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Chapter 1 

INTRODUCTION. 

This work was brought to the writer's attention by 

Professor s. H. Graf after the latter had returned from 

a visit to the Electric Steel Foundry Co. of Portland, 

Oregon. Very serious corrosion problems were being en

countered by the above company in the use of their prod

ucts ip the digesters of paper mills. Under certain con

ditions their chrome-nickel steels seemed to resist the 

sulfite liquor and under others they did not. 

Before starting any experimental work, the writer 

made a careful review of the available English, American, 

and German literature that seemed· to have any bearing on 

the subject. Very little information was obtained as to 

the effect of sulfite liquor on chrome-nickel steels or 

on any other material. It therefore became a problem of 

seeing if the peculiarities that Cr-Ni steels showed with 

other corrosive agents applied to the present case. 

In order to have a clearer background upon which to 

work, it was deemed necessary to include a short history 

of the development of Cr-iron and Cr-Ni-iron alloys. 

This will be found in Chapter 11. 

Chapter 111 is devoted to a general discussion of 

corrosion. A review of the several theories, that are 

in existence, on the chemistry of corrosion is also in

cluded. Emphasis is placed upon the many different 
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variables that affect the character and velocity of cor

rosion. This chapter also includes a section relative to 

the technic of securing and the interpretation of experi

mental results. 

Due to the importance of the phenomenon of passivity 

in the problem at hand, the whole of Chapter lV is devoted 

to this one phase of corrosion. Particular emphasis, of 

course, is placed upon the effect of passivation on chrome

nickel steel in regard to its corrosion-resisting proper

ties. A discussion is included relative to the effect of 

each different alloying element, particularly, as to its 

passive forming and passive maintaining properties. A 

great deal of the content of this chapter was obtained 

from recent German literature. 

Chapter V is a general discussion of the physical 

properties of the Cr-Ni-Fe alloys. A rather thorough 

discussion of their crystal structure is included in 

order to more clearly describe their superior heat and 

rust resisting properties. Several figures are shown 

relative to thermal expansion, strength at high tempera

tures, Brinell hardness, micrographic structure, and 

crystal type. Photomicrographs of all the different 

metals and alloys tested for this paper are found at the 

end of this chapter. 

The important experimental work th.at has been done 

on the present problem is included in Chapter Vl. The 



3 

corrosion committee of the Technical Association of the 

Pulp and Paper Industry has recently performed a series 

of experiments, which are of great importance to the paper 

industry. The results of this work are included in this 

chapter together with opinions as to their interpretation 

and value. 

Chapter Vll is a summary of the writer's investiga

tions. The discussion is divided into two main sections; 

quantitative corrosion measurements and voltage studies. 

As has been explained before, the corrosion losses as 

determined in these experiments should not be used as a 

direct measure of the probable duration of useful service 

for the different materials tested. Reasons for this pre

caution are plainly stated in this chapter. 

The primary object of the voltage studies was to in

vestigate the characteristics of the surface film under 

different conditions. It should be understood that 

voltage readings are not a quantitative measure of cor

rosion. 

These investigations were carried out in order to 

study the corrosive attack of sulfite liquor on the Cr-Ni 

steels, and, if possible, to find methods of stopping or 

retarding the attack. 

It was not deemed necessary to make specific mention 

of all of the literature cited. This will be the case, 

especially, where the facts are of common knowledge. A 
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complete list, as far as this paper is concerned, will 

be found in the bibliography. A great deal of the sec

tion on passivity was taken from the works of Ulick R. 

Evans of Kings College, England. Mr. Evans is considered 

the outstanding authority in the world on this subject. 
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Chapter 11 

HISTORY OF DEVELOPMENT 

Invention of Stainless Steel. The invention of 

stainless steel is credited to ]~. Harry Brearley of 

England. He was at the time, 1913, engaged in an ex

tensive research on the resistance to erosion and cor

rosion of various steels in reference to their use for 

rifles and naval guns. Among the steels examined were 

some containing large amounts of chromium. In the course 

of these investigations, numbers of samples, in different 

conditions of heat-treatment, were examined microscopi

cally. Mr. Brearley noticed that these high chromium 

steels were either not etched at all or only very slightly 

with the etching reagents used around the laboratory. He 

also noticed that these steels did not rust when exposed 

to the atmosphere for considerable lengths of time. It 

was, of course, evident to Brearley that the steel had 

much greater corrosion resistant properties when heat

treated in one method than in another. The first applica

tion that was made of Brearley's discovery was in the cut

lery industry. After the development difficulties were 

solved, great strides were made in the use of this material. 

Brearley based his entire work on the correct belief 

that iron has a certain tendency to go into solution in 

water. His object was to reduce this solution pressure 

of iron by alloying with different elements. Chromium 
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seems to have the greatest retarding effect upon the 

solution pressure when alloyed with iron. Brearley be

lieved that the greatest progress in the development of 

corrosion-resistant ferrous alloys wquld be made through 

the use of chromium. His early beliefs have proved cor

rect even to the present time. The greatest effect of 

the other alloying elements is in attaining desirable 

physical properties. 

The work of Brearley is by no means the first on 

the Cr-Ni and Cr-Ni-Fe alloys. Several other investi

gators noticed some of the corrosion-resistant proper

ties of these alloys, but the importance of this new 

material was not realized. In 1892 R. A. Hadfield pub

lished the results of an extensive investigation on 

chromium steels which also included a few corrosion 

tests. The corrosion tests, however, were carried out 

by exposing the samples to the attack of 50% sulphuric 

acid, the assumption being made that this test would be 

of the same order as ordinary corrosion tests but at a 

greatly accelerated rate. Hadfield's results showed 

that as the Cr content rose from 1.18 per cent to 9.18 

per cent, the rate of attack increased very decidedly. 

If Hadfield had tested these alloys in nitric acid, he 

might have made this important invention long before the 

time of the work by Brearley. 



Chrome-Nickel Alloys. -- About the same time that 

Brearley was doing his original work in England, Dr. B. 

Strauss of the Krupp laboratories was developing an alloy 

of chromium, nickel, and iron. This steel has since be

come known as Nirosta metal or KA2. 

The following few paragraphs are taken from the 

original description by Dr. Strauss concerning the 

development of this very important ferrous alloy: 

Uber Die Nichtrostenden Stahle" 
" 

Ihr Vorstand hat mich gebeten, einen Vortrag aus 
" 

meinem Arbeitsgebiet zu halten. Um dieser Bitte nach

zukommen, hielt ich es fUr angezeigt, einen kleinen 

Ausschnitt aus den Arbeiten Hber die nichtrostenden 

Stahle zu bringen. 

Es ist wohl angebracht, ein paar Worte Hber die 

Geschichte der Erfindung der nichtrostenden Stahle hier 

zu sagen. 

Seit Hittorf im Jahre 1898 die ersten massiven, von 

Hans Goldschmidt gelieferten StUcke Chrom untersucht 

hatte, hat mich die Frage hRufig beschRftigt, ob es wohl 

gelingt, die edlen Eigenschaften des harten und spr8den 

Chroms dem weichen und zRhen Eisen durch Legierung zu 

erteilen. Die zu jener Zeit im Gebrauch befindlichen 

Schmelzeinrichtungen erlaubten jedoch diese Absicht nicht 

auszufHhren, da das Chrom beim Schmelzprozess begierig 
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Kohlenstoff aufzunebmen strebt und hierdurch die Eigen

schaften der Legierung ungUnstig beeinflusst werden. 

Im Jahre 1910 befasste ich mich mit der Frage einer 

Verbesserung der Pyrometerschutzrohre, die in grosser 

Anzahl in den Kruppschen Werken gebraucht werden, Diese 

Rohre bestanden frllher aus weichem Stahl und wurden sehr 

rasch durch Oxydation vollstandig zerstBrt. Drumals beab

sichtigte ich, der Verzunderung des Stahls durch zusatz 

von Chrom entgegenzuwirken, und da die Eigenschaften der 

Chromstahle nicht befriedigten, rUhrte ich welter auch 

Nickel zu. Zur gleichen Zeit war auch eine Untersuchung 

Hber die Korrosion der Stahle in Wasser in der Kruppschen 

Versuchsanstalt im Gange. Bei diesser Untersuchung wurde 

beobachtet, dass die Chromstahle und die Chrom-Nickel

stahle ihre blanke Oberfl[che im Gegensatz zum gew8hn

lichen Stahlproben in der Laboratoriumsluft behielten. 

Vorher war freilich festgestellt worden, dass diese 

Chromnickel-stahle nicht bearbeitbar waren, und daher 

bedurfte es langwieriger metallographischer Untersuchun

gen, bis durch geeignete Warmebehandlung die Bearbeit

barkeit erm8glicht wurde. So kam es, dass wir erst 1m 

Herbst 1912 die Verarbeitung der im Dezember 1910 zuerst 

erschmolzenen nichtrostenden Stahle soweit beherrschten, 

dass Patente angemeldet werden konnten. Vor den im Jahre 

1910 hergestellten Kruppschen Chromstahlen und Chrom
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nickelstahlen war ein nichtrostender Stahl nicht bekannt, 

und im Jahre 1912 schrieb der Metallurge Mars in seinem 

Buch "Die Spezialstlihle" 1912, S. 187: 

"Die Frage Nach der Rostsicherheit der verschiedenen 

Spezialstlihle ist zwar noch nicht gen~gend untersucht, 

jedoch deuten alle vorliegenden Angaben darouf hin, dass 

es keine Eisenlegierung gibt, die den Angriffen des 

Rostes dermassen widersteht, dass man das Eisen mit 

Erfolg ohne Schutzanstrich im Berllhrung mit Wasser ver

wenden k8nnte." 

Im Fr~jahr 1914 stellte die Firma Krupp auf der 

Baltischen Ausstellung in Malm8 martensitische und 

austenitische nichtrostende Chrom-Nickelstahle in Stangen 

und Blechen und daraus Gefertigte Gegenstlinde aus. Dies 

waren die ersten Erzeugnisse aus nichtrostendem Stahl, 

die in der Welt bekannt geworden sind. Auf der Haup

tversammlung des Vereins Deutscher Chemiker 1m Jahre 1914 

in Bonn habe ich in einem Vortrag die Geffige der nich

trostenden Chrom-Nickelstahle beschrieben und auf die 

hohe SRurefestigkeit der Legierungen hingewiesen. 

Wabrend des Krieges wurden die nichtrostenden Chrom

Nickelstahle wegen ihrer Unangreifbarkeit durch Salpeter

saure zur Herstellung von Apparaten und Pumpen zur 

Erzeugung der Salpetersaure aus Ammoniak in grossem 

Umfange verwendet. 
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Wenn man zum Eisen etwa 14% Chrom hinzulegiert, wird 

das Eisen passiv, d.h., es erlangt eine hohe Widerstands

f[higkeit gegen die Einwirkung von Wasser und den Sauer

stoff der Luft. Wir haben in der Praxis als Begleiter 

des Eisens stets den Kohlenstoffgehalt zu beachten und 

dieses Element kann die PassivitRt wieder aufheben, wenn 

es als freies Carbid 1m chromlegierten Stahl auftritt. 

Welch grossen Einfluss schon eine geringe Menge von 

Kohlenstoff auf das GefUge der nichtrostenden Chromstahle 

hat, zeigt Ihnen die Gegenllberstellung der belden ersten 

Bilder (not included). Das Chrom ist sowohl 1m Ferrit 

des Eisens gelBst wie anderseits auch 1m Carbid enthalten. 

Befindet sich has Carbid 1m gel8sten Zustand, wie es sich 

durch HRrtung erm8glichen lRsst, so bleibt der passive 

Zustand erhalten. Durch Hinzulegieren von Nickel zum 

Chromstahl gelingt es ebenfalls, den Kohlenstoff 1m 

gel8sten Zustand zu erhalten, da sich hierbei ein homo

gener Mischkristall, der Austenit bildet. 

In einer 1m Jahre 1925 ver8ffentlichten Arbeit llber 

das elektrochemische Verhalten der nichtrostenden Stahle 

habe ich gefunden, dass das unedle Potential des Eisens 

in normaler Ferrosulfatl8sung gegen die 1/10% normaler 

Kalomelelektrode gemessen, bei etwa -0.6V, der edle Wert 

der passiv gewordenen nichtrostenden Stahle bei etwa 

+ 0.2V liegt. Bei diesen Messungen sind die in den 
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L8sungen enthaltenen Gase nicht besonders BerUcksichtigt 

worden, insbesondere fanden die Messungen selbst unter 

Luftzutritt statt." 

It certainly seems from the above references that 

there is room for doubt as to who actually did invent the 

Cr-Fe and the Cr-Ni-Fe alloys. Both Brearley and Strauss 

were seeking something different from what they actually 

found, but both had vision enough to realize the possibili

ties of these valuable materials. 

Development In The United States of America. -- Shortly 

after the original work of Brearley and Strauss, several men 

in this country applied for patents on certain Cr-Ni and 

Cr-Ni-Si alloys, apparently being unaware of the previous 

work in England and Germany. 

In 1916 c. M. Johnson of the Crucible Steel Co. began 

an investigation of chrome-nickel steels including silicon 

as an essential constituent, and he developed a series of 

austenitic corrosion-resistant steels before the Strauss 

steels were known in this country. As his first interest 

was in heat-resisting products rather than corrosion

resisting products, the introduction of Si proved very 

useful, at the same time its presence was not detrimental 

but rather helpful in chemical resistance as well. It is 

interesting to note while passing that, in each case, 

Brearley, Strauss, and Johnson were searching for a heat
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resisting alloy rather than one for pure corrosion resis

tance. In addition to silicon in the Cr-Ni austenitic 

steels, Johnson also experimented with other additions 

such as tungsten, molybdenum, cobalt, boron, titanium, and 

so on. 

The Patent Situation. -- Turning to the matter of 

patents, we note that at one time the patent situation in 

regard to Cr-Ni austenitic steel was quite involved. The 

matter, however, has been considerably clarified by the 

formation of the Krupp Nirosta Co., which owns a number 

of patents that were overlapping and duplicating. In 1919 

and 1920 patents were issued to Benno Strauss, which now 

have been assigned to the Chemical Foundation. These are 

composition patents and cover a range of chromium and 

nickel which is considerably restricted as compared to 

that covered by the patents issued to C. M. Johnson, 

P. A. E. Armstrong, and others. 

Two additional patents were issued to Strauss in 1922 

covering the heat-treating of chromium-nickel alloys. 

These patents have been assigne~ to Krupp-Nirosta, and 

have proved to be very valuable. Two patents were issued 

to C. M. Johnson in 1922 covering a considerably wider 

range of composition than those issued to Strauss, and 

in addition they covered the use of high silicon content. 

A few years later a somewhat similar patent was issued 
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to P. A. E. Armstrong and R. 0. DeVries of the Ludlum Steel 

Co. All of these patents have been acquired by Krupp

Nirosta. 

It is difficult to see how the patent office ever 

issued such conflicting patents. The situation was becom

ing rapidly more involved, until the formation of the 

Krupp-Nirosta Company, which gained control of several 

over-lapping patents. This not only relieved a very 

serious state of affairs, but also made possible the 

combining of research facilities for the mutual benefit 

of all. 
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Chapter 111 

PRINCIPLES OF CORROSION 

Corrosion can probably be best defined as the chemical 

action of certain external agencies on metals which cause 

their deterioration or destruction. Thus all metals tend 

to seek a more stable form as characterized by metal ores. 

The simple word "corrosion" covers such a vast essay of 

phenomena that it would be impossible to cover a field of 

this magnitude in a volume, much less in a short discus

sion. 

The theory of corrosion has always been a strongly 

debated subject, owing to Eachthe many factors present. . 
of the different theories filled a certain place, and 

tended to develop further knowledge on the subject, even 

though some of its assumptions may have been incorrect. 

The Electrochemical Theory. -- The fundamentals of 

this theory have emerged from the work of Nernst and his 

followers. Iron, as is the case with all other elements, 

has a definite tendency to go into solution in water. 

However, iron can go into solution only by displacing 

some other element already in solution. That is, it can 

go into solution only when there is present a substance 

with a lower "solution pressure" than iron. In the 

ordinary case hydrogen is the element that is plated out, 

and it gathers on the surface of the iron in the form of 

a thin, invisible film. 
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The presence of this film tends to protect the metal 

from the solution, and often the interference is so great 

as to prevent corrosion entirely. Thus the result of the 

original corrosion is the means of preventing further ac

tion. 

In order that corrosion may proceed the removal of 

the hydrogen is necessary. This can happen in two ways; 

either it can combine with oxygen in solution to form 

water, or it may escape as gaseous hydrogen. 

The Acid Theory. -- In 1888, Calvert revived the view 

that co2 was the essential factor in the rusting of iron. 

This theory assumes that a small amount of some acid such 

as dissolved co is always necessary to initiate corrosion,2 
and that at least a trace of acid is always present in 

water. Crum Brown considered that co2 acts on the iron, 

producing soluble ferrous carbonate, which is afterwards, 

oxidized to ferric hydroxide, the co2 being again set free 

to attack a further quantity of iron. There were, however, 

a great many phenomena that could not be explained by this 

theory. 

The Hydrogen Per6x±de Theory. -- The peroxide theory 

attempts to explain the corrosion of iron as due to the 

decomposition of water by the corroding metal (reaction 1). 

The liberated hydrogen is supposed to react with the dis

solved oxygen to form hydrogen peroxide (reaction 2). The 
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E2o2, then reacts with the ferrous hydroxide formed, pro

ducing ferric hydroxide or rust (reaction 3), at the same 

time oxidizing metallic iron to ferrous hydroxide (reac

tion 4). 

(1) Fe + ~,0 = Fe(OH) 2 + 2H 

(2 ) 2R + 02 = E202~ 

(3) 2Fe(OH) 2 + E202 = 2Fe(OH) 3 

= Fe(OH) 2 

Punstan and his co-workers, although unable to show 

the presence of E20z on rusting iron, believed that it was 

formed momentarily during the corrosion of that metal. 

The Film Theory. -- As corrosion products are formed 

on the surface of a metal, they frequently build up a film 

or coating which may act to retard corrosion. The im

permeable nature of such a coating determines the degree 

to which the corrosive medium is kept away from the metal. 

Bancroft has expressed the opinion that, "It is not too 

much to say that in most cases the corrosion problem is a 

film problem." This factor, although very important in a 

great number of cases, is secondary with respect to the 

initial reactions. According to F. N. Speller, any theory 

based on the film effect alone is not sufficiently compre

hensive or fundamental to apply to the many conditions 

which an adequate explanation of corrosion must satisfy. 

There are several other theories on corrosion, such 

as "direct attach by oxygen," and those based on biological 
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agencies, which are so limited in scope that their discus

sion is not considered necessary. 

Present Belief. -- During the last 25 years, the 

electrochemical theory has been considerably broadened in 

detail and now may be said to be generally accepted in ex

planation of the fundamental reactions and factors of cor

rosion. The application of this theory to the practical 

solution of the corrosion problem has been of great assis

tance. 

Its application must be applied with care, however, 

because such secondary factors as film coatings often are 

of primary influence, and may stop the primary action en

tirely. It is satisfying to know that the fUndamental 

reactions, without which corrosion cannot occur, have a 

satisfactory explanation in the electrochemical theory, 

which has stood the teBt of nearly 35 years. 

Factors Influencing Rate of Corrosion. -- Evans has 

very clearly pictured the magnitude of the corrosion prob

lem. If two variables only existed., and 10 tests of each 

were considered sufficient, the entire study would consist 

of only 100 tests. On the other hand if, as is more nearly 

the case, 10 variables are considered and ten tests are 

deemed necessary for each combination as before, the com

plete study would involve the tremendous number of 1010 

or 10,000 million tests. 



18 

It is well known that the presence of oxygen is one 

of the most important factors affecting the rate of cor

rosion. In natural water the corrosion rate depends upon 

the rate at which dissolved oxygen reaches the metal sur

face, which, in turn is determined by a number of other 

factors, such as the rate of solution of gaseous oxygen, 

oxygen concentration, the. temperature at which corrosion 

occurs, the pressure and humidity of the air, the presence 

and nature of surface films and coatings on the metal, the 

concentration of other dissolved substances, the viscosity 

of the corroding solution, the depth of immersion of the 

metal, and the area of the corroding solution exposed to 

the air. 

Other factors which have more or less effect, but 

which do not affect the rate of transfer of dissolved 

oxygen to the metal surface include; metal potential, 

hydrogen-ion concentration, unequal distribution on the 

metallic surface of dissolved substances in solution, over

voltage of hydrogen on the iron or on materials in elec

trical contact with the iron, contact of the metal with 

other conducting substances, character and uniformity of 

the ~urface finish of the metal, segregation of impurities 

in the metal, composition of the metal, electrical poten

tial applied external to the metal, conductivity of cor

roding solution, area of metal exposed as anode, chemical 

content of the corroding solution, action of light, 
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oxidizing agents other than oxygen, duration of exposure to 

corroding influences, passivity, and the existence of meP"'· ··._ 

chanical stress or strain in the metal • 

. It is, of course, obvious that all of the above factors 

cannot apply at the same time. For instance, passivity 
Fr"om "Con·osion - Cuuse:; And Prevention" F.tl. Speller 
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Fig. 1 -- Effect of Oxygen on the Corrosion of 
iron of Varying Cr Contents Immersed in 
Tap Water. 

would have no bearing on the case of a piece of zinc 

immersed in sulphuric acid. Figure 1 shows the effect 

of the oxygen concentration on corrosion. Note that 

the 16% chrome-iron sample showed no signs of corrosion. 

Effect of Hydrogen-Ion Concentration ~ Corrosion. 

The following table from "Corrosion - Causes and Preven

tion" by F. N. Speller classifies the pH factor into 3 

groups: 
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Table 1 -- Relative influence of the important factors 

on corrosion of steel immersed in water. 

(Classified according to pH value and arranged in decreas

ing order of importance - factors in parentheses are of 

minor importance). 

Alkaline Zone Neutral Zone Acid Zone 

Corrosion slow Corrosion medium Corrosion rapid 

Protective coatings o2-concentration H-ion concentra
tion 

o2-concentration Protective coat Hydrogen over
ings voltage 

(Composition of H-ion concentra Composition of 
metal) tion metal 

(H-ion concentration) (Composition of o2-concentration 
metal) 

(Hydrogen overvoltage)(Hydrogen over- (Protective 
. voltage) coatings) 

The alkaline zone corresponds to a pH factor of 

greater than 10, the neutral zone from 4.3 to 10, and the 

acid zone less than 4.3. 

It is obvious to the reader that the above classifi

ca tion can apply only very generally. For instance, in 

the acid zone if a weak acid solution is air agitated, the 

oxygen concentration will undoubtedly become the pre

dominating factor. 

Figure 2 shows the effect of the hydrogen-ion concen

tration on the corrosion of steel at two different tem

peratures. The pH factor of 7 corresponds to a neutral 

solution, such as distilled water, while values greater 

than 7 are basic and values less than 7 are acidic. Note 



21 

the extreme velocity of corrosion at the point where E2 
gas evolution begins. According to speller, the hydrogen

ion concentration, other things being equal, determines 

the dissolving power of a solution towards a metal. 

From "corrosion -causes And Prevention" Speller
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Fig. 2 -- Effect of Hydrogen-ion Concentration on 
Corrosion of Steel. 

Effect of Composition ~ Corrosion. -- No single 

statement can be made which will explain the effect of 

composition on corrosion. The composition effect would 

vary with each different corrosion problem. In one case 

carbon content may have slight effect as is shown in 

table 11, but in the case of Cr-Ni steels the carbon 
\ 

content is very important. Table 11 refers only to iron 

exposed to the atmosphere. It is obvious that to com
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pletely cover the effect of composition a table would have 

to be made of every different metal and alloy and every 

type of corrosive action, which, of course, would be out 

of the question. 

Table 11 Influence of the Common Foreign Elements 

on the Corrodibility of Iron in the Atmosphere* 

(Items placed in decreasing order of importance from top to 
bottom) 

No Effect Accelerating Effect 

Copper over 0.15% 
(very marked) 

Manganese under 0.7% High silicon or 
sulphur (unless 
accompanied with 
over 0.15% copper) 

Nickel and chro Phosphorus under Manganese over 
mium (particu
larly when over 
3%) 

0.12% 0.7% (Slight 
effect) 

Cinder and slag Carbon up to 0.50% Carbon over 0.50% 
over 2% (in
wrought iron) 

(slight effect) 

Carbon, as grafite Cinder and slag up 
or combined as 
cementite (in 
cast iron) 

to 2% 
iron) 

(in wrought 

Silicon or sulfur in 
moderate amounts 

it-F. N. Speller - "Corrosion - Causes and Prevention." 

Differential Aeration. -- When a piece of steel is 

partially submerged in a solution of sodium chloride, the 

corrosion starts at the bottom considerably beneath the 

surface, where the supply of oxygen is least. At the 

surface where the oxygen supply is greatest the corrosion 
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is considerably retarded if not completely stopped. This 

peculiar phenomenon is explained by Evans in the following 

way. The electrical potential of the portion near the 

water line, which is covered with a protective film that 

is in good repair, is considerably different from the poten

tial of the portion lower down. Measurements by McAulay and 

Bowden of the University of Tasmania indicate that the 

potential difference between these two sections is of the 

order of 0.2 volts, and other experimenters have found it 

to be as high as 0.45 volts. As a consequence of these 

differences in potential an electric current flows between 

the 'aerated' zone near the water line, which forms the 

cathode and is unattacked, and the 'unaerated' zone below, 

which is the anode and suffers from corrosion. A contin

uous supply _of oxygen to the upper part is needed if the 

current is to continue to flow, but the corrosion occurs 

at the places to which oxygen is not so easily supplied. 

The currents set up by differences in oxygen supply are 

known as 'differential aeration currents,' and are of 

exceptional importance in corrosion processes. 

The effect of the electrolysis of sodium chloride 

between steel electrodes is, of course, to produce sodium 

hydroxide at the cathodic areas (above), and ferrous 

chloride, by the corrosion of the metal at the anodic 

area (below). Where the two substances meet ferrous 

hydroxide is produced. This is quickly oxidized to ferro
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ferric hydroxide. The mixture of iron hydroxides produced 

is commonly known as rust. It should be noted again that 

rust is not the direct oxidation product of the metal, but 

a precipitate formed by secondary reactions; the direct 

product is the invisible film. This subject is more fully 

discussed in Chapter lV. 

Dissimilar Metals in Contact. Dissimilar metals in 

contact have the effect that w9uld be expected from the 

electrochemical nature of corrosion. 1Nhen two such metals, 

in electrical contact, are submerged in a corroding solu

tion, the electrical circuit is completed, permitting one 

metal to become anodic and enter the solution, while the 

other becomes cathodic and is plated with atomic hydrogen. 

In practice, this is often due to irregular distribution 

of mill scale, which produces this contact effect on iron 

or steel and thus gives rise to pitting. 

The electrochemical theory has greatly helped to 

clear up the mechanism of the action of dissimilar metals 

in contact. Any metal, such as iron, which is above 

hydrogen in the electrochemical series and Which does not 

quickly form an impermeable coating when placed in a solu

tion, will tend to plate out a film of nascent hydrogen on 

any other cathodic material, with which it is in electrical 

contact in solution. This, of course, causes an electric 

current to flow through the metal from the place where 

hydrogen plates out to the place where the metal is dis
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solving. The circuit is completed by the flow of current 

in the opposite direction through the solution. This fact 

is illustrated in Fig. 3. It is, of course, evident that 

the contact does not have to be within the solution, but 

+ 

1 ~Electron stream 
t 

Hydroqen ionsMetal pa5sinq _ 
- - forced onto cathodeinto solution 

Active Mete~l Nob\e MetCAl 
(Anode) (CC1thode) 

Fig. 3 -- Simple Cell Formed by Two Dissimilar 
Metals Immersed in an Electrolyte . 

can be external. 

The following example of this type of corrosion is a 

particularly disastrous case. An American yacht was con

structed in 1920 entirely of Monel metal with the excep

tion of the stern, keel, sternpost and rudder frame, which 

were steel. Electrolytic action was set up between the 

steel (as anode) and the Monel metal (as cathode). Owing 

to the large area of the Monel metal, the depolarization 

by dissolved oxygen was very rapid, and the current was 
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large. The entire corrosion was concentrated upon a 

relatively small area, and rapid destruction occurred. 

This vessel was condemned as unseaworthy before making a 

single voyage. 

This particular type of corrosion is of extreme im

portance in the present problem. Not only because of the 

corrosion between dissimilar metals in contact, but be

cause certain materials seem to have a very injurious 

effect on the passivity of chrome-nickel steels. This 

subject will be further explained in the following chapter. 

Overvoltage. -- \Vhen brought in contact with a solu

tion, gaseous hydrogen exerts a solution pressure like that 

of a metal. This solution opposes the plating out of 

hydrogen, which is an essential part of the corrosion 

reaction. The solution pressure of hydrogen varies with 

conditions, but there are two cases of major importance; 

(1) When hydrogen is present as a gas at atmospheric 

pressure, the condition encountered when gas bubbles are 

evolved during corrosion, the solution potential is zero. 

(2) If, however, atPmic hydrogen is being depolarized by 

dissolved oxygen, the solution potential is much below 

zero. This means that there is much less opposition to 

the plating out of hydrogen, since the solution pressure 

of hydrogen is smaller in the presence of oxygen than when 

hydrogen gas is formed. 
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In the case where hydrogen gas is being formed the 

overvoltage is very important. In all cases of corrosion 

one electrical equivalent of hydrogen must be plated out 

for each equivalent of metal going into solution. If 

hydrogen could always be plated out of solution at the 

potential corresponding to its position in the electro

chemical series, the placing 6f iron in neutral water would 

continuously evolve hydrogen. This is, fortunately, not 

the case because most metal surfaces cause a considerable 

added resistance or overvoltage. The magnitude of this 

resistance depends principally upon the nature and condi

tion of the conducting surface, and to a lesser extent, 

upon the tempera ture, pressure, nature and velocity of the 

corroding medium and size and number of hydrogen bubbles 

formed. 

Surface Film Protection. -- In the cases where the 

original corrosion products are insoluble, surface films 

often form which greatly retard and sometimes stop cor

rosive action entirely. The metal surface may thus be 

completely covered with a film of corrosion products 

ranging in thickness from an atomic layer to measurable 

dimensions. These films may form on anodic or cathodic 

areas. After a film forms over an anodic area, the 

potential may be reversed, and this change of potential 

may occur repeatedly, resulting in fairly uniform corrosion. 



28 

Ordinary corrosion, as has been explained before, is 

dependent upon the maintenance of a supply of free oxygen 

and water at the metal surface, and is largely influenced 

by temperature, rate of motion, hydrogen-ion concentra

tion, local changes in potential due to oxygen concentra

tion cells or dissimilar metals in contact, protective 

films, and several other variables. The retardation of 

corrosion is most generally brought about, however, by the 

formation of more or less impermeable protective films on 

anodic areas. These films start to form shortly after the 

metal comes into contact with the corroding medium. One 

particular type of film formation called 'passivation' is 

discussed in Chapter lV. This may be looked upon as a 

self-healing property of some metals, without which they 

would have a considerably higher rate of deterioration and 

be much less useful. 

This film may be formed on ferrous alloys by virtue 

of the presence in the metal of sufficient amount of other 

elements such as chromium and silicon, the oxides of which 

form with the oxides of iron a corrosion-resisting layer. 

The compound oxides are often more resistant than the 

single oxides; at least this is true in the case of the 

oxides of chromium and iron. 

Certain acid inhibitors are used to reduce the rate 

of so·l.ution of metals in acid solutions. It has been 

shown that this is due to an increase in the hydrogen 
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overpotential which is generally assumed to be due to the 

formation of a film of discharged inhibitor substance ad

sorbed on the cathodic areas. The theory of inhibitor 

action has been well stated by one group of investigators 

as follows: 

When immersed in acid, iron goes into solution at the 

anodic areas, forming ions and discharging hydrogen ions 

at the cathodic areas. These cathode areas may be said to 

occur principally in the narrow spaces in the grain boun

daries in steel, and between the metal and slag in wrought 

iron. Most inhibitors are either bases, such as quinoline, 

or positively charged colloids, and when these are present 

they travel to the cathodic areas with the hydrogen. When 

the positively charged heavy particles are discharged, 

they cannot escape by gaseous evolution and accordingly 

are adsorbed on the surface, building up a protective 

layer. 

Fundamentals of Corrosion. -- The electrochemical 

theory of corrosion is now generally accepted in explana

tion of the initial corrosive attack at normal tempera

tures. At higher temperatures, and occasionally at tem

peratures not far above normal, direct chemical attack 

may occur. The initial corrosive reactions when metal 

is first exposed in contact with water and oxygen are: 
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1 -- M(metal) + 2H+(ionic) =~+(ionic) + 2H(atomic) 

2a - 2H(atomic) + 1/2 02 = ~0 

2b 2H(atomic) =~ (molecular) 

The result of the above reactions is that the solution 

tends to become alkaline at cathodic areas and acid at 

the anodes. Most metals, when first exposed to water 

show initially a high rate of solution which quickly slows 

down as the polarizing film of hydrogen forms on cathodic 

areas. This film is composed of electrically neutral H 

atoms, and the rate of removal of this film has a marked 

effect upon the speed of corrosion. 

Equation 1 was established by W. R. Whitney relative 

to the start of the corrosion process, but it remained for 

Walker to demonstrate another equation, 2a and 2b, which 

is equally important if corrosion is to continue. 

Although these 2 reaction (2a and 2b) can occur 

either separately or simultaneously, experiments indicate 

that the amount of gaseous hydrogen formed by the cor

rosion of iron in natural water is very small as compared 

to the hydrogen removed by oxidation. It is, of course, 

evident that under the above conditions equation 2a is 

going to govern the rate of corrosion. 

The above reactions apply not only to iron but to all 

nonferrous metals as well. In the case of metals like 

copper, which are below hydrogen in the electrochemical 

series, a small amount of hydrogen is deposited on the 
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metal, but not enough to cause the evolution of hydrogen 

gas. Corrosion of such metals, therefore, takes place by 

2a (oxygen depolarization). The fact that copper does not 

corrode appreciably in the absence of oxidizing agents, 

even in acid solution, bears out the conclusion. It would 

appear from the above fact that copper and its alloys, 

which are most corrosion-resistant in the absence of 

oxidizing agents, should not be used with the Cr-Ni steels, 

since these steels require oxidizing agents to keep their 

passive film in repair. 

Figure 2 shows the relative effect of the hydrogen 

ion concentration on the corrosion of steel in water which 

does not contain salts or impurities which form protective 

coatings. The importance of the hydrogen-ion concentra

tion to the present problem is of extreme magnitude. In 

fact the escape of so2 , which, of course, chan~es the pH 

value, reduces the corrosive attack a great deal. This 

subject will be discussed much more fully in Chapter Vll. 

Distribution of Corrosion. -~ The distribution of cor

rosion affects the present problem to a great extent. It 

is interesting to note that 2 metals in contact change the 

distribution of corrosion greatly, but the total corrosion 

remains nearly the same. The corrosion rate of steel has 

been approximately doubled by contact with brass while, at 

the same time, the corrosion rate of the brass has been 
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greatly reduced. This phenomenon is often taken advantage 

of by placing a cheap or accessible piece of metal in con

tact with an expensive and inaccessible metal. In this 

way the corrosive action concentrates on the cheaper 

metal which can be easily replaced. Here again it is to 

be noted that the distribution of the corrosion is affected 

by the contact of the dissimilar metals, but the total cor

rosion taking place under the two conditions is essentially 

the same. The subject of dfssimilar metals in contact is 

more fully explained on page 24. 

Relation of Current and Voltage to Corrosion. -- The 

corrosion of metals is, mccording to common knowledge, the 

result of chemical action between the attacking reagent 

and the metal. This results in the transformation of the 

metal into a substance of non-metallic character. F. T8dt 

has shown that the residual current strength which iron 

yields in combination with noble metals is a measure of 

the corrosion of the iron. 

Largely in the hope of developing a rapid and simple 

procedure, considerable study has been given to the elec

trical method of testing corrosion. Three general methods 

have been suggested: (a) the measurement, through an 

external circuit, of the current produced by the corrosion 

reaction, (b) the measurement of the potential between the 

metal and the solution, (c) and the determination of the 

loss in weight under a fixed potential, the same being the 
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anode. 

The work on potential measurements has some theoret

ical interest, but it is of little value as a practical 

measure of corrosion resistance, because the initial poten

tial of the corrosion reaction is seldom the controlling 

factor. The potential is, however, indicative of a ten

dency to corrode, but the total current flowing depends 

upon the resistance of the circuit as well. 

Current measurement is a more direct method. H. Gore 

compared the current between two electrodes, with the 

amount of corrosion occurring at the anode, and found 

that this current was only equivalent to a fraction of 

the corrosion (from a few per cent up to 100 per cent) 

depending upon the conditions. Internal or parasitic 

currents between points of differing · potential on each 

of the corroding electrodes are responsible for the cor

rosion in excess of that shown by the external currents. 

This subject will be more thoroughly dealt with in Chap

ter Vll. 

Electrochemical Series. -- Every metal has a certain 

definite tendency to form ions or, in other words, to go 

into solution. This potential is the inherent force which 

sends metal ions into solution and thus initiates and 

helps to maintain corrosion. The easiest way to measure 

this tendency (metal potential) is to determine the 
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opposing electrical potential which must be s~t up in order 

to prevent the metal from going into solution. By means of 

such measurements, the metals may be arranged in an elec

trochemical series, table 111. 

It is noted that chromium does not appear on this 

table. This is due to the effect of passivity, which 

causes a reactive metal to act electrochemically as a 

noble metal. Thus chromium, in the active state, has a 

negative potential of -0.4 to -0.5 volts, which places 

it between ferrous iron and zinc; in the passive state, 

the potential has a high positive value, similar to gold 

or platinum. For this reason a passive metal is often 

referred to as an "ennobled" metal. This clearly shows 

that a classification of this nature can be made only 

under certain specified conditions. 
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Table 111. Electrochemical Series. 

Valence of Element Solution Potential 
Element in Solution. in Volts. 

Potassium 1 

Sodium 1 

Calcium 2 

Magnesium 2 

Manganese 2 

Zinc 2 

Iron(ferrous) 2 

Cadmium 2 

Nickel 2 

Lead 2 

Tin 2 

Iron (ferric) 3 

HYDROGEN 1 

Copper(cupric) 2 

Antimorcy: 3 

Copper(cuprous) 1 

Mercury 2 

Silver 1 

Platinum 4 

Gold 3 

-2.9 

-2.7 

-2.6 

-1.6 

-1.08 

-0.76 

-0.43 

-0.40 

-0.22 

-o .12. 

-0.10 

-0.04 

o.oo 

+0.34 

+0.47 

+0.51 

+0.80 

+0.80 

+0.86 

+1.08 

Anti-Corrosion Measures . -- The principle of choosing 

a metal which will yield an insoluble body as the direct 
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anodic product is one of the commonest ways of avoiding 

corrosion. Lead is an excellent metal for employment in 

sulfate solutions, owing to the very small solubility of 

lead sulfate; it is much more quickly attacked in nitrate 

or chloride solutions. In sulfate solution, any incipient 

anodic attack will convert the surface layers of the lead 

to sulfate, and the film thus produced will automatically 

bring the anodic attack to a close. For success, the 

sparingly soluble body must be the primary anodic product, 

so that the surface of the metal shall be converted to the 

protective substance. The formation of a slightly soluble 

body as a secondary product does not, in general, prevent 

attack. Rust, for instance, is a secondary product formed 

in the corrosion of iron. It will not, in general, put a 

stop to corrosion, unless the whole surface becomes 

blanketed, so as to shut off oxygen completely from the 

metal. 

Beaker Tests. -- The 'beaker' test is open to several 

serious objections mainly due to the fact that the rate of 

motion and the concentration of dissolved gases is not 

under close control. The writer found this to be es

pecially true in the case of sulfite liquor, which quickly 

looses a large percentage of its dissolved sulfur dioxide. 

However, the present study was not made in order to place 

a quantitative value on the life of Cr-Ni steels in sulfite 
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liquor. It was made in order to study the principal con

trolling factors of this type of corrosion. 

A large proportion of the present data on corrosion 

has been obtained through the use of the beaker test. 

Oxygen concentration, temperature and velocity of motion 

are such important factors that there is much to be said 

in favor of using a solution which is kept continually 

saturated with oxygen at a fixed temperature and rate of 

motion, as opposed to the quiescent beaker test where 

none of these variables is under control. In the case 

of strongly oxidizing acids, however, the oxygen concen

tration has little or no effect. 

Interpretation of Experimental Results. -- Due to the 

large number of variables that affect corrosion, laboratory 

tests are quite often of little value. This is especially 

so where corrosive problems are complicated by the exist

ence of dissolved gases, errosion, high temperature, and 

high pressure, as is the case of the present problem. 

In complicated corrosion problems it is nearly impos

sible to place a quantitative evaluation on the life of a 

certain material with the aid of laboratory tests alone. 

However, these tests are of extreme value in studying the 

corrosion problem in question in such a way as to determine 

the important retarding and accelerating influences. It 

must be understood, of course, that the writer is not 

trying to under-estimate laboratory methods, in fact, when 
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experiments are performed by thoroughly competent hands, 

results are of utmost importance. 

Reporting Results. -- A considerable amount of 

literature has been published recently regarding the 

reporting of experimental results. It was the policy of 

the earlier experimenters to report corrosion on a per 

cent loss in weight basis. It is, of course, obvious to 

the reader that data of this type is of very little value, 

especially is this the case when the shape and size of the 

sample is not given. The industrial engineers do not care 

to know that a casting, for instance, will lose 5 per cent 

of its weight per year, but that it will have a useful 

life of approximately 10 years. 

A much more useful measure of corrosion is the 

inches of penetra tion per year. It is, of course, 

necessary to take pitting into consideration, because 

failure may occur before corrosion has destroyed one

third of the material. Another very common method of 

reporting corrosion is by the milligram loss per square 

meter per year. This type of data can be easily converted 

to inches penetration per year. In the present problem 

the loss per square centimeter method was used, because 

in most cases the losses were extremely small, and 

measurements could not have been accurately enough made. 
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Chapter lV 

PASSIVITY. 

At first thought it may seem unjustified to include 

an entire chapter on the subject of passivity, which is 

only a small division of the corrosion problem, but this 

particular phase is of tremendous importance in the present 

study. In fact the greatest value of the Cr-Ni steels is 

their ability to form and maintain a strong protective 

film. When t h is film is destroyed, corrosion immediately 

sets in and destruction is the result. 

Ulick R. Evans and His Important Work. The follow

ing paragraphs are a brief review of a lecture given by 

U. R. Evans, of Cambridge University, before the A.I. M.E. 

in February of 1929. 

If a strip of iron is strongly heated at one end, the 

other end remaining cold, there is produced over the heated 

portion a layer of oxide. This oxide film constantly 

varies in thickness from a maximum at the hot end to 

nearly zero at the cold end. Somewhere in the middle 

of the strip, the thickness of the oxidized layer will be 

comparable to the wave length of light, and over this 

region the thin film gives rise to a series of beautiful 

interference tints, commonly known as 'temper colors.' 

The colors are caused by the fact that the two trains of 

light waves are reflected respectively from the outer and 

inner surfaces of the oxide film. 
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At a thickness of about 720 A. the relatively long 

yellow waves suffer interference, and the resulting light 

has a blue color, blue being complementary to yellow. A 

little further from the hot end, where the thickness is 

only about 580 A, the rather short green waves are sub

dued, and the metal has a brown-red appearance; still 

further along the strip at a thickness of about 460 A, 

the short blue rays are extinguished, and the metal has 

a straw-yellow color. Below a thickness of about 400 A, 

no colors are produced, since films thinner than this 

value could only produce interference of wave lengths 

too short to be visible. Fig. 4 shows a sketch of this 

film at an extremely exaggerated scale. 

The question arises as to the condition of the sur

face of the iron beyond the visible limit. Evans worked 

under the supposition that the film, being in optical 

contact with the iron, was invisible, but nevertheless 

existed. 

Additional proof of the existence of an oxide film 

is obtained if different parts of the strip are tested 

with drops of copper nitrate solution. It is found that 

the deposition of copper is rapid at the cold end, but 

decreases as the distance from the cold end increases. 

Before the tinted region is reached, a place is found 

where the drops produce no deposition of metallic copper 
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at all, although at this place the iron is not visibly 

distinguished from that at the cold end, yet its behavior 

toward copper nitrate is utterly different. It is inter

esting to note that soon after the visible region is 

reached, deposition of copper recommences, but it occurs 

at scattered points evidently representing cracks in the 
It n )J

Visible ~<::an£3e 1
Heatect I I 
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En~ I I End 
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Fig. 4 -- Sketch of Oxide Film 

film. 

The conclusion becomes almost irresistable. The thin 

oxide film is able to protect the iron from the attack of 

copper _nitrate so long as it is continuous and uncracked. 

Thick coatings are especially liable to crack just as in 

the case of a common galvanized iron. 

Other Methods of Producing Passivity. -- There are, 

of course, several other ways in which iron displays 

passivity. Its action toward concentrated nitric acid 

has always attracted special interest. Dilute nitric 

acid, as is well known, attacks iron with great ~apidity, 

but the concentrated acid normally has no effect. Inter
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mediate concentrations often cause rythmic alternation 

between the passive and active states. 

Another method of rendering iron passive is by anodic 

treatment. The current density needed to produce passivity 

on an iron anode varies with the nature of the solution. 

In nitrate solutions, where the anions have a distinctly 

oxidizing character, a low current density is sufficient, 

while in chloride solutions it is difficult to produce 

passivity at all. In alkaline solutions, where the dis

charge of (OH) ions would tend to convert the surface 

layer of the metal to insoluble oxide or hydroxide, 

passivity appears readily; in acid solutions, a high 

current density must be applied before passivity sets in. 

U. R. Evans cleared up the last remaining doubt con

cerning the existence of an invisible film, by actually 

removing it from the iron. He prepared his specimen by 

heating a strip of electrolytic iron at one end, and then 

cutting the strip up into short sections. The sections 

were then placed in a concentrated solution of iodine. 

During immersion, the iodine slowly ate away the iron 

just below the oxide film. After about 24 hours, the 

' specimens were taken from the iodine solution and swirled 

around in clear water. The fragments of oxide film, which 

peeled off, represent the metallic surface, because the 

surface scratches on the metal appeared in exact repro
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duction on the film. The greatest value of this famous 

experiment is the proof that the oxide film existed even 

on the cold end. 

Degree of Passivity. -- W. J. M~ller states that, 

"Every electromotive manifestation of a metal corresponds 

to the reaction taking place on the surface film, hence 

the passivating effect is inversely proportional to the 

solubility of the original product formed on the surface. 

The easier the solubility of the iron salt formed, the 

harder it is to reach the passive condition." The first 

sentence in this paragraph expresses the fundamental basis 

for the entire series of experiments performed for this 

paper. 

W. J. MUller has shown that the thickness of the 

oxide film formed varies with the passivating time. The 

thickness is also proportional to the log of the time up 

to the perfect condition. 

Theories Concerning Passivity. -- The tremendous 

amount of research, that has been devoted to the subject 

of passivity, has given rise to several theories concern

ing this peculiar phenomenon. Among them are the oxygen 

theory, the metal transformation theory, and the oxide 

film and hydrogen film theory. 

The oxygen theory is accepted by so few experimenters, 

and its scope of explanation is so limited that its ex

planation is considered unnecessary. 
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The metal transformation theory attempted to explain 

the phenomenon of passivity by stating that it was caused 

by a constrained condition of the metal. The cause of 

this constrained condition received a great number of 

explanations. Hittorf believed that it was brought about 

by a valence change on the metal surface. KrUger and 

Finkelstein explained it by a shift in the electron con

figuration, and MUller believed that passivity was caused 

by a non-stable shift of the inner equilibrium of the 

metal. He has since become a believer of the oxide film 

theory. 

The oxide film theory, which seems to explain per

fectly all the different variations of the important 

phenomena, is by far the most generally accepted theory 

at the present time (1932). The explanation of this 

theory is carried forward throughout this entire chapter. 

The hydrogen theory was developed by F8rster, Grave, 

and Rathert. According to F8rster and Grave, iron is 

naturally in a passive condition. The transformation to 

the active state results from a catalyser, namely hydro

gen. Grave first showed that only hydrogen ions activate. 

In a recent work F8rster came to the conviction that hydro

gen ions cause activity and that oxygen ions cause 

passivity. 
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Determination of Passivity. -- The question often 

arises, when is a metal passive and when is it active? 

The reaction velocity is the only safe criterion of the 

condition of a metal. According to LeBlank, active metals 

have a large, and passive metals a small reaction velocity. 

That is, active metals dissolve in dilute acids with brisk 

hydrogen production, and passive ones remain in the acid 

unchanged. A galvanic current dissolves active metals, as 

electrodes, especially with low valence, according to the 

Faraday law. Passive metals, under the same conditions, 

do not go into solution, even if of a high valence. 

Formerly the potential was considered as character

istic of the condition of the metal. The active metal 

was thought to correspond to a negative potential, and 

the passive to a positive potential. However , the research 

of G. C. Schmidt has shown that the potential from an 

active and passive condition depends essentially upon 

occluded and adsorbed materials. So potential measure

ments give no accurate determination between the active 

and passive condition as a reliable criterion to be used 

to determine the change in condition. 

Optical Effects of Passivity. -- Much study has been 

devoted to the optic.al effects caused by a change from the 

active to the passive state. K8nigsberger and w. J. 

Mftller state that there is absolutely no change in the 

http:optic.al
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optical constants with the transformation from the active 

to the passive condition. The potential is indeed dif

ferent in each case, but this depends, as explained above, 

on many different conditions such as gas content. The 

fact that no change in the optical constants could be 

detected, kept many prominent investigators from accepting 

the oxide-film theory. 

This subject has lately been completely cleared up by 

some particularly important work done in Professor 

Freundlich's laboratory in Berlin. Mirrors of metallic 

iron were prepared in an air free tube, so that the mir

rors were free from oxide. The reflecting properties of 

these mirrors were very-accurately determined. Air was 

then admitted, and almost immediately there occurrred a 

change in the reflecting properties, which could only be 

explained by the formation of an oxide film. 

Another very interesting result of passivity is the 

change in photoelectric effect. The surface of active 

iron, when exposed to ultra-violet light, freely emits 

electrons or, in other words, produces the photoelectric 

effect. This phenomenon is common to nearly all metals 

having a clean surface. It is found that when iron be

comes passive, its photoelectric activity suddenly drops. 

This would seem to indicate that the surface is no longer 

clean and unobstructed, when once passivity has set in. 
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Distribution and Velocity of Corrosion. -- Considerable 

work has been done with the object of determining a mathe

matical expression for the velocity of corrosion. The most 

important contributions have been made by MHller, Evans, 

Freundlich, and Friend. Even though their results were 

obtained separately, the conclusions bear a surprising 

similarity. 

In general oxide films that are formed on iron will 

not prevent corrosion altogether, but will tend to divert 

corrosion to the place where the film is weakest. Con

sider a piece of metal introduced into a sodium chloride 

solution. Before it enters the solution a discontinuous 

oxide film exists on the surface. Immediately after im

mersion a struggle between two opposing changes commences. 

(1) The dissolved oxygen may begin to combine with the 

metal where it is exposed at the cracks, thus repairing 

the discontinuities. (2) Anodic attack may set in, giving 

rise to the soluble chloride of the metal, thus under

mining and loosening the skin and causing the damage to 

spread. Where oxygen is deficient, this anodic attack 

will prevail; but at the places to which dissolved oxygen 

has ready access, the repairing action will prevail and 

no corrosion will appear. The electric potential will be 

different according to the state of repair of the film, 

and current will flow between the places of good and bad 
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repair. This leads to the subject of velocity of corrosion. 

According to Donker and Dengg, the maximum e.m.f. 

available for the corrosion of a given metal is that of 

the cell metal vs. oxygen. But with liquids of high or 

medium conductivity an e.m.f. of this value, if allowed 

to force current around the circuit connecting anodic and 

cathodic areas in accordance with Ohm's law, would pro

duce a greater current (i.e. a greater rate of corrosion) 

than external conditions, such as oxygen supply, would 

permit. It therefore follows that the working e.m.f. must 

of necessity be reduced by polarization. This may arise 

in two ways: 

(a) The cathodic potential may sink until it approaches 

the anodic value, or 

(b) The anodic potential may rise until it approaches 

the cathodic value. 

As to which of these movements will be the more im

portant depends upon the relative sizes of the anodic and 

cathodic areas, upon the nature of the film, and upon the 

concentration of the penetrating ions at the anode and that 

of oxygen at the cathode. In general, the conductivity 

of the liquid will only be a predominant factor in deter

mining the rate of attack in very dilute solutions. 

Under conditions where the anodic attack is restricted 

to a few points in a film, the main part of the area being 
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cathodic, it will be the anodic reaction that will control 

the velocity; that same is true of cases where the anodic 

attack is connected with a slow leakage through an other

wise impervious film. The corrosion of aluminum, and of 

self-protecting alloys containing chromium is largely 

determined by the presence ?f chlorides and other salts 

yielding penetrating anions. 

With metals such as zinc, this will only be true if 

the conditions are such as to restrict the anodic areas. 

Bengough, Stuart, and Lee have studied the corrosion of 

zinc under conditions favoring local attack or pitting, 

and find that at fairly low chloride concentrations, the 

rate of attack is proportional to the chlorine ion concen

tration (Ct) existing at any moment. Thus the relation 

between the corrosion (y) and the time (t) is: 

k1 being a constant. But the chlorine ions are gradually 

removed from the liquid in proportion to the amount of 

zinc hydroxide, which has accumulated; probably the chlor

ide is adsorbed on the zinc hydroxide. Thus 

ct = co - k2y 

where is the original concentration of chlorine ions,C0 

and k 2 a constant. Thus the corrosion rate falls off as 

the chlorine ions are removed from the liquid. 

~-dt- kl(Co- k2y) 
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Evans has found that this relation applies to qu~te a 

number of corrosion reactions. It would be interesting to 

know if the decrease in corrosion rate caused by the re

moval of the acid-forming so2 ions from sulfite liquor 

could be expressed by the above relation. 

Under the conditions considered above, the velocity 

of corrosion is clearly a function of both oxygen supply 

and the nature of the metal; iron and zinc corrode at dif

ferent rates. Under certain conditions, however, it is 

conceivable that all metals might corrode at the same rate. 

For instance, if specimens were placed at the bottom of 

extremely deep cylinders filled with water, down which 

dissolved oxygen is conveyed so slowly, that all the metals 

tested can use it up as quickly as it arrives, the cor

rosion should be equivalent to the rate of supply of 

oxygen, and should be independent of the nature of the 

metal. This has a bearing on the long-period testing of 

metals. Chappell found that in short laboratory tests 

lasting three days, different varieties of iron and steel 

corroded at rates which were appreciably different. How

ever, he found that specimens of the same materials, 

exposed at the bottom of the Severn River for two and one

half years showed almost identical corrosion. No doubt 

the river specimens soon formed a heavy rust coating, and 

the rate of corrosion was fixed by the extremely slow 
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diffusion of the dissolved oxygen through the rust-blanket. 

Thus, as is often the case, the type of material may _have 

an extremely small influence upon the corrosion rate. 

Corrosion of Cr-Ni Steels in Non-oxidizing Acids. 

A number of publications have recently dealt with the 

stability of Cr-Ni steels with respect to dilute sulphuric 

acid. W. H'. Hatfield recorded a rather strong attack on 

the straight chrome steel as well as on the chrome-nickel 

steel at room temperature. This attack reached a maximum 

at medium concentration and increased with increasing tem

peratures up to about 80°C. These experiments resulted in 

the conclusion that chrome steel with approximately 14% 

chrome shows a lower resistance than ordinary carbon 

steel. The superiority of the chrome-nickel steel appeared 

to be obvious at low concentrations only. Hatfield con

cluded, therefore, that the resistance of chrome-nickel 

steels is not sufficient for practical use in solutions 

containing dilute sulphuric acid. 

Quite contrary to the above publications is the fact 

that the Krupp-Nirosta organization describe their aus- 

tenitic Cr-Ni steels, not only as being fully resistant 

to dilute sulfuric acid at room temperature, but that 

these steels have extended use in the manufacture of equip

ment for this service. The experiments upon which Krupp

Nirosta based their statements were made with normally 

heat-treated and pickled sheets, while W. H. Hatfield 
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ground and polished his samples. 

Thickness of Film. The great value of these cor

rosion-resistant steels is based upon their strong tendency 

to passivate, that means, to saturate the free surface 

valences with oxygen. E. Rupp and E. Schmid have found by 

means of electron diffraction that the protecting oxygen 

film on passivated iron must have a thickness of two atoms. 

A similar protect~ng film must be assumed in the case 

of chrome-nickel steel. The result of passivation, as ex

plained before, appears to be the ability to attain an 

electro-chemical position similar to a precious metal. A 

passivated metal can therefore be considered as a metal 

that has been made 'noble.' This passivity can, however, 

be disturbed if placed in contact with a base or non

precious metal in an electrolyte. In this case the passi

vated metal will change its passive or positive potential 

to a potential that corresponds to its alloying components 

in the activated or negative condition. Of utmost im

portance is the concentration of the ions, and the con

ductivity of the respective solutions. Dilute sulphuric 

acid is an especially good conductor of galvanic currents. 

Stability of Cr-Ni Steel. A 14% chrome steel is 

strongly passivated after pickling and therefore fully 

resistant to dilute sulphuric acid. If a passivated 14% 

chrome steel, while being subjected to dilute sulphuric 

acid., is touched for a moment with a zinc bar, the 
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' passivity is destroyed, and immediately the chrome-steel 

begins to dissolve. The stability of chrome-nickel steel 

is much higher because the addition of nickel is responsi

ble to a great extent for the favorable location in the 

electrochemical series. This is quite evident from the 

fact that a higher resistance can be observed to non

oxidizing reagents, as dilute sulphuric acid, phosphoric 

acid, and organic acids. But even this stability can be 

disturbed by slight galvanic currents, especially in dilute 

sulphuric acid. Such currents do not only appear through 

contact with baser metals, but a cold deformation alone 

can cause a local voltaic cell to be formed between normal 

grains and deformed grains. The cause for the dissolving 

of metals in acids can be found in the effect that these 

acids have upon local voltaic cells present in the metal. 

The intensity of this action is in direct proportion to 

the number of local cells. According to B. Strauss, the 

production of a polished surface, as was used by Hatfield, 

will create a great number of local voltaic cells between 

normal and distorted grains. These will, of course, have 

no effect in the oxidizing acids such as nitric, but in 

the case of sulphuric acid the detrimental effect is very 

pronounced. Many cases have been observed and recorded 

where the effect of cold-working has been definitely proved. 

It is furthermore easily understandable that the strongest 

and severest attack should occur at medium concentrations, 
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because with increased concentration the electrolytic dis

sociation decreases and hence the attack on the iron or 

steel. 

Effect of Atomic Weight on Passivity. -- Fortunately 

the tendency of the chrome-nickel steels to passivate is 

very high, and furthermore, there are numerous possibili

ties of preserving and protecting this oxide film. A 

freshly pickled sheet has a negative potential caused by 

the hydrochloric acid, but a few hours in the air will 

create a positive potential. It is possible to create a 

very homogeneous oxygen film on such a sheet by heating 

it for several hours in air at approximately 200°C. It 

is even possible to boil such samples in 5% sulphuric acid 

with no corrosive effect whatever appearing. The heating 

up of the sample, according to Strauss, does away with all 

occluded hydrogen, caused by the pickling action, and the 

oxygen has a clean surface upon which to form. A slight 

scratch on the surface starts immediate solution, even 

though the surface was just previously immune to attack. 

A very interesting consequence of this phenomenon is the 

fact that the activating influence of the halogens de

creases with increasing atomic weight. For instance, the 

small chlorine atom with an atomic weight of 35.5 is able 

in a much shorter time to penetrate the protective film, 

than the large iodine atom with an atomic weight of 127. 
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Use of Molybdenum. -- The above facts show how im

portant it is for the stability of corrosion resisting 

steels to create and preserve a homogeneous protective 

film. The chrome-nickel steels have a strong tendency 

to build new protective films when they become partially 

destroyed. An addition of molybdenum to the chrome

nickel steels appears to increase this tendency to pas

sivate itself. Important, furthermore, is the fact that 

the addition of molybdenum results in a decreased ten

dency to form local voltaic cells by cold deformation. 

In his basic work Monnartz discovered this favorable in

fluence of a molybdenum addition to chrome-nickel alloys. 

Passivating Agents. -- The use of some material to 

help produce and maintain the passive film is very often 

of great practical importance. In the sulfate industry 

centrifuges have been made and successfuly used. Hot 

mother liquor is catapulted against the walls without 

causing any attack. The presence of air in this case is 

undoubtedly acting favorably. In some cases it is possible 

to protect the passivity by the addition of a passive 

acting agent or by the addition of a colloidal substance. 

In the latter case the colloidal substance acts as a pro

tection by means of its large molecule, and at the same 

time decreases the conductivity of the acid. The danger 

of activation of chrome-nickel steel in non-oxidizing 
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acids is in all cases a function of the conductivity of 

these acids. The most striking example is the action of 

nitric acid mixed with sulphuric, forming a so-called 

mixed acid, extensively used in the manufacture of ex

plosives. 

The addition of the nitric acid protects the steel 

entirely in this case even at elevated temperatures against 

the action of the sulphuric acid. Furthermore, strong 

protective action has been recorded by the addition of 

other oxidizing agents such as super-oxides, persulfates, 

perborates, etc. Such protective action does not cease 

unless these additions are decomposed by raising the tem

perature of the acid. A dilute solution of sulphuric acid 

with approximately 5% Cuso does not attack chrome-nickel4 
steel even at boiling temperature. 

If the above results of Strauss are correct concerning 

the resistance of chrome-nickel steel to dilute sulphuric 

acid, then the reports of Hatfield are in error. It must 

be remembered, however, that Strauss conducted his test 

with the view of keeping the passive film in repair, and 

Hatfield did not take this matter into consideration. 



57 

Chapter V 

CR-NI STEELS AND THEIR PROPERTIES 

This chapter is devoted to a discussion of a series 

of alloys that have been developed for heat and corrosion 

resisting purposes. The corrosion resistant properties 

of these alloys, which are of primary interest in this 

paper, are based on their exceptional ability to form and 

maintain oxide protecting films. In order to get an un

derstanding of the characteristics of these alloys and 

their behavior under the influence of temperature and cor

rosion, the modern theories concerning the ultimate struc

ture of matter must be considered. 

Crystal Structure. -- Matter can be viewed as a group

ing of atoms either in a definite symmetrical system where 

the forces between units are balanced in a lattic structure, 

or grouped at random and in an unstable condition. The 

lattice construction generally takes three forms, body

centered cubic, face-centered cubic and hexagonal. As 

far as the alloys under present discussion are concerned, 

the hexagonal prism type will not be further considered. 

Iron, which is the basis of all of these alloys, 

exists in a lattice construction described as body-centered 

cubic under ordinary conditions, and temperature. It is 

usually described by metallurgists as being alpha iron, 

and when in this condition is strongly magnetic. Upon 
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raising iron to higher temperatures, however, it maintains 

its body-centered cubic condition but loses its magnetism, 

and is described by some as being beta iron. On further 

heating, its lattice structure changes from the body

centered cubic to a face-centered cubic, in which condi

tion it is termed gamma iron. On still further heating 

up to just below the melting point, the lattice configura

tion returns to a body-centered cubic lattice and the iron 

is further described as delta iron. 

The alloys in common use for increasing the resis

tance of iron to heat and corrosion are as follows; carbon, 

chromium, nickel, silicon, tungsten, vanadium, manganese, 

molybdenum, and aluminum. An introduction of any of these 

elements into pure iron modifies the critical range and 

raises or lowers the specific temperatures at which trans

formations occur. When carbon is introduced into pure 

iron, certain combinations of iron and carbon are formed., 

which are termed carbides. These may be of such propor

tion as to be seen easily under a relatively low-power 

microscope, or may be so finely divided as to be beyond 

the range of the most powerful visual equipment. Alpha 

iron cannot hold carbon in solution to any great extent 

at normal temperatures. Hence, the addition of carbon to 

iron results in a steel which is composed of a body of pure 

iron, commonly called ferrite, interspersed with crystals 
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or iron carbide called cementite. If the iron is heated 

to above its critical range, that is, to the point where 

it exists as face-centered gamma iron, these iron carbides, 

are dissolved and held in solution by the iron in its face-

centered form. It should be noted that all or these trans

formations occur in the solid state. 

Chromium and Its Effect. Chromium is, beyond doubt, 

the most useful and necessary or the alloying elements for 

heat and corrosion resistance. For the steels under con

sideration it is generally present in quantities ranging 

from 12% to about 30%, with the carbon content ranging 

from 0.07% to 1%. 

Chromium is a metal, however, which exists at ordinary 

temperatures in a body-centered cubic structure. It 

readily forms carbides with carbon and enters into solution 

with alpha iron, so that the introduction or any amount of 

chromium to an iron carbon compound results in a body of 

iron and chromium in solution plus a large number or crys

tals or chromium-iron-carbide. This double carbide cannot 

be held in solution because of the characteristic before 

mentioned or alpha iron to precipitate out carbon. 

Chromium has a tendency to raise the transformation 

temperatures in the critical range so that with varying 

carbon contents the chromium bearing steels are affected 

by cooling from the critical range, and consequently are 

unstable as to their condition at various degrees of tem
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perature. 

The element chromium possesses an almost unique property 

of protecting itself against atmospheric corrosion in spite 

of a very great tendency, at the same time, to combine with 

oxygen. Indeed, it is believed that a fresh surface of 

c~~omium metal becomes oxidized almost immediately, but 

that this invisible film of oxide is itself of such a 

nature as to be continuous, impervious, and extremely 

stable. The corrosive action which starts with great 

velocity is thus abruptly stopped the very moment it 

begins. 

The physical state of the matrix of the different 

Cr-Ni steels is shown in Fig. 5. Note that nickel has 

a greater tendency to form austenite than does chromium. 

Nickel exists in a face-centered cubic lattice almost 

identical in characteristics with that of gamma or aus

tenitic iron. Nickel is soluble in iron and also forms 

carbides. Its greater tendency is, however, to go into 

solution in the iron rather than to form carbides. 

Another important feature is that nickel lowers the 

transformation point of the critical range, and when 

introduced in sufficient quantities it shifts the critical 

range to points even below normal atmospheric temperatures. 

If we remember that iron is in the face-centered gamma con

dition above its upper critical, and that the addition of 
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sufficient amounts of face-centered nickel results in 

shifting the critical range down, its use in the iron

chromium alloys becomes evident. The introduction of 

nickel in sufficient quantities to the iron carbide 

chromium compound results in an alloy which is face-

centered, non-magnetic, and austenitic in characteristics 

at all temperatures from normal to just below melting. 
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These characteristics just mentioned are practically un

altered by any heat treatment. Consequently, for use in 

structures where elevated temperatures are involved, the 

only really stable alloy is one that is austenitic or in 

a face~centered solid solution condition. 

The rest of the elements with the exception of silicon 

are body-centered cubic, and unless introduced in sufficient 

quantities, have a tendency to hold the iron in the body

centered alpha condition where no carbon can be held in 
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solution, rather than in the face-centered gamma condition 

where the carbides can be held in solution. 

Plastic Deformation. -- There are several theories as 

to what constitutes the material between the grain boun

daries, but the one that comes nearest to explaining all 

the different phenomena is the amorphous matrix theory. 

At normal temperatures, a sufficient load will produce 

flow and failure in the crystal which is weaker than the 

amorphous boundary. As the temperature is increased, the 

boundary becomes weaker until a point is reached where the 

crystal and boundary are equal in strength, and failure 

may occur in either or both. This point is called the 

point of equi-cohesiveness. The point of equi-cohesive

ness ranges from about 800°F. in lower carbon steels to 

about 1050'F. in the austenitic alloys. 

Plastic deformation involving the factors of load, 

temperature, and long time is called 'creep. 1 The factor 

of creep is of utmost importance in the design of pressure 

vessels for high temperature service. The design stresses 

for Cr-Ni and Cr-Ni-Si steels are shown in Fig. 6 in con

trast with the short time test results. The relation of 

the creep strength at high temperatures between chrome

nickel steels and carbon steels is shown in Fig. 7. The 

latter curves are based upon a 1% elongation in 100,000 

hours of service. 
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The addition of chromium alone to iron has a tendency 

to produce large crystals, and while strengthening the 
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crystals by the keying effect of the carbides, tends to 

defeat the very purpose for which it was introduced, for 

in increasing crystal size and strength, the strong 

matrix area is decreased. 

Nickel has a tendency to keep the crystal size small, 
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counteracting the effect of chromium, thus maintaining 

the matrix area. It can be seen that to get a balance 

between matrix and crystals in strength, judicious ap

plication of the alloy constituents plus proper heat 

treatment must be made to result in strengths beyond the 

reach of the ordinary carbon steel. 
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From the examination of the foregoing it will be seen 

that martensitic straight chromium steels will have a low 

creep value at temperatures below the upper critical or 

gamma phase. The reason for this low creep value will be 

seen in that the structure has its crystals formed from 

the body-centered lattice. The body-centered lattice, 

since its unit cube has 9 atoms as opposed to 14 in the 

face-centered lattice, is weaker than the face-centered 

lattice. This is caused by the looser packing of the fewer 

atoms per cube and the consequent lower attraction between 
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the atoms at high temperature. The lattice type and 

dimensions of the Cr-Ni-Fe alloys are shovm in Fig. 8. 

Another distinguishing feature of the chromium steels 

is the tendency toward grain growth at high temperature. 
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centered Lattices Exist. 

The addition of nickel lessens this tendency to a con

siderable extent. The use of nickel then is for three 

purposes; (1) To maintain the gamma or face-centered 

lattice, (2) To hold the critical range to low tempera

tures, and (3) To counteract the tendency of grain growth 

at high temperatures. 

Resistance to Oxidation at High Temperatures. -

·Resistance to oxidation at high temperature is accomplished 

by two methods. The first, as used in the stainless chrome-

irons and steels, is by introducing sufficient quantities 



66 

of chromium so that by the influence of heat and atmosphere 

a film of complex oxides is formed on the metallic surface. 

The second method, as used in the austenitic steels, is the 

introduction of alloying elements such as chromium, nickel, 

silicon or tungsten or combinations of any or all of these 

to the iron to form solid solutions. The combination of 

the oxide film and the solid solution is very effective 

except where extreme temperature variation conditions exist. 

The oxide film, not having the same coefficient of expansion 

as the base metal, is very liable to crack and thus spoil 

the effect of its protection. 

The basic qualities, according to L. J. Stanberry of 

the Ludlum Steel Co., of the structure of metals which 

seems to give the highest resistance to attack are prac

tically the same as those giving the greatest resistance 

to deformation under load. Mr. Stanberry believes that 

this condition is found in a crystalline structure composed 

of face-centered chrome-nickel-silicon series alloy with a 

minimum of rree carbides. 

At high temperatures the effect of carbon and nickel 

upon high chromium alloys is quite similar. In respect 

to the tendency to form austenite, carbon is roughly 30 to 

40 times as effective as nickel. However, at low tempera

tures, below 1600°F (875°C.) this similarity abruptly ends, 
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because carbon becomes almost entirely insoluble and is 

precipitated, thus being put out of action. Nickel, on 

the contrary, remains in solid solution. If the chromium 

content is not in excess of about 15%, 6% nickel is more 

than sufficient to render the alloy wholly austenitic at 
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the temperature range around 2100°F. Chromium renders the 

austenitic alloys very sluggish toward transformation. 

Physical Condition of Austenitic Alloys. -- The aus

tenitic rust-resisting alloys are, as is explained above, 

unstable but persist as pure austenite because of their 

atomic sluggislmess toward any change involving recrystal

lization or diffusion. In their normal utilization, this 

instability is not apparent and therefore of small prac

tical consequence, but its existence is responsible for 
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some of the unusual behaviors in extraordinary applications. 

Since the pure austenite of the familiar 18-8 alloy is, in 

reality, only an undercooled condition, _it stands to reason 

that it exists in a twofold instability. At room tempera

tures it is undercooled both in respect to its allotropic 

form and in respect to carbon solubility. 

The austenitic structure of 18-8 (18% chrome-S% 

nickel), caused by heating to 1700 - 2400°F. is persistent 

except on cold working. Brinell hardness often changes 

from 135 to 400 on cold deformation. This characteristic 

makes the processes of rolling, drawing, and forging very 

slow be·cause the material has to be reheated after a very 

small reduction. A large part of the change that takes 

place is to the ferritic state as shown in Fig. 9. The 

addition of nickel gradually decreases the amount of fer

rite formed. E. C. Bain states that the fer r ite formed 

during cold deformation may equal as much as 20% of the 

whole. 

Carbon Solubility. -- The austenite of plain carbon 

steels may contain up to 1.7% at the eutectic temperature. 

A much lower carbon solubility, however, is found in the 

austenitic chrome-nickel alloys. In the 18-8 alloy, the 

carbon solubility at the analogous temperature is only 

about 0.50 per cent carbon. More than this amount will 

always remain as chromium carbide even though quenched 
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solution characteristic is the basis of the corrosion

resistant properties of these alloys. The corrosion resis

tance is raised by chromium and lowered by carbon content. 

This is due to the fact that the carbon uses up a certain 

portion of the chromium in the formation of carbides, which 

have no corrosion-resisting properties. This action de

pletes the alloy of a certain amount of the valuable 

chromium, the amount inareasing with increase of carbon 

content. Thus, the utilization of the chromium content 

to the maximum degree possible can only be obtained by 

putting the carbides into solid solution and keeping them 

in this condition. 

Carbide Precipitation. -- The chrome-nickel steels 

exhibit a very peculiar phenomenon which, until recently, 

has not been understood. During high temperature service 

these steels appeared to become brittle and disintegrate. 

It was noticed, however, that this so-called brittleness 

appeared at the grain boundaries. 

It has quite recently been determined by such investi

gators as Krivobok , Strauss, Schottky, and Hinnllber that 

this phenomenon is not due to brittleness but to loss of 

strength. It appears that the grain boundaries have been 

impoverished of their chromium content due to the preci

pitation of carbides. This action tends to make the grain 

boundaries very weak, and hence failure occurs at this 
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point. This trouble is further magnified by the grain 

growth of this type of material at high temperatures. 

This serious difficulty is somewhat corrected at the 

present time by two different methods; (1) Alloying 

elements are added to the steel to counteract the ten

dency of grain growth, such as nickel (2) and materials 

are added which tend to increase the solubility of carbon 

at high temperature. Molybdenum and copper are most 

useful for this purpose . 

Corrosive attack has been known to be so serious, 

after carbide precipitation has taken place, that total 

disintegration is caused at the grain boundaries. It 

should be understood, however, that this type of failure 

is only known under extraordinary conditions. 

Physical Properties. -- The following table of 

physical properties was taken from "American Machinest" 

vol. 70, no. 21. This table of course represents a 

product of a particular manufacturer, but these proper

ties would be quite similar to those of any of the 50 or 

60 licensees of the Krupp- Nirosta Company. The symbol 

KA2 meansKrapp-Austenitic-No. 2. 
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Table lV 

Average Physical Properties of Enduro-Nirosta 

Specific gravity  7.86 

Scaling point 

Heat conductivity as compared 
with iron 0.36 

Specific heat - 0.118 

Melting point 

With water quench from 2100°F. 

Tensile strength - -85,000 - 95,000# 

Yield Point- -30,000 - 40,000# 

Elongation in 2 inches - - 55 - 60% 

Reduction in area- - 70 - 75% 

Brinell hardness - -135 -140 

Rockwell hardness- - 75 - 79B 

Charpy impact - -100 -110 ft.lbs. 

Izod impact- -115 -120 ft.lbs. 

The variation of the Rockwell hardness number with 

different alloying combinations of chromium and nickel is 

shown in the ternary diagram of Fig. 11. 

The linear coefficient of expansion for the chrome-

nickel alloys is greater than either carbon steel or the 

straight chrome (stainless) alloy. The following table 

was taken from Stainless Iron and Steel by Monypenny; 
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Temp. Range oc. Mean Coef. of Expansion per oc. 

20 - 100 0.0000170 

20 - 200 0.0000177 

20 - 300 0.0000181 

20 - 400 0.0000186 

20 - 600 0.0000201 

Fig. 12 shows curves for the linear coefficient of ex

pansion of 18-8 1 mild steel, and 15% chrome steel. 

The poor heat conductivity of the chrome-nickel alloys 

is very noticeable. This property must be carefully taken 

into consideration when designing for high temperature ser

vice, since there is greater danger of burning. Copper has 

about 30 times the heat conductivity of these steels. Their 

thermal expansion is approximately 50% more than mild steel. 

This latter factor is somewhat troublesome in the foundry, 

but apparently it has been satisfactorily solved. 

Fabrication. -- The chrome-nickel alloys may be quite 

easily fabricated provided certain fundamental precautions 

are observed. A great many of the troubles encountered in 

the working of this material are caused by ignorance of 

their fundamental properties. For instance, it is neces

sary to relieve the hardness caused by cold deformation 

more often than is the case with structural steel. Weld

ing must be done with a rod of the same material. Both 

electric and acetylene welding are possible, but in the 
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case of electric welding, the polarity must be reversed 

from that of ordinary steel welding. Soldering is just 

from 1ron TrQdt$12evie.w- Vol. B~, tio.25 
Fe 

NiL-~--~-L~~L-~~~~~~~--~~cr 

100 \o<C1. Loo.Gt "'~ ooll "'B 5Cllle 

Fig. 11 -- Rockwell Hardness Numbers 

as easy if not easier than on the more connnon materials. 

In a drilling operation the drill must not be allowed to 

slip because this will cause hardening due to cold work

ing. 

Krupp-Nirosta Specifications. -- The American pro

ducers of Nirosta metal have agreed upon a set of symbols 

which are used to indicate chemical analyses. These 

specifications are shown in table form on page 76. 
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Fig. 12 -- Elongation Curves of 18-8 Cr-Ni and 
Straight Cr Irons Compared with Mild Steels. 



Table v -- Alloy Analyses i'or Wrought Materials 

c Mn S and P Si Cr Ni Mo 

KAZ 0.16 max. 0.6 max 0.03 max. 0.'75 max. 16 •. 5 - 20.0 '7.0 - 10.5 

rr' KA2-S 0.0'7 0.6 0.03 0.'75 16.5 - 20.0 '7.0 - 10.5" " " 
KA2-H over 0.16 0.6 0.03 It 0.75 16.5 - 20.0 7.0 - 10.5" " 
KA2·-Mo 0.16 max. 0.6 0.03 0.'75 18.0-- 22.0 7.0 - 10.5 2.0 - 4.0" " " 
KA2-SMo 0.07 0.6 0.03 0.'75 18.0 - 22.0 7.0 - 10.5 2:.0 - 4.0" " " " 
KA2-HMo over 0.16 0.6 0.03 0.75 18.0 - 22.0 '7.0 - 10.5 2.0 - 4.0" " " 

Wrought Iron and Cast Material. 

KNC-3 0.20 max. 0.7 max. 0.03 max. 2.0 max. 23.0 - 2:'7.0 1'7.0- 21.0 --

Note - Same symbols are used i'or cast material but 

silicon limit is higher. 

KA2: base symbolizes corrosion resisting alloys. 

KNC base symbolizes heat resisting alloys. 
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Fig. 13 

"Esco" Cast Steel x 100 

Etched with Nital. 

Fig. 14 

KA2-Mo x 100 (see page 

76 for chemical composi

tion). The symmetrical 

areas are caused by 

stains. 
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Fig. 15 

KNC-3 X 100 

Etched with ferric 

chloride. 

Note large grain size. 

Fig. 16 

KA2 X 100 

Etched with ferric 

chloride. 



Fig. 17 

Cast mild steel x 100 

Etched with Nital. 

Fig. 18 

Cast mild steel x 500 

Etched with Nital. 
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Fig. 19 

15% chrome steel x 100 

Etched with ferric 

chloride. 

Fig. 20 

Acid bronze x 100 

Etched with NH40H 

+ H202. 



Fig. 21 

Copper x 100 

Etched with NH4,0H + 

H2 02; 

Fig. 22 

Zinc x 100 

Etched with iodine. 



Fig. 23 

Cast iron .:x 100 

Etched with Nital 

Fig. 24 

Cr-Ni cast iron .:x 100 

Etched with ferric 

chloride. 
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Chapter VI. 

CR-NI STEELS IN THE PAPER INDUSTRY 

Materials Used in the Industry. It is now well 

established that the solid solution type or alloy is not 

only inherently more corrosion resisting, but is also 

better rrom the mechanical standpoint. These alloys 

almost invariably possess the highest physical proper- · 

ties of strength and toughness. 

In the various phases of the manufacture of pulp and 

paper the chief field for corrosion resistant alloys is 

for equipment for the manufacture or sulfite pulp. Other 

pulp processes and the manufacture of paper itself appear 

to be comparatively free from unusual difficulties. How

ever, one particular problem was brought to the writer's 

attention, where the use of Cr-Ni steel solved a very 

troublesome problem, which had nothing to do with sulfite 

liquor. Large washers used in the equipment for ground 

wood pulp had previously been made of mild steel. These 

washers only lasted one season because of the severe cor

rosive action of the natural acid in the hemlock wood. 

Cr-Ni steel washers were tried, and the machine marks are 

still visible after more than two years of continuous 

service. Metals and alloys employed in the manufacture 

of sulfite pulp are lead, copper, copper alloys such as 

bronze, chrome-nickel, and chrome-nickel-molybdenum alloy 

steels. 
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Lead, as is well known, is used for coolers for sul

phur dioxide and appears to give satisfactory service. 

It has the advantage of being low in cost and easily 

fabricated. Bronzes are used chiefly as castings for 

pipe fittings, valves, nozzles, strainers, etc. The use 

of bronzes has been well established because of the good 

quality of castings obtainable and because of its fair 

resistance to sulphurous acid, at least better than other 

non-ferrous metals. Composition, as far as it is possible 

to ascertain, varies from the familiar 85:10:5 to high 

lead bronzes with 75% copper, 6% tin, and 19% lead. 

Use of Chrome-Nickel Steels. The most interesting 

alloys for use in the manufacture of sulfite pulp are the 

chrome-nickel and chrome-nickel-molybdenum steels. As 

stated before, these alloys are produced under Krupp-

Nirosta patents and are popularily classed with the stain

less irons and steels. Chrome-nickel alloys of the 18-8 

type are considerably more resistant than the bronzes, and 

are reported to give at least twice the life of bronze. 

The 18-8 composition is said to be generally satisfactory 

for cold sulfur dioxide and sulphurous acid, but if resis

tance at elevated temperatures is desired molybdenum must 

be added. 

Since the chrome-nickel-molybdenum analysis is quite 

satisfactory and as tubing of this material is now 
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available, it should be possible, according to W. M. 

Mitchell to develop heat exchangers whereby the heat of 

exhaust steam could be utilized to heat acid before its 

introduction into the digester. It is believed that 

considerable economy in operation would result from in

stallation of suitably designed equipment of this charac

ter. In addition the problem of disposal of waste liquors 

in thickly settled communities would be considerably sim

plified by construction of evaporators to handle this 

material. 

Experimental Work of the T.A.P.P.I. -- In 1930 the 

corrosion committee of the Technical Association of the 

Pulp and Paper Industry undertook a study of the corro

sion problems in the sulfite pulping industry. The work 

was started by sending a questionnaire to the industry. 

Approximately one-third of all the sulfite mills in 

u.s. and Canada responded to this request. Although a 

relatively small number of the mills were willing or able 

to answer, a good idea of the magnitude of the problem 

could be obtained from the answers to the following 

question. "What is the value of corrosion loss in dollars 

per year per ton daily production, for materials only?" 

The average was found to be $98.75, or with a 50 ton mill 

the yearly replacement bill would amount to $4,937.50. 

To this figure must be added the labor charge and loss of 

production, which doubles or even trebles the above cost. 

http:4,937.50
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Experimental Method. -- The corrosion tests were made 

in a chamber consisting of a three inch pipe ten inches 

long, and flanged at both ends. The samples, 2" x 1" x 

1 1/2", were strung on glass rods, and separated by glass 

beads which was thought to entirely prevent electrolytic 

action. The tests were made by passing the so2 gas, 

saturated with water vapor, through the chamber. The so2 

moved with considerable velocity. The pressure used was 

40# gage, and the temperature reached a maximum of about 

150°0. The cooperation that the experimenters received 

was reported to be excellent. By July 1931 the committee 

had the o.pportun"fty in their three testing stations of 

examining 56 different alloys, and many more were waiting 

to be tested. 

Interpretation of Results. -- In order to interpret 

the results of the corrosion chamber in terms of actual 

service conditions the following method was used. The 

inches penetration per year of brass samples, calculated 

to the thickness of extra-heavy brass pipe of the same 

composition, indicated a life of about 10 years. Service 

life is about 1 year so the test conditions are assumed 

to be 1/10 as severe as actual service. The difference 

is thought to be due to the reduction of the erosion 

effect in the chamber, where the 1/4" by-pass is expanded
/ 

to a larger pipe. 
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Difficulties Enco~tered. -- The experimenters found 

it very difficult to obtain complete chemical analyses of 

the test specimens, and in many cases no analysis was 

furnished at all. Another disturbing difficulty was the 

complete lack of knowledge of the corrosion committee in 

regard to the history of the samples. Since the surface 

condition and thermal treatment of the ferrous alloys in 

particular have a decided influence on the corrosion 

resistance of the metal, this point must be considered 

in the results obtained. The relation of the physical 

properties such as hardness to resistance, should be in

cluded in a more exhaustive study of the problem, accord

ing to J. D. Miller, of the T.A.P.P.I. corrosion committee. 

Test Results. -- Twenty-six non-ferrous alloys of the 

high co~per bearing type were tested. It was found that 

200 to 250 hours was a sufficient exposure to give an 

appreciable loss. The inches penetration per year varied 

from 0.02 to 0.05, which amounted to a 2 to 5% loss in 

weight on the standard sample. 

In the ferrous alloy field it was found necessary 

to modify the test. The time of exposure was increased 

to 400 to 450 digester hours, this limit being due to the 

press of other samples for the chamber. A further com

plication was the resistance of the films on many of these 

alloys to cleaning, after exposure. In the non-ferrous 

field the samples were cleaned with ease by sulphurous 
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acid, but with most of the ferrous alloys it was necessary 

to use 1 to 4 nitric acid. 

Eight samples of 18-8 have been tested. These sam

ples were listed as heat treated, but the heat treatment 

was not given. In all but one of these a gain in weight 

was obtained, amounting to 0.7 to 2.2 milligrams in a 30 

gram sample. The loss on the other sample was 0.0000033 

inches per year. In these samples and those to follow 

the carbon content was not given by the manufacturer. 

However, from published tables corresponding to the trade 

name of the alloy, it probably varied from 0.07 to 0.2 

per cent, with the silicon from 0.5 to 0.75 per cent. 

There was no evidence of the influence of these elements 

on resistance, within these ranges. It is obvious, of 

course, that no definite conclusions could be drawn from 

these few tests, particularly since the ex~ct chemical 

compositions of samples were not known. 

One interesting series of the tests made by the cor

rosion committee consisted of duplicate samples of 18-8, 

18-8 heat-treated, 18% chrome steel,18-8 with 3% silicon, 

and 18-8 with 3% molybdenum. With the exception of the 

18% and 12% chrome-steel samples, no losses were observed 

after an exposure of 413 digester-hours. The following 

table is a summary of the results from the ferrous-alloys, 

including the above series: 
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1able VI. 

Si Cr Ni Mo Dig. 
Hrs. 

Penetration in 
inches per year 

Notes 

25 500 Single sample 

18 413 0.002 Duplicated 

12 413 0.104 Duplicated 

18 8 413 Duplicated 

3.0 18 8 413 Duplicated 

18 8 3.0 413 Duplicated 

2.5 18 25 413 0.001 Single sample 

5.0 12 35 413 Badly attacked, Single sample 
25% loss in 
weight. 

The above table indicates a decided influence of 

composition on resistance. The 18-8 appears to be the 

most resistant until the chromium is increased to 25%. 

Nickel in excess of 8% with 18%chromium seems to reduce 

the resistance of the alloy. These results are not to 

be considered as absolute because in several cases only 

one sample has been available for examination. This 

report of the corrosion committee did not mention 

whether the above test specimens were pas s ivated or 

not. 

Importance of Residual Iron Content. -- In many 

cases results from the ferrous alloys have been irregular. 

The irregularities may be traced to the metal variation or 

nonhomogeniety, since these alloys are greatly influeruLed 
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by thermal treatment following fabrication. Several cases 

of severe electrolytic action have been reported. This 

matter is worthy of a great deal of study because these 

alloys will always have to be joined to non-ferrous alloys 

in some form or another. This is due to the higher cost 

of the chrome-nickel steels, and the higher cost of machin

ing. This cost amounts to about twice that of bronze. 

However, the maintenance cost per ton of paper is the 

figure in which the operator is interested. 

T. H. Nelson, consulting metallurgist in New York 

City, has brought out the fact that extremely erratic 

results will occur in conditions of severe corrosion, 

where residual iron amounts to more than 70 per cent of 

the alloy. He states that the resistance of 18-8 to sul

fite liquor can be improved by addition of molybdenum or 

silicon. Such metals are usually used to the extent of 

2 to 4 per cent, there-by producing an alloy with a 

residual iron content of 70 to 72 per cent. 

The improvement in resistance, according to Nelson, 

does not depend so much on the extra alloys added as upon 

the reduction of the residual iron content. Dr. Nelson's 

experience leads him to believe that the alloy giving the 

most consistent results in respect to resistance to cor

rosion in the sulfite industry is one in which the residual 

iron content is not more than 65 per cent. The alloy most 
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suitable for use in this industry is one containing 20 

25 per cent chromium, 8 - 10 per cent nickel, with ad

ditions of molybdenum or silicon. "The type of alloy," 

continued Dr. Nelson "which was mentioned above has given 

more consistent results than the type of material with 

the lower alloy content." 
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Chapter VII 

EXPERIMENTAL WORK OF THE WRITER 

Part 1. 

Corrosion Measurements. 

It was realized at the beginning of this study that 

it would be impossible, under existing circumstances, to 

carry on these corrosion tests under the same conditions 

encountered in the sulfite mills. The problem then re

solved itself into a case of providing conditions which 

would be nearly the same throughout all the tests. At

mospheric conditions were chosen for several reasons; 

the most important being the fact that sulfite liquor 

forms a very heavy precipitate at about 95°C. This pre

cipitate, of course, entirely changes the corrosive con

ditions. Another important reason for using atmospheric 

conditions is the fact that high temperature without in

crease in pressure tends to increase the loss of dissolved 

so2 , which is an extremely corrosive agent. 

As has been explained before, certain materials, when 

placed in contact with Cr-Ni steels in an electrolyte, 

have an accelerating effect upon the corrosion. This is, 

of course, due to the injury done to the passive film. 

It has been known for some time that zinc has an extremely 

corrosive agent. 

As has been explained before, certain materials, when 
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placed in contact with Cr-Ni steels in an electrolyte, 

have an accelerating effect upon the corrosion. This is, 

of course, due to the injury done to the passive film. 

It has been known for some time that zinc has an extremely 

injurious effect upon this oxide protecting film, and, 

consequently, precautions to this effect are published 

by the manufacturers of Cr-Ni steels. However, zinc is 

not the only material to be guarded against. In fact for 

these materials to be of maximum service they should not 

be in contact with any other material. This proce~ure 

would, however, be very expensive so that other materials 

are usually found in contact with the Cr-Ni steels. The 

problem is then to find a rather cheap material which has 

good corrosion-resisting properties, and which has the 

smallest possible detrimental effect upon the expensive 

Cr-Ni steels. 

Materials Tested. -- The different materials tested 

and the combinations used in the double tests are shown 

in table Vll. The samples were furnished and prepared 

by the Ele.ctric Steel Foundry Co. of Portland, Oregon. 

The approximate che~ical composition of the Cr and Cr-Ni 

steels can be obtained from the Krupp-Nirosta specifica

tions on page 76. The composition of the non-ferrous 

materials is not known. 

The samples will be referred to in the following dis
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cussion by the numbers shown in table Vll. The Arabic 

numeral indicates the material, and the letter following 

refers to one particular sample of this material. All 

samples were finished to a common size of 1-1/4" x 1/2" 

x 1/8" with a 1/8" hole drilled in the center. The dif

ferent samples of the same material were cut from the same 

bar. This accounts for the uniformity found in the Rock

well hardness numbers. Each specimen was carefully 

measured before any test was made so that corrosion could 

be expressed as penetration. 

The Sulfite Process. -- Wood is, in general, made up 

of long fibers of cellulose (c6~&5 )x cemented together by 

a gummy substance called lignin. In the sulfite process 

of paper making the lignin is dissolved by digesting chips 

of the wood under pressure with a solution of calcium 

bisulfite, Ca(HS0 ) :. The pulp of cellulose fibers is
3 2

then shaken on a sieve through which the water drains, 

and the fibers matted in a sort of ~warp-and-woof' 

system. A certain percentage of ground wood pulp is 

mixed with the sulfite pulp. This is made mechanically 

by grinding the wood with sandstone grinders. 

This acid solution of Caso contains a considerable3 
quantity of free and combined so2 • The average so content2 
of the sulfite liquor used in the present problem amounted 

to 6%; 4.2% being free, and 1.8% being combined. The so
2 



Table V11 

Passive Active KNC-3 KA2 Mild 15% Cr Acid Cop- Zinc Lead Cast Cr-Ni Esco Car
KA2-Mo 

Passive 2: X 
KA2-Mo Steel Steel 

X X 
Bronze per 

X X X X 
Iron 

X 
c.I. 

X X 
bon. 

X 

KA2-Mo 
Active 3 X X X X X 
KA2-Mo 
KNC-3 4 X X X X 

KA2: 5 X X X 

Mild 6 X X X X 
Steel 
15% Cr 7 X X X 

Acid 8 X X X X X 
Bronze 
Copper 9 X 

Zinc 11 X 

Lead 10 

Cast 12 X 
Iron 
Cr-Ni 13 X 
Cast I. 
ESCO 1 

Carbon 14 

co 
CTI 
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is, or course, a strong corrosive agent, and its presence 

or absence is or extreme importance. 

Preliminary Study. -- It was deemed advisable to 

make several preliminary te s ts using common structural 

steel. Several tests were made on duplicate samples in 

r: 
(/1 
(/1 

0 2...J 

0 
0 20 40 60 50 100 

Temperature °C. 

Fig. 25 -- Corrosion or structural 
Steel by Sulfite Liquor. 

order to study the corrosive attack through a small 

temperature range (20°C. - 100°C.). The results of 

these tests are s hown in Fig. 25. The heavy coating or 
iron sulfide on these samples at the higher temperatures 

is responsible for a slightly smaller corrosion rate. 

This probably would not be the case with the Cr-Ni steels, 

because no sulrite coating is formed. 



97 

The problem of cleaning the iron and steel samples 

after testing is of considerable consequence. It requires 

severe brushing with a metal-bristle brush, and even then 

all the corrosion products are not removed. 

Single Corrosion Tests. -- One sample of each dif

ferent material was given a three hour corrosion test at 

atmospheric conditions. Time was not available to carry 

these tests through higher temperatures. The primary ob

ject of these tests was to study the type and velocity of 

corrosion. Table Vlll shows the results of these tests. 

It should be understood that a three hour test is of 

~mall practical value. This is due to the fact that the 

original rate of corrosion is considerably higher than it 

is after the corrosion products have formed a semi-pro

tective coating. Zinc and the low alloy irons and steels 

show very poor resistance. A photo-macrograph of a zinc 

specimen, which has received a three hour test in sulfite 

liquor, is shown in Fig. 26. Total destruction of a zinc 

sample takes about 10 hours under the above conditions. 

The passive KA2-Mo specimen showed no attack whatever • . 

The passive treatment consisted of a 20 minute immersion 

in 30% nitric acid. 
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Table Vlll 

Single Corrosion Tests 

Sulfite liquor not agitated or aerated. Atmospheric pres

sure and temperature. Placed in increasing order of 

attack. 

Sample and No. Loss in mg. Eer sg. em. per daz 

KA2-Mo(passive) 2b 

Copper 9b 

KA2-Mo(active) 3b 

Acid bronze 8b 

K.A2 5b 

KNC-3 4b 

Lead lOb 

Cr-Ni cast iron 13b 

15% Chrome steel 7b 

Cast iron 12b 

Esco lb 

Cast mild steel 6b 

Zinc llb 

Whether or not this passive 

o.oo 

0.94 

1.58 

1.80 

2.73 

3.30 

5.45 

48.0 

159.0 

561.0 

632.0 

850.0 

985.0 

state was maintained throughout 

the test was, of course, not known. As has been explained 

above, the reaction velocity is the only clear indication 

of the degree of passivity. 

In order that the results be of maximum value tests 

should be made on similar samples at short, medium, and 
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long periods of time. This would give a clear picture 

of any change in rate of attack, which would, of course, 

show how long the passive conditition on the Cr-Ni steels 

is maintained. 

Procedure. -- The single corrosion tests were made 

by suspending the samples on a glass rod into the liquor. 

Fig. 26 -- Effect of Sulfite Liquor on Zinc 

Two hundred cc. of the liquor were used in each test. The 

samples were suspended with the flat side in a horizontal 

position. The position of the sample has considerable 

effect upon the concentration of corrosion products, es

pecially is this the case in quiescent tests. It was 

found, after the tests were completed, that the vertical 

position would have been better because the concentration 

of corrosion products would have been less. 



100 

Results. -- The actual results obtained rrom the 

single tests are, of course, of small value. The liquor 

might easily have been agitated and aerated, but this 

would have increased the loss of dissolved so2 • These 

tests, however, showed that the ratio of the volume of 

the corrosive agent to the volume of the sample has con

siderable influence upon results. The metal ion concen

tration in the sulfite liquor tends to retard the rate 

of corrosive attack. The surface finish is also quite 

important. As explained in Chapter V, grinding of the 

sample creates a surface, which is composed of natural 

and deformed grains. This condition causes local cells 

to be set up, and pitting is the result. 

The general type of corrosion attack varied with the 

material. The entire surface of the last six materials 

in Table Vlll was destroyed, showing very slight resis

tance. The only attack appearing on the Cr-Ni steels 

seemed to be located around deep scratches, and small 

corrosion pits. Fig. 27 is a photomicrograph of a KA2-Mo 

specimen tested for 144 hours in a sealed container. This 

sample is in the original condition, and was not polished 

for examination. It is noted that the black spots seemed 

to act as anodes, and suffered from corrosion. The 

stained appearance immediately around these anodes can 

be easily washed away. No corrosion was evident with 
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micrographic examination on the copper, bronze, KA2-Mo, 

KA2, or KNC-3 specimens after a three hour exposure. 

Double Corrosion Tests. -- These tests were made in 

order to attempt to determine the change in resistance of 

the Cr-Ni steels when in contact with different materials. 

These experiments were performed, as nearly as possible, 

in the same manner as the single tests. This, of course, 

was necessary in order to correlate the results. 

The greatest difficulty resulted from the fact that 

fresh liquor could not be continually supplied to all the 

metal surfaces. The tests were made by suspending two 

samples on a glass rod into the liquor (400 cc.), the 

flat sides being in metallic contact. The KA2-Mo speci

mens were given, in each case, a 20 minute passivation 

in 30% nitric acid. This passivation treatment is based 

upon the practice recommended by the Krupp-Nirosta Com

pany. 

The corrosive attack occurring in the double tests 

concentrated itself at the three-phase junction of the two 

metals and the sulfite liquor. This was especially the 

case of the baser materials in contact with the Cr-Ni 

steels. The corrosion was nearly prevented in the area 

of close contact, where the sulfite liquor did not pene

trate. However, the general effect of the corrosion was 

much more serious than in the single tests because of 

localized attack. The total corrosion taking place in 
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the single tests was, in most cases, m9re than in the 

double tests, partially because of the shielded area of 

the two large surfaces in contact. Thus these double 

tests cannot be accurately correlated with the single 

tests. 

Fig. 27 -- Effect of Sulfite Liquor on KA2-Mo 

In all tests except three the KA2-Mo specimens showed 

a slight gain in weight amounting to from 0.5 to 3.0 milli

2grams over an 11 cm. surface. Two tests showed a slight 

loss, with mild steel the KA2-Mo lost 0.718 and with 15% 

chrome steel 0.072 mg. per sq. em. per day. The comparison 

of the single and double corrosion tests is shovm in table 

lX. The only double tests made were those that represented 

a possible industrial application. Notice that both the 

copper and acid bronze were adversely affected by the 
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presence of KA2-Mo. This accounts for the difficulty often 

encountered with Cr-Ni steel valve parts in a bronze valve. 

Further discussion on this subject will be made in the 

section of Potential Studies. 

Special Tests. -- One corrosion test was made in 

order to study the relation between the attack of so2 

and the liquor itself. Two specimens of KA2-Mo were sus

pended on a glass rod in a sealed erlenmeyer flask; one 

specimen being submerged and the other in the atmosphere 

above the liquor. Oxygen supply was prevented in either 

case. The samples were suspended in a vertical position 

so that the concentration of corrosion products would be 

at a minimum. The test covered a period of 144 hours, 

and the sample s were started in the passive condition. 

The results of the above tests are quite interesting. 

Contrary to expectations, the sample exposed in the atmos

phere above the liquor suffered from corrosion to a greater 

extent than did the submerged sample. The loss amounted 

to 0.030 and 0.0389 mg. per sq. em. per day for the sub

merged and dry sample ~espectively. These losses, of 

course, are extremely small and represent excellent 

resistance in either case. 

Active and Passive Corrosion Test. -- One test was 

made in order to determine the effect of passivity on 
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Table lX. 

Corrosion of materials in sulfite liquor under atmospheric 

conditions. Tested alone and in contact with passive 

KA2-Mo. 

(unagitated and unaera ted) 

Material 
and No. 

Loss in mg. per sq. em. 
per day 

Single Double 

Loss in wt. of 
KA2-Mo when in 
contact with 

KA2-Mo(passive)2b 0.00 

Copper 9b 0.94 2.08 o.oo 

KA2-Mo(active)3b 1.58 

Acid bronze 8b 1.80 7.90 o.oo 

KA2 5b 2.73 

KNC-3 4b 3.30 

Lead lOb 5.45 1.79 0.00 

Cr-Ni cast iron 7b 48.0 32.6 o.oo 

15% Cr steel 13b 159.0 87.0 0.072 

Cast iron 12b 651.0 360.0 0.00 

Esco 1b 632.0 522.0 o.oo 

Ca st mild 6b 850.0 450.0 0.718 

Zinc llb 985.0 637.0 0.00 

resistance to sulfite liquor. Part of this test was made 

in an open beaker, and part in a sealed erlenmeyer flask. 

In each case a passive and an active specimen of KA2-Mo, 

suspended in a vertical position, was exposed to the 
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liquor for 144 hours. The results of this test are shown 

in table X. The samples termed 'active' were abraded 

with emery cloth just prior to the test, and the passive 

specimens were treated for 20 minutes with 30~ nitric 

acid. 

Table X 

Effect of Passivity on the Resistance of 

KA2-Mo to Sulfite Liquor 

Sample Condition Loss in m~. per sq. em. per daz 
No. of Sample Open test Sealed test 

2e active 0.027 

2f passive 0.027 

2g active 0.025 

2h passive 0.012 

The results show that corrosion in the open vessel 

is greater than in the closed vessel. This is probably 

due to the fact that oxygen has free access to the liquid 

surface in the open beaker. In the open test the passi

vation seemed to have no beneficial effect whatever, but 

it did help materially in the sealed test. However, the 

corrosion taking place in any of the cases is extremely 

small, and it would take, under these conditions, over 

nine years for the sample to lose 1/10th of its weight. 

Part 2 

Potential Studies 

The potential studies were undertaken to see if the 
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e.m.f. produced when two metals are in contact has much 

bearing upon the present corrosion problem. Potential 

measurements, of course, will never give an exact quanti

tative indication of the total corrosion taken place. 

They are, however, a rather good index of the additional 

corrosion taking place due to electrolytic action. A cur

rent measurement would be a more valuable indication of 

corrosion, but a current flow will tend to cause polari

zation. Polarization, as has been explained in Chapter 

V, is cuased by the plating of hydrogen upon the cathode 

caused by the metal going into solution. This phenomenon 

builds up a counter e.m.f. or over-potential and materially 

decreases corrosion, especially when depolarization by 

oxygen is small. 

The ordinary potential measuring devices demand a 

small current flow. For this reason all measurements used 

for this paper were made with a potentiometer. This 

instrument is a device for producing a known e.m.f., 

which will just balance the e.m.f. of the cell, and thus 

prevent current flow. This method of measurement was 

thought to practically eliminate the effect of polariza

tion. The instrument used was a Leeds and Northrup Type 

K potentiometer with a 'Jewel' portable galvanometer. 

Procedure. -- The potential studies were made with 

the apparatus shown in Fig. 28. This set-up consists 
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essentially o~ a potentiometer, a reversing and short

circuiting switch, a method o~ holding the electrodes, 

and an agitating and aerating device. All tests were 

made in an open 600 cc. beaker, as shown in Fig. 28. The 

glass rod stirrer is ~lattened at the lower end, and is 

~astened, slightly eccentrically, to the motor with a 

piece o~ rubber tubing. This arrangement was very satis

~actory both ~or agitating and ~or ~orcing air bubbles 

into the solution. The liquid moved past the electrodes 

at approximately 35 ~eet per minute. The metal clamps 

used ~or holding the samples proved to be very convenient. 

Preliminary Tests. -- Several tests were made be~ore 

it was evident that agitation and aeration would be neces

sary. Results in these tests were extremely erratic. A 

slight jar o~ the table would cause a sharp rise in the 

e.m.~. This was, o~ course, caused by a momentary depolar

ization o~ the cathode, which would give a larger metallic 

sur~ace ~or the plating out of hydrogen. 

Several tests were attempted to show how the e.m.~. 

varied with change o~ temperature. These tests showed a 

slight increase over the cold value, but at the region 

near the boiling point the results were o~ no value. At 

about 95°C, a very heavy precipitate is ~ormed which 

materially changes the conductivity of the solution. At 

this point the e.m.f. rose considerably, and continued 

constant at this rather high value during the entire 
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period of cooling. It is difficult, however, to interpret 

results of this character. 

Electro-Motive Grouping.!. -- Properly processed KA2 

and KA2-Mo are located in the neighborhood of silver in 
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Fig. 29 -- Position of KA2 in the Electrochemical Series 

the electro-chemical series as shown in Fig. 29. In plain 

or salt water the above mentioned Nirosta Metals remain in 

the passive condition, when in contact with other metals. 

This, however, is not the case with dilute hydrochloric 

acid. No actual information was found in the literature 

as to the condition of the Cr-Ni steels when in contact 

with sulfite liquor. 

If a classification of some of the important metals 

and alloys could be made using sulfite liquor as the elec

trolyte, it would be of considerable service to the manu

facturer. Two attempts at a classification of this nature 
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were made for this report. The first attempt was not suc

cessful because the original conditions of the tests were 

not similar. It was found necessary to start with the 

standard electrode (KA2-Mo) in a controlled passive con

dition. This particular material was chosen as a standard 

electrode because of its extreme resistance to the attack 

of sulfite liquor. It would also give the manufacturers 

of this material an opportunity of choosing materials, 

that have to go in contact with KA2-Mo, which give as low 

an e.m.f. as possible. This, of course, would reduce cor

rosion due to electrolytic action. 

In each test the potential readings were taken over 

a period of from 50 to 70 minutes. These curves are shown 

in Fig. 30, 31, and 32. Reference to these curves will be 

made to the test number indicated on the curves. In each 

test the KA2-Mo specimen received a similar passive treat

ment. Fresh sulfite liquor was used in each test. 

It would, of course, be convenient if a bar graph 

could be made showing the e.m.f. that each different 

material produced with the standard specimen. But what 

voltage •ould be used? The original voltage has slight 

bearing upon the corrosion taking place. Also the ap

parent stable value might not have remained constant if 

the test had been continued two hours longer. For these 

reasons it was considered advisable to include only the 
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e.m.f. - time curves, which show how the potential does 

vary. 

Several of these curves are of particular interest. 

Table lX shows that the resistance of copper is reduced 

2.2 times when in contact with KA2-Mo. Also acid bronze, 

under similar conditions, is reduced 4.4 times. Now study 

the two corresponding curves, test 8 and 9 Fig. 31. The 

corrosion loss of acid bronze, is seen to be 3.9 times as 

large as copper under similar conditions. The average 

voltage maintained in test 8 and 9 shows that bronze is 

from 3.9 to 4.0 times as much as copper. This means, in 

other words, that practically the entire corrosion taking 

place is due to the electrolytic effect of the two materi

als in contact. This accounts for the difficulties of 

using copper or bronze in contact with KA2-Mo in an elec

trolyte. 

Several of the other tests are of considerable in

terest. Test 5 shows the effect of a small addition of 

30% nitric acid in water. The addition of the acid seemed 

to be sufficient to passivate the electrodes, and thus 

stop the chemical attack. In certain cases additions of 

this nature might have considerable practical value. 

Test 3 and 4 show the effect of passivity on KNC-3. 

If the time necessary for the KA2-Mo specimen to change to· 

the anode is any index to the time the passive film is 
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maintained, the passive treatment has small beneficial 

effect. The passivity did, however, increase the time 

necessary for the curve to cross the zero line more than 

three times, but the constant e.m.f. in each case is about 

the same. 

Change in pH Value. -- One experiment was made to 

determine the change in hydrogen ion concentration, during 

a four hour test. Four corrosion tests were started, three 

being quiescent and one agitated. The quiescent test·s were 

KA2, 15% chrome steel, and cast iron; while the agitated 

test was made with a KA2 specimen. This change in pH value 

would include the increasing effect of the metal in solu

tion, but this would be small in comparison with the effect 

of the liberation of so2. gas. The fresh liquor, as received 

from the paper mill, gave a pH factor of approximately 4.9. 

In the quiescent tests this value changed to about 5.45, 

and in the agitated test to about 5.80. In either case 

the solution remained strongly acidic throughout the en

tire test. 

Effect of Sulfite Liquor ~ Passivation. -- During the 

first few tests made, it appeared that the sulfite liquor 

had a passivating effect upon the Cr-Ni steels. However, 

this belief has since been found in error. This question 

arose because of the peculiar phenomenon observed when two 

specimens of KA2, one passive and one active, were placed 
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in sulfite liquor. In about one minute the e.m.f. rose to 

0.3 volts and then immediately started to fall, reaching 

zero in about 40 minutes. When the samples are first 

placed into the liquor, their surface conditions are en

tirely different, and hence the large e.m.f. Immediately, 

however, the sulfite liquor starts to destroy the passive 

condition and the two samples become identical in surface 

conditions, which would not give rise to an e.m.f. This 

action is probably due to the strong reducing tendencies 

of the sulfite liquor. If the passive condition can be 

maintained for only a little over a half an hour, it is 

perfectly obvious that any expense for the passivating 

treatment is a direct waste. The above mentioned attack 

of the sulfite liquor on the passivity was not found to 

be confined to KA2, but to KA2-Mo and KNC-3 as well. Thus 

from the observations made in these tests the resistance 

of the Cr-Ni steels must depend upon the inherent ability 

to withstand solution, and not upon the protection afforded 

by an oxide film. 

Effect of Zinc ~ the Passivity of KA2-Mo. -- This 

test was made in order to study the effect of zinc on the 

passivity of KA2-Mo. Krupp-Nirosta recommendations warn 

against the presence of zinc, when the Nirosta Metals are 

used in an electrolyte. 

The test was made in the same way as the others except 

that a sample of zinc was suspended near the passive elec
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trode. The original rise in e.m.f. was not evident. In 

fact the potential developed was extremely low throughout 

the test. This would indicate that the zinc destroyed the 

passive film almost instantly. Even this did not seem to 

effect the corrosion rate of KA2-Mo. In fact table lX 

shows that in the corrosion test, where zinc was placed 

in direct contact with KA2-Mo, no corrosion was evident 

at the end o~ three hours. 

Effect of Abrasion on Passivity. -- This test was made 

to see if mild abrasion would increase the rate of the des

truction of the passive film. Two samples of KA2-Mo, one 

active and one passive, were used in the test. The abra

sion was provided by a small quantity of fine quartz sand, 

which was placed in the liquor. The agitating device 

forced the sand around with considerable velocity. The 

sand, of course, was inactive so could not enter into the 

chemical action. 

The results were much as expected. The original poten

tial produced was the same as in the previous tests, but 

the drop that ~ollowed came much more quickly. The time 

necessary to destroy the passive ~11m was reduced to about 

15 minutes. The abrasion used in this test was not su~

~icient to cause an increase in corrosion. 

Interpretation of Results. -- The results set forth 

in this thesis must not be considered to be absolute, be

cause in most cases only one test was made. The dif~erent 
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phenomena noticed under these particular conditions may 

not be produced at all under other conditions. At any 

rate, the problems encountered with the placing of dif

ferent materials in contact with the Cr-Ni steels are of 

extreme importance. Research should be directed at an 

attempt to maintain the passive condition, for which these 

new materials are very famous. Since their resistance 

against corrosive attack is partially dependent upon this 

oxide surface film, it is unfortunate to handicap these 

steels by using them under conditions which destroy their 

passivity. 

Summary 

1. Temperature is an important factor in the resis

tance of chrome-nickel steels to sulfite liquor. 

2. The method of suspending samples in corrosion 

tests has considerable bearing upon the volicity of cor

rosion. 

3. The passive film, formed by immersion in 30% 

nitric acid, is apparently destroyed in a few minutes by 

the action of the sulfite liquor. 

4. A small concentration of nitric acid in some 

cases lengthens the life of the passive film. 

5. Copper and bronze suffer from corrosive attack 

by sulfite liquor at a greater rate when in contact with 

chrome-nickel steels than when alone. 
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6. Zinc in solution is extremely detrimental to 

passivity. 

7. Very slight abrasion, under the conditions em

ployed, materially decreases the life of the passive film. 

8. In a corrosion test open to the atmosphere pas

sivity seems to have no beneficial effect, while in a 

sealed test, the passive film cuts the corrosive attack 

in half. 

9. The KA2-Mo type of steel appeared to be the most 

resistant, under the conditions employed, of all the 

materials tested. 

10. The straight chrome or 'stainless' steel has very 

poor resistance to corrosion in sulfite liquor. 
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