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PUINDALEIITAL FACTORS IIN COCRROSICH.

George li. Enos.

Introduetion.

The corresion of metals aend alloys is by ifar one
of the most serious problems in the field of apnplied chen-
igtry end metallurgy. Ilot only is the problem one of the_
greatest practical importance, bubt the theocrebical aspectsA
are as yet far from being thoroughly waderstood. Yet'so
great is the mass of literature published that a historicel
reviewvof only the general aspects of the subject would be
& treatise in itself. No atteupt can be‘made in this paper
to review all of the literature, but a classified, selgcted
bibliography is appended which covers many of the theoreti-
cal and practical aspects of the subject.

letals and alloys that are generally resistant %o
the attack of corrosive media are few in number., OFf these,
the noble metals and some of their alloys are probably the
best knovn and least attacked by the atmosphere and other
corrosive” agencies. Of the more abundant and cheaper metals
and alloys, many have been studied and tested for their re-

sistance to corrosion, but this field is so broad that there
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are still innumerable problems to be solved. For resist-
ance o certein specific corrosive media, various metals

and alloys have heen develoned which serve their purpose
quite well. Howeﬁer, rmach of the developement work has been
done‘on purely an empirical basis, and the o0ld reliable cub-
and-try metnods have been much employed;

It is the purpose of this investigation to study
the theories of corrosion and the factors affecting corro-
sion rates, particularly as the factors may affect corrosion
in its early stages. The method of investigation has Dbeen
to study the literature, and as far as possible to do exper-
imental work on points on which the recorded data is not
clear or is conflicting, or on which no vork nas been done.

No defense is needed for intelligent research on
corrogsion problems. According to the best authorities (41)a

O n e e S G @ T T S e R G B e e S G Y B T E R W e SN A Re e v v Pet B B e S G S S G B S e T e A G e S e e o= Su aoe

the annual loss through the rusting of iron and steel alone
amounts to many millions of dollars, and the loss through
corrosion of other metals and alloys is also large. Before
attempting research and testing work in any field of corro-
sion investigation it is essential to have a working know-
ledge of the theories and factors involved, insofar as they
are knovm at the present time.

Perhaps the best definition of corrosion so far ad-

6)

vanced is that of Rosenhain who states that corrosion is

-5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Phe strong tendency for all metals vhen

in contact with the agents of nature, viz,

oxygen, water, and carbon dioxide, to revert

to their condition of more chemically stable

equilibrium.

It is obvious that in a broad sense corrosion is

the oxidation of metals end alloys, for the products of
corrosion are usually the same &as a possible natural source
of the metal. Thus when iron ruéts, it forms a hydrated
ferrous-ferric oxide, similar in meny reswmects o some irom
ores and if dehydrated, rust certainly becomes oxide of
iron. In short, the products of corrosion are products of
oxidation, and are either salts, oxides, or hydroxides of
the metal, or are mixtures of these. The process is one of
oxidation of the metal, since the change of valence indicat;
ed in any chemicsl equation expressing a corrosion reaction
will indicate the loss of one or more electrons by the corro-
ded metal. If the term corrosion be made hroad enough to in-
clude all cases of the failure of engineering metallic mater-
ials as the result of cnemical reactions, then our definizion
of corrosion should rather be in terms of the failure (of/gen-
dency towards fdilure). It is sufficient, however, as will
be shown later, to comsider corrosion as & process of oxida-
tion, if we define oxidation as "any process that results in
valence becoming more positive'or less negative" (Deming -
General Chemistry).

During the many years that corrosion has been stud-

ied, various "theories"™ have been advanced to explain the mech-
-
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anism of the phenomonon, and of all these theories, the
electrolytic, acid, and direct oxidation theories have re-
ceived the widest acceptance., No one of these theories ex-
plainsclearly the mechanism of the corrosion initietion,
although several of them serve to explain the reactions in
corrosion, after the process is started. Apparently, the
reason why so many 4different theories have been suggested

is that the various factors which aifect corrosion piocess~‘
es give appearances of differences under divers conditions.

Prelininary to presentation of the results of the
‘present investigation it may be oi general interest to pass
in review the several theories of corrosion, to critically
examine these, and to select the explanations of the phenom-
ena of corrosