused sulfur vs., 402 
galvanic behavior. 33, 121, 122, 205, 

206, 294, 295, 296, 297, 356, 358, 382-
384, 387, 407, 408, 432 

high temperature conditions vs., 74, 
382, 39!H01 
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Nickel-copper alloys, hydrochloric acid 
1'5., 384, 385, 387 

hydrofluoric acid '1'5., 387-388 
hydrogen peroxide vs., 391 
hydrogen sulfide (high temperature) 

vs., 401 
hydrogen sulfide (in solution) '1'5., 391 
hypo(.~hlorite solutions vs., 393, 395 
impingement attack by steam, 399 
intergranular attack, 394, 4fn, 402 
iodine vs., 402 
lactic acid '1'5., 384. 390 
magnesium chloride V5., 393 
malic acid vs., 384, 390 
marine growths, fouling by, 395 
meats VS., 39'7 
mercuric chloride vs., 393 
mercuric salts '1'5 .. 394 
mercury '1'5., 47, 402 
milk vs., 397 
mine water vs., 391 
molten aluminum VS., 401 
molten lead '1'5., 401 
molten metals vs., 382, 401-402 
molten tin V5., 401 
molten zinc '1'5., 401, 402 
neutral solutions '1'5., 382, 393 
nitric acid vs., 22, 100, 384, 388 
nitriding gas vs., 401 
oil vs .. 402 
oleic acid vs., 390-391 
organic acids VS., 390 
oxalic acid vs., 390 
oxidizing acids vs., 60, 61 
oxygen (high temperature) '1'5., 400-

401 
phosphoric acid VS., 384, 388-389 
pitting, 388, 389, 391, 394, 395, 402 
potassium chloride V5., 393 
potassium cyanide '1'5., 395 
potassium dichromate '1'5., 393, 394 
potassium hydroxide vs., 391, 392 
protective film, 396 
rural air vs., 398, 399 
salt solutions vs., 393 
salt water '1'5., 381 
sea air '1'5., 398, 399 
sea water vs., 100, 395, 396 
silver nitrate vs., 394 
sodium carbonate V8., 393, 394 
sodium chloride vs., 296, 393, 394 
sodium cyanide vs., 395 
sodium hydroxide '1'5., 100, 391-392 
sodium hypochlorite '1'5., 394, 395 
sodium silicate vs., 394 
sodium sulfate VS., 393 
steam VS., 399 
stearic acid '1'5., 390-391 
stress-corrosion, 396 
sulfide salt solutions VS., 393 
sulfur (in water) vs., 391 
sulfur dioxide (high temperature) vs., 

401 

Nickel-copper alloys, sulfur gases (high 
temperature) VS., 382, 401 

sulfuric acid vs., 21, 22, 100, 296, 384, 
385-387 

sulfurous acid vs., 384, 388 
tannic acid vs., 384 
tartaric acid vs., 384, 390 
temperature effect on corrosion, 385 
tin chloride vs., 394 
toxicity, 397 
trichlorethylene VS., 402 
tri-sodium phosphate VS., 394 
types, 381 
urban air vs .. 100, 398, 399 
vegetables VS., 397 
water VS., 382, 395-396 
water-line attack, 395 
"wire-drawing" by steam, 399 

Nickel-iron alloys, 344-348 
acetic acid VS., 345 
acids vs., 344-345 
air vs., 344, 347 
alkaline solutions vs., 346-347 
ammonium chloride vs., 345 
carbon dioxide (high temperature) 

VS .• 3--18 
caustic alkaline solutions '1'5., 346 
in classification of corrosion, 17 
fresh water vs., 346, 347 
high temperature conditions VS., 347-

348 
hydrochloric acid vs., 345 
1nvar, 344, 347 
magnesium chloride V5., 345 
magnesium sulfate V5., 345 
neutral solutions V5., 3-1-5 
nitric acid VS., 345 
oxygen (high temperature) VS., 348 
pitting, 346 
rural air vs., 34'7 
rusting, 347 
salt solutions VS., 345 
sea air vs., 347 
sea water vs., 346, 347 
sodium chloride '1'5., 346 
sodium hydroxide VS., 259, 346, 347 
sodium sulfate VS., 345 
steam (high temperature) VS., 348 
sulfur dioxide (high temperature) vs., 

348 
sulfuric acid vs., 344, 345 
types, 344 
urban air vs., 347 
water V5., 345 

Nickel plate, 350-352 
acids vs., 351 
air VS., 351, 352 
alkaline solutions V5., 351 
galvanic behavior, 351 
rural air V5., 352 
salt solutions VS., 351 
sea air VS., 352 
urban air \'3., 351, 352 
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Nickel plate, water vs., 351 
Nickel silver (see Copper (high) alloys) 
Nitrate salt solutions as corrosive, 63 

lead vs., 203, 215-216 
Nitric acid. aluminum \·s., 100, 137, 138, 

139, 140, 142 
chromium vs., 338 
chromium alloys vs., 23, 100, 287, 288, 

297, 298-299, 301 
chromium-plated steel VS., 338, 339 
comparison of various metals, 100 
copper vs., 100, 409, 410, 412-413 
copper (high) alloys vs., 100, 443 
iron vs., 100, 247, 248. 250, 254-255, 256 
lead vs., lOa, 203, 204, 206, 207, 208, 

210, 211-212 
magnesium vs., 110 
molybdenum alloys vs., 279, 283 
nickel vs., 100, 350, 354, 358, 359 
nickel-copper alloys vs., 22, LOO, 384, 

388 
nickel-iron alloys vs., 345 
as oxidizing agent, 59 
silicon-iron vs., 100, 274, 275, 276, 277 
tin vs., 100, 193, 194 
zinc vs., 100 

Nitriding gases, nickel VS., 375 
nickel-copper alloys vs., 401 

Nitrogen (high temperature), chromium 
alloys vs., 322, 324, 325 

iron vs., 265 
Nitrous acid, 59 
Noble metals vs. oxidizing agents, 59 

effect of alloying with baser metals. 
92 

N on-oxidizing acids (see also Sulfuric 
acid, Hydrochloric acid, etc.), mo
lybdenum alloys vs., 279 

Oil, lead vs., 204, 205 
nickel vs., 377 
nickel-cappel' alloys vs., 402 
sulfur in, 78 

Oil-well corrosion, 68 
Oleic acid, chromium alloys vs., 307 

copper vs., 416 
nickel-copper alloys vs., 390-391 
silicon-iron vs., 275 
zinc VS., 162 

Orangeade, zinc vs.. 167 
Orange juice, aluminum vs., 137 

copper vs., 420 
Organic adds (see also Acetk acid, 

etc.), nickel vs., 361-362 
nickel-copper alloys VS., 390 

Organic substances, acids, S9 
in classification of corrosion, 17 
as corrosives, 71-73 
in reaction with oxygen, 62 

"Over-straining" in metal, 93 
Overvoltage, 55 

of iron, 185, 189. 230 
magnesium, llO 

Overvoltage, tin, 181, 185, 193 
in tin can, 185, 189 

Oxalic acid, aluminum vs., 145 
chromium alloys vs., 307, 308 
copper vs" 410 
iron vs., 181 
nickel-copper alloys vs., 390 
silicon-iron vs" 275 
tin VS., 181, 196 

Oxidation (see also Oxide film, High 
temperature conditions, etc.), defini
tion, 20 

at high temperature, 73 
passivity, 85-87 

Oxide film (see also Film, solid protec· 
tive), chromium alloys, 295, 310, 
311, 312 

at high temperature, 74 
inhibiting effect, 57, 60, 85 
iron, 230 
lead, 215, 217, 222 

Oxidizing acids (see also Nitric acid, 
Chromic acid, Ferric salts, etc.), 
molybdenum alloys vs., 279, 281, 282. 
283 

Oxidizing agents (see also Air (dis
solved), Ferric salts, etc.), in clas
sification of corrosion, 17 

as corrosives, 59-63 
direct chemical corrosion and, 30 
as rate factor, 20-22 
salts, 68 

Oxygen (Ill air), 20 
Oxygen (dissolved), in acids. 56 

cell, 40 
dissolved air, 20 
movement and, 23 
as rate factor, 20-22 
in soils, 53 
solution cells, 37-38 
in water, 6'7 

Oxygen (high temperature) (see also 
High temperature conditions), chro
mium vs., 341 

copper vs., 425 
iron vs., 264, 348 
nickel-copper alloys VS., 400-401 
as corrosive, 75 
nickel-iron alloys vs., 348 

Packing foods, 71 
Paper industry, 77 
Particle size in soils, 54, 220-221 
Passivity (see also Oxide film, Film, 

solid protective, etc.), in acids. 55 
aluminum, 85, 89 
chromium alloys, 21, 286-290 
in classification of corrosion, 17 
as corrosion factor, 85-88 
iron, 250, 254 
nickel, 350, 364 

Peach juice, iron vs., 182 
tin vs" 182 
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Pentachlorethane, copper VS., 427 
nickel VS., 377 

Peptizing, 58 
Perchloric acid, 59 
Peroxide, nickel vs., 362 

as oxidizing' agent, 63 
Petroleum, 71, 77 
Pewter, 180 
Phenols, aluminum vs., 145 

chromium alloys VS" 307, 308 
iron VS., 249 

Phosphate salt solutions, aluminum vs .. 
134 

copper (high) alloys vs., 446 
Phosphor bronze (see Copper (high) al

loys) 
Phosphoric acid, aluminum vs., 137, 143 

chromium VS .• 338 
chromium alloys vs., 298, 304-305 
copper vs., 408, 410, 412, 413, 442 
copper (high) alloys vs., 442, 443-444 
as corrosive, 58 
iron vs" 250, 255, 256 
lead vs., 203, 206, 212-213 
magnesium vs., 110 
molybdenum alloys vs., 283-284 
nickel vs., 358, 36{) 
nickel-copper alloys VS., 384, 388-389 
silicon-iron VS., 274, 275, 276 

Photoengraving, zinc in, 162 
Physical constants, data on metals, 104 
Pickling of metal. 30, 61 
Picric acid, silicon-iron VS., 275 
Pineapple, iron vs., 181 

tin vs., 181 
Pipe line corrosion, 45, 54 
"Pipe line currents," 241 
Pitting (see also Solution cells). in al

kaline solutions, 79 
aluminum, 113, 114, 116, 117-118, 128-

129, 130 
chromium alloys, 287, 288, 290, 307, 

311, 312, 313, 314. 315, 316, 317 
in classification of corrosion. 17 
copper, 413, 414, 415, 424, 426 
copper (higb) alloys, 444, 44'7, 448, 449 
electrolytic, 23 
as form of corrosion, 29, 30-32 
iron, 229, 231. 235, 238 
magnesium, 107, 108 
nickel. 365, 366, 369, 377 
nickel-copper alloys, 388, 389, 391, 394, 

395, 402 
nickel-iron alloys. 346 
photograph of, 64, 65, 86 
solution cell. 41 
zinc, 163, 165 

Platinum, galvanic behavior, 107, 260, 
296, 382 

oxidizing tendency, 59 
Plums, tin vs., 183 
Polarization (see also Overvoltage), 

definition, 55 

Polal'ization, depolarization, 3i 
g-aivanic, 34 

Polishing and grinding, effect or .. '.1 

Potassium chloride, cadmium \'3. li;~ 
copper V5" 418 
copper (high) alloys VS., 445 
iron vs., 233 
lead VS., 216 
nickel-copper alloys \'S •• 3')3 
zinc vs., 163 

Potassium chromate. iron V5., 233 
Potassium cyanide, copper VS., -11)7 

nickel-copper alloys VS., 395 
Potassium dichromate, alumi11lt!': \.,., 

133 
copper VS., 412, 418 
lead vs., 215-216 
nickel VS., 365 
nickel-copper alloys, 393, 39-1 
zinc, 163, 164 

Potassium ferricyanide, chromium al
loys vs., 302 

iroll VS., 233, 234 
Potassium hydroxide, aluminum V5 .. I-IG 

chromium alloys vs., 309, 325 
copper VS., 417 
iron vs., 256, 258, 259 
nickel vs., 363 
nickel-copper alloys VS., 391, 392 

Potassium nitrate, aluminum vs., LH 
copper vs" 418, 419 
copper (high) alloys V5., 445 
iroll vs., 233 
lead V5., 216 
zinc '1s., 163 

Potassium permanganate. copper V5., -112 
Potassium sulfate, copper vs., 418, ·n9 

copper (high) alloys vs., 445 
iroll vs., 233 
lead V5., 216 
zinc vs., 163, 165 

Products of corrosion, in air, 50 
in classification of corrosion, Ii 
as corrosion factor, S8-89 
films, 24, 25 
form of corrosion, and, 29, 30 
galvanic corrosion, and. 34, 35 
at high temperature, 74 
movement and, 22 
protection by, 60 
pitting, and, 31 
solubility, 68 
solution cells fr0111 , 41 

Properties, metal corrosion, classifica
tion, 15, 16, 17 

general discussion, 83-94 
specific discussion, 105-452 

Propionic acid, aluminum V5., 144. 145-
146 

iron VS., 250 
Protection, galvanic, 34 
Protective film (see Film, slliid. pro

tective) 



486 SUBJECT INDEX 

Prunes and citric acid, iron vs., 186 
Prune juice, tin VS., 183 
Pumpkin, iron vs., 181 
Purity of air, 50 
Pyrogallic acid, silicon-iron vs., 275 

Rain, as factor, 50 
Raspberry juice, iron vs., 182 

tin vs., 182 
Rate of corrosion, cross-section cover

ing variollS metals and typical solu
tions, 100 

interpretation, 99, 101 
unit of expression, 102, 103 

Rate factors, classification, 15. 16, 17 
discussion, 19-2,7 

Reactions, chemical, acid, 19-20, 56 
el ectrolyti c, 43 

Reducing gases (high temperature), 
copper VS., 425-426 

nickel vs., 374-375 
Refrigerating brines, as corrosive, 70 
Resistance, electrical, in galvanic Cll"

cuit, 33-34 
of oxide film, 60 

Rhubarb, iron VS" 181, 182 
tin, vs., 181, 182 

Rivet corrosion (galvanic), 34 
Roofs in cities, corrosion of, 77 
Rural air, aluminum vs., 115, 118 

cadmium, 175-177 
chromium alloys vs" 316, 317 
chromium plate VS., 33'7 
copper vs., 398, 424 
copper (high) alloys vs., 451 
as corrosive, 49 
iron vs" 243, 244 
lead vs., 222 
nickel vs., 366, 368, 398 
nickel-copper alloys vs., 398, 399 
nickel-iron alloys VS., 347 
nickel plate, 352 
zinc, 168-171 

Rust, 230, 231, 234, 243, 257 
Rustless steel (see Chromium alloys) 

Salt solutions (see also Brines, Sea 
water, Sodiulll chloride, etc.), alu
minum vs .. 130-134 

chromium 'ITS., 335 
-chromium alloys vs., 287, 310-312 
·chromium plate YS., 335, 337 
copper VS., 418-419 
copper (high) alloys V5., 432, 445-447 
.as corrosive, 68-70 
iron vs., 230-246 
nickel vs., 354, 355, 365-366 
nickel-copper alloys vs., 393 
nickel-iron alloys VS., 345 
nickel plate 351 
tin VS., 198-199 
zinc, 163-166 

Salicylic' acid, aluminum vs., 145 

Salt spray, aluminum vs., 114, 116, 125 
chromium alloys vs., 312, 313 
magnesium vs., 109 

Salt water (see also Sea water), mag
ncsitlm vs., 109-110 

nickel-copper alloys vs., 381 
Scale on iron, 74, 94 
SCI'cen wire corrosion, photograph of, 

82 
Sea air. aluminum vs., 118, 126-129 

cadmium, 175-177 
chromiul11 alloys VS., 28'7, 316-317 
chromium plate vs., 3.17 
copper VS., 398, 424 
copper (high) alloys VS., 451 
as corrosive, 50, 52 
iron vs., 243, 244 
lead vs., 222 
magnesium vs., 108 
nickel vs., 366-368, 398 
nickel-copper alloys VS., 398, 399 
nickel-iron alloys VS., 347 
nickel plate, 352 
zinc, 168-171 

Sea water, aluminulTI vs., 100, 114, 116, 
117, 118, 119-120, 125, 129·130 

cadmium VS., 178 
chromil1lll alloys vs., 100, 287, 288, 290, 

295, 313-314, 315 
chromiuUl plated steel vo .. 340 
comparison of various metals, 100 
as corrosive, 63, 70 
photograph of corrosion by, 86 
copper vs., 100, 422-423 
copper (high) alloys vs., 100, 431, 433, 

434, 437, 448-451 
iron vs., 100, 235-238, 245, 246, 263, 346 
lead VS., 100, 216 
nickel vs., 100, 354, 368 
nickel-copper alloys VS., 100. 395, 396 
nickel-iron alloys vs., 346, 347 
tin vs., 199 
zinc vs., 100, 158, 159, 163, 165 

Seams, galvanic corrosion at, 34 
Season cracking (see Corrosion crack-

ing) 
Series (sec Galvanic series) 
Shielded areas, 36 
Silicate salt solutions, copper (high) al

loys VS., 446 
as inhibitors ill water, 67, 69 
lead vs., 215, 217 

Silicon-iron, 274-277 
acetic acid vs., 100, 275, 276, 277 
alkaline solutions vs., 277 
aluminum sulfate VS., 275 
ammonium hydroxide vs., 277 
as anode, 277 
calcium bisulfite vs., 277 
caustic alkaline solutions vs., 277 
in classification of corrosion 17 
composition, 274, 276 ' 
cyanide salts, 277 
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Silicon-iron, ferric chloride vs. 275, 276 
ferric salts vs., 275, 276 ' 
halide acids vs" 275, 276 
hydrochloric acid vs., 274, 275, 276 
hydrofluoric acid vs., 275, 276 
mine waters vs., 274, 275 
molybdenum in, 276 
nitric acid vs., 100, 274, 275, 276, 277 
non-oxidizing acids vs., 274, 275 
oleic acid vs., 275 
oxalic acid vs., 275 
oxidizing acids vs., 274, 275 
phosphoric acid vs., 274, 275, 276 
picric acid vs., 275 
protective film, 274, 276, 277 
pyrogallic acid vs., 275 
resistance compared with other met-

als, 100 
silica film, 274, 276, 277 
sodium chloride vs., 277 
sodium sulfate vs., 277 
stannic salts vs., 276 
sulfuric acid vs" 100, 274, 275, 276, 277 
sulfurous acid vs., 275, 277 
tin chloride vs., 276 

Silicon-manganese bronze (see Copper 
(high) alloys) 

Silver, electrolytic effect, 38 
solution pressure, 85 

Silver nitrate, aluminum vs., 134 
nickel vs,' 366 
nickel-copper alloys vs., 394 

Silver salts, copper vs., 419 
copper (high) alloys vs., 446 
nickel vs., 366 

Silver solder, galvanic behavior, 384 
Silver sulfate, chromium alloys. vs., 302 
Smoke, 50, 51, 77 . 
Smoke scrubber conditions as corro

sive, 77 
molybdenum alloys vs., 282 

Soaps. aluminum vs., 146 
Sodium bicarbonate, aluminum VS" 146 
Sodium carbonate, aluminum vs., 134, 

146 
chromium alloys vs., 309 
copper (high) alloys vs., 447 
iron vs., 233, 234, 240, 256 
lead Vs., 216 
nickel VS., 365 
nickel-copper alloys V5" 393, 394 
tin vs., 198 
zinc vs., 164 

Sodium carbonate, fused, chromium al
loys vs., 325, 326 

Sodium chlorate, copper VS" 412 
Sodium chloride, aluminum vs., 133-134, 

135 
cadmium-plate, 177-178 
chromium alloys vs., 290, 295, 296, 311 
chromium-plate, 335 
copper V5., 418, 446 
copper (high) alloys vs., 357, 445, 446 

Sodium chloride, as corrosive, 69 
iron vs., 158, 235, 260, 261, 262, 346, 

355, 408 
lead vs., 206, 215 
magnesium vs., 106, 109-110 
nickel vs., 346, 365 
nickel-copper alloys vs .. 296, 393, 394 
nickel-iron alloys VS., 346 
silicon-iron vs., 277 
tin VS., 198 
zinc VS., 158, 163, 164, 165 

Sodium chloride, fused, chromium al
loys vs., 325, 326 

Sodium chloride and hydrogen peroxide 
mixture, aluminum VS., 114, 132-133 

Sodium chromate, irol1 VS., 234 
Sodium citrate, tin VS., 194 
Sodium cyanide, nickel-copper alloys 

VS., 395 
Sodium cyanide, fused, chromium al

loys vs., 326 
Sodium dichromate, iron V5., 234 
Sodium llydroxicle, aluminum VS., 100, 

145-148 
chromiulll alloys vs., 100, 259, 309, 325 
comparison of various metals, 100 
COPDer VS., 100, 416-417, 445 
cOPDer (high) alloys VS., 100, 444-445 
as corrosive, 78 
iron VS., 100, 233, 234, 240, 241, 256-259 
lead vs., 100, 204, 214, 223 
nickel vs., 100, 363-364 
nickel-collper alloys vs., 100, 391-392 
nickel-iron alloys VS., 259, 346, 347 
tin \'5., 100, 198 
zinc vs., 100, 159, 160, 162 

Sodium hypochlorite (see also Hypo
chlorites), chromium alloys VS., 312 

nickel-collper alloys vS" 394, 395 
zinc VS" 164 

Sodium nitrate, copper VS,' 418, 419 
copper (high) alloys VB" 445 
nickel vs., 365 

Sodium phosphate, iron vs., 233, 234 
zinc VS., 164 

Sodium silicate, aluminum VS., 146 
iron vs., 234, 256 
nickel-copper alJoys VB., 394 

Sodium sulfate, aluminum vs., 134 
chromium alloys VS., 295, 296 
copper VB., 418, 419 
copper (high) alloys VS., 445 
as corrosive, 69 
iron VS., 158, 240, 241, 296 
lead VS., 216 
nickel vs., 365 
nickel-copper alloys vs" 393 
nickel-iron alloys vs., 345 
silicon iron vs., 277 
zinc VS., 158, 163 

Sodium sulfate, fl1sed, chromium alloys 
VS., 326 

Sodium sulfide, nickel vs., 366 
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Soft waters, lead VS., 217 
Soil waters, in classification of corro-

sion, 17 
as corrosivCl, 52-55 
iron vs., 241 
lead vs., 203, 215, 219, 220, 221 
zinc VS., 166 

Solder (lead-tin), galvanic behavior, 
206, 354, 383, 384, 407 

lead in, 202 
tin in, 180 

Solution cells (see also Pitting, Water-
line attack, etc.), in acids 58 

aluminum, 117 
at barnacles, 70 
chromium alloy, 38, 287, 312, 313, 317 
in classification of corrosion, 1'7 
copper, 406, 422 
copper (high) alloys, 438, 449 
diagram of, 39, 40 
film cell and, 44, 87 
films and, 25 
as factor, 34-45 

Solution cell, as form of corrosion, 34-45 
iron, 236, 241 
movement of solution, 23 
in practical example, 26 
photograph of corrosion by, 28, 36 
on pipe 'lines, S4 
and pitting, 31, 32 
as rate factor, 24 
in soils, 54, 220 
zinc, 165 

Solution pressure, in classification of 
corrosion, 17 

as corrosion factor, 83-85 
Specific gravity, data on metals, 104 
Stainless steel and iron (see Chromium 

alloys) 
Stannic chloride, aluminum vs., 134 

chromium alloys VS., 310 
nickel VB •• 366 

Stannic salt solutions, copper vs., 412, 
419 

copper (high) alloys vs., 444, 446 
nickel VB., 366 
silicon-iron vs., 276 

Stannous chloride, chromium alloys vs., 
310, 311 

Stannous salts, iron vs., 185 
Stannous ion, tin vs., 195 
Steam, aluminum vs., 148-149 

chromium alloys vs., 325 
chromium plated steel vs., 340 
lead vs., 223 ' 
nickel vs., 370 
nickel-copper alloys vs., 399 
iron VS., 234, 246, 264, 266, 348 
zinc, 172 ' 

Steam (high temperature), chromium 
vs., 341 , 

as corrosive, 75 

Steam (high temperature), nickel-iron 
alloys vs., 348 

Stearic acid, copper vs., 416 
nickel-copper alloys vs., 390-391 

Steel, 227-268 
Strain in metal, in classification of cor

rosion, 17 
as corrosion factor, 93 
pitting at, 32 

Strawberries, iron vs., 181, 182 
tin YS., 181, 182, 183 

"Stray currents," 221, 241 
Strength, data on metals, 103 
Stress, in classification of corrosion, 17 
Stress-corrosion, aluminum, 116, 118-120 

cadmium plate, 178 
chromium alloys, 315 
chromium plate, 340 
copper (high) alloys, 435-438 
iron, 239, 240, 244-246 
lead, 204-205 
nickel, 352-354 
nickel-copper alloys, 396 
zinc, 171-1'72 

Succinic, iron vs., 190 
tin vs., 190, 195 

Sugar-salt mixtures, chromium alloys 
vs., 316 

Sulfate salts, as corrosion product, 76 
Sulfa.te salt solutions, lead vs., 215 
Sulfide salt solutions, nickel-copper al-

loys vs., 393 
Sulfidizing acid, molybdenum alloys vs., 
, 283 

Sulfur, copper vs., 426 
Sulfur (in water), nickel-copper alloys 

vs., 391 
Sulfur substances (see also Hydrogen 

sulfide, Sulfur dioxide, etc.), in air, 
49, 50 

chromium-plate vs., 342 
in classification of corrosion, 17 
copper vs., 426 
as corrosive, 75, 76-78 
organic, 71 
in soils, 53 

Sulfur dioxide (in solution) (see Sul
furous acid) 

Sulfur dioxide (high temperatures), 
chromium vs., 341 

chromium alloys VS" 286, 317, 318, 323-
324, 325 

as corrosive, 75 
iron vs., 264. 323, 348 
nickel vs., 375, 376 
nickel-copper alloys vs., 401 
nickel-iron alloys vs., 348 

Sulfur gases (high temperature) alu-
minum vs., 148 

iron VS., 264, 268 
nickel vs., 3'73, '375 
nickel-copper vs., 382, 401 
zinc vs., 172 
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Sulfuric acid, aluminum vs., 100, 137, 
138, 139, 140, 141, 142 

chromium vs., 335, 338 
chromium alloys VS., 22, 100, 286, 290, 

294, 296, 297, 298, 300-302, 303, 304 
comparison of various metals, 100 
copper VS., 100, 357, 358, 408, 409, 410, 

411, 412, 414-415, 416 
copper (high) alloys vs., 100, 435, 438, 

442, 443, 444 
as corrosive, 55, 57 
lead vs., 100, 203, 205, 206, 207, 20B-

2>11, 212, 214 
molybdenum alloys VS., 282-2&3 
nickel VB., 100, 345-354, 355, 358-359, 

362 
nickel-copper alloys vs., 21, 22, 100, 

296. 384, 385-387 
nickel-iron alloys VS., 344, 345 
silicon-iron vs., 100, 274, 275, 276, 277 
tin vs" 21, 100, 193, 194 
zinc vs., 100 

Sulfuric-copper sulfate solution, duo
mium alloys vs., 291, 292, 293, 294, 
301, 303 

Sulfuric-nitric acid, chromium alloys 
VS., 287 

Sulfurous acid, aluminum VS., 142 
chromium alloys vs., 290, 295, 296, 302-

304 
copper vs., 409, 413 
copper (high) alloys vs., 296, 443, 444 
as corrosive, 59, 77 
lead vs., 203, 206, 209, 210, 213 
molybdenum alloys vs., 282 
nickel V5., 358, 362 
nickel-copper alloys vs., 384, 388 
silicon-iron VB., 275, 277 

Surface condition (metal), in classifica
tion of corrosion, 17 

as corrosion factor, 93-94 

Tank corrosion, 26, 45, 61, 101 
Tannic acid, nickel-copper alloys vs., 

384 
Tannin, iron vs., 240 
Tartaric acid, aluminum vs., 140, 145-146 

chromium alloys V5" 298, 30'7, 308, 316 
copper vs., 410, 416 
as corrosive, 72 
iron vs., 181, 250 
nickel vs., 358, 362 
nickel-copper alloys vs., 384, 390 
tin vs., 181, 196 

Temperature, in classification of corro
sion, 17 

as rate factor, 25-26 
Tensile properties, effect of corrosion 

on aluminum, 114, 127, 128, 129, 130 
Terne plate, 199, 221 
Test methods, for aluminum, 113-114 

zinc coatings, 158 

Tetrachlorethane, copper vs., 427 
nickel VS., 377 

Tin and tin plate, 180-199 
acetic acid vs., 100, 190, 193, 194, 195 
acids vs., 193-196 
air vs., 100, 199 
alkaline solutions vs" 197-198 
aluminum chloride vs., 198 
ammonium hydroxide vs., 198 
amphoteric nature, 197 
apple juice VB., 182, 197 
beets VS., 182 
blackberries vs., 181, 182, 183 
butyric acid VB., 194 
calcium carbonate vs., 198 
carbonic acid V5., 199 
caustic alkaline solutions vs., 197-198 
cherries vs., 181, 182, 183 
citric acid vs., 181, 186, 190, 194, 195, 

19-6 
in classification of corrosion, 17 
coating on copper, 189 
coating on steel (see Tin plate and 

Tin can) 
condensed milk vs., 197 
cranberry juice V5., 182 
dewberry juice vs., 182 
distilled water vs., 199 
dried prunes and citric acid V5., 186 
elderberry juice VB., 182 
evaporated milk vs., 197 
ferric chloride vs., 198 
food products vs., 196-198 
fresh water vs., 100 
galvanic behavior, 33, 121. 182, 183, 

184-186, 187, 188, 189, 190, 191, 196, 
260, 262, 354, 382, 383, 407, 432 

grape juice vs., 182, 197 
grapefruit VS., 181 
high temperature conditions VS., 199 
hydrochloric acid vs., 184, 193, 194, 195 
hypochlorite solutions vs., 198·199 
impurities, effect of, 199 
lactic acid VB., 194 
lemon juice vs., 197 
magnesium chloride VS., 198 
malic acid V5., 181, 190, 194, 195, 196 
malonic acid vs.,.190, 195 
methods of coating steel. 180 
milk VS., 196, 197 
nitric acid VB., 100, 193, 194 
overvoltage of. 181, 185, 193 
oxalic acid vs., 181. 196 
peach juice VS., 182 
in pewter, 180 
pineapple vs., 181 
plums V5., 183 
pores and fractures in coating on 

steel. 182 
prune juice vs., 183 
l'aspherry juice VS., 182 
resistance compared with other met

als. 100 
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Tin and tin plate, rhuharb VS., 181, 182 
salt solutions VS., 198-199 
sea water vs" 199 
sodi um carbonate VS., 198 
sodium chloride VS., 198 
sodium citrate vs., 194 
sodium hydroxide vs., 100, 198 
in solder, 180 
stannous salts VS., 195 
strawberries vs., 181, 182, 183 
sllcdnic acid VS., 190, 195 
sulfuric acid vS., 21, 100, 193, 194 
tartaric acid VB., 181, 196 
in terne plate, 199 
tin can, 181-192 
tomato juice vs., 182, 197 
toxicity, 189 
water VS., 199 

Tin bronze (see Copper (high) alloys) 
Tin chloride (see also Stannic chloride, 

Stannolls chloride), chromium alloys 
VS., 310 

nickel-copper alloys vs., 394 
silicon-iron vs., 276 

Tin salt solutions, aluminum vs., 13R 
iron VS., 234 
molybdenum alloys vs., 279 

Tomato juice, aluminum vs., 136 
chromium alloys VS., 316 
copper vs., 421 
iron VS., 182 
nickel VS., 3'71, 372 
tin vs., 182, 197 

Toxicity, aluminum, 135-136 
chromium, 316 
copper, 419-420 
iron, 242 
lead, 217, 219 
nickel, 370, 372 
nickel-copper alloys, 397 
tin, 189 
tin can, 189 
zinc, 167-168 

Trichloracetic acid, chromium alloys 
vs., 308 

Trichlorethylene, copper vs., 427, 428 
nickel VS., 377 
nickel-copper alloys VB., 402 

Tti-sodium phosphate, aluminum vs., 
146 

iron VS., 240. 247, 25'7 
nickel-copper alloys VS., 394 

Turbulence, in condenser tubes, 70 
Turpentine, lead vs., 223 
Tin can, 181-192 

acidity effect, 186-187, 189 
anthocyanin pigments in, 184 
apples vs.. 189 
apple juice VB., 191 
apricot juice vs., 191 
asparagus VS., 192 
artichokes VS., 192 
beans VS., 192 

Tin can, beef, corned, VS., 192 
beets VS., 191 
blackberries VS., 191 
blueberries vs., 187-188, 191 
carrots vs., 192 
cherries vs., 187-188, 191 
chicken vs., 192 
chili can carne VS., 192 
citric acid vs., 187 
clams vs., 192 
colored substances as oxidizers, 184, 

18'7-188 
corn VS., 189, 192 . 
crabs VS., 192 
cranberry juice VS., 191 
decoloration oi product, 187 
enameled (see lacquered) 
figs VS., 192 
frankfurters VS., 192 
gooseberries VS., 191 
grapefruit juice VS., 191 
ham VB., 192 
hominy VS., 192 
"hydrogen swell" (see "springer") 
inhibitors in, 189-190 
lacquered 184, 187-189, 191-192 
lobster VS., 192 
loganberries VS., 187-188 
tin can, its nature, 181 
okra VS., 192 
onions VS., 192 
orange juice vs .. 191 
ovcrvoltage in, 185, 189 
oxidizers in, 73, 183, 184, 185, 186, 18'7, 

188., 189 
oysters V5., 192 
peaches VS., 191 
pears vs., 191 
peas vs., 189, 192 
"perforator," 183, 187, 189 
pickles VS., 191 
pickup of tin, 189 
pimientos vs., 191 
polarity within, 183, 184-186, 191 
pores and fractures, 182 
potato vs., 192 
prunes vs., 187, 191 
pumpkin V5., 189, 191 
raspberries vs" 191 
rhubarb VS., 191 
salmon VS .. 192 
sauerkraut vs. 191 
sausage VS., 192 
shrimp VS., 192 
spaghetti vs., 192 
spinach VS., 192 
"springer," 183, 186, 187, 189 
stannous iOlls as inhibitor, 189, 190 
strawberries vs., 187"188, 191 
string beans vs., 189, 192 
succotash vs., 192 
sulfur food products vs., 187, 191 
tamales VS., 192 
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Tin can, temperature effect, 183, 187-188 
tomatoes vs., 189, 191 
tongue vs., 192 
toxicity, 189 
tripe vs., 192 
tuna VS., 192 
turnips vs., 192 

Unit, rate of corrosion, 102, 103 
Urban air, aluminum vs., ltOO, 115, 126-

129 
cadmium, 175-178 
chromium alloys vs., 100, 287, 316-317 
chromium plate vs., 33'7 
comparison of various metals, 100 
copper vs., 100, 398, 407, 423·424 
copper (high) alloys vs., 100, 435, 451-

452 
as corrosive, 50, 51 
iron vs., 100, 242-244 
lead vs., 100, 222 
magnesium VS., 108 
nickel vs., 100, 366-368, 398 
nickel-copper alloys vs., 100, 398, 399 
nickel-iron alloys vs., 347 
nickel plate, 351, 352 
zinc vs., 100, 168-171 

Vegetables, nickel vs., 371 
nickel-copper alloys vs., 397 

Vichy water, lead VS., 217 
Vinegar, aluminum vs., 139 

copper (high) alloys, 441 
lead vs., 20B 
nickel vs., 371 

Vinegar-Ralt mixtures, chromium alloys 
vs., 316 

"Vater vs., alumillum, 129-130 
chromium vs. 335 
chromium alloys VS., 312-315 
copper vs., 406, 421-423 
copper (high) alloys vs., 432. 447-451 
iron vs., 2'30-246 
lead vs., 204, 215-221 
magnesium vs., 106, 109-110 
nickel, 368-370 
nickel'copper alloys vs., 382, 395-396 
nickel-iron alloys VS., 345 
nickel plate, 3S1 
tin YS .. 199 
zinc vs., 163-164 

Water line attack, aluminum 118, 129 
copper (high) alloys, 444, 446-447 
nickel,376 
nickel-copper alloys, 395 

Water vapor, at high temperature, '75 . 
Wind, as factoI', S1 
"Wire-drawing" (steam), nickel.c.opper 

alloys, 399 

X-ray, as tool of measurement, 32 

Zinc and zinc coatings, 154-172 
acetic acid vs., 100, 161, 162 
acids vs., 161-162 
air VS., 89, 158, 166-172 
air (high temperature) V5" 172 
alkaline solutions vs., 162 
ammonium chloride vs. 164 
ammonium hydroxide ';s., 162 
amphoteric nature, 162 
arabic acid vs., 162 
battery, dry cell, 159 
brines vs., 166 
calcium bicarbonate vs., 158 
carbonic acid vs., 158, 163, 167 
in classification of corrosion, 17 
composition, 156 
corrosion fatigue, 171-172 
distilled water vs., 159, 160, 161, 163, 

165, 167 
electroplating, 155 
ferroxy I test for coatings, 158 
food products vs., 166-168 
fresh water vs., 100, 158, 159, 164, 165, 

166, 167, 171 
galvanic behavior, 33, 107, 121, 123, 

124, 158-159, 260, 262, 295, 335, 354, 
382, 383, 432 

galvanizing, 154 
general resistance, 155-156 
high temperature conditions vs., 1'72 
hydrate film, 159, 160, 161 
hydrochloric acid vs., 159, 160, 161, 162 
impu rities, effect of, 156-157, 169, 170, 

171 
lemonade vs., 167 
magnesium sulfate vs., 158, 165 
methods of applying coatings, 154-155 
milk vs., 167 
na ture of coatings, 157 
nitric acid vs., 100 
oleic acid vs" 162 
orangeade vs., 167 
photoengraving, use in, 162 
pitting, 163, 165 
potassium chloride vs., 163 
potassium dichromate vs., 163, 164 
potassium nitrate vs., 163 
potassium sulfate vs., 163, 165 
protective film, 159, 160, 161 
I' e sis tan c e compared with other 

metals, 100 
rural air. 168-171 
salt solutiolls, 163-166 
sea water vs., 100, 158, 159, 163, 165 
sherardizing, 154 
sodium carbonate vS" 164 
sodium chloride vs., 158, 163, 164, 165 
sodium hydroxide vs., 100, 159, 160, 

162 
sodium hypochlorite 'Vs., 164 
sodiu~l phosphate vs., 164 
sodium sulfate vs., 158, 163 
soil water vs., 166 
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Zinc and zinc coatings, solution cells, 
165 

spray coating, 155 
steam VS., 172 
stress-corrosion. 171-172 
sulfur gases (high temperature) vs., 

1'72 
sulfuric acid VS., 100 
test methods for coatings, 158 
thickness of coatings on steel, 157 
toxicity, 167-168 

Zillc and zinc coatings, mban air vs., 
100, 168-171 

water vs., 163·166 
Zinc carbonate, nickel vs., 365 
Zinc chloride, chromium alloys VS., 310, 

311 
copper VS., 419 
nickel vs., 365 

Zinc nitrate, nickel vs., 365 
Zinc sulfate, iron VS., 233, 234 

nickel VS., 365 






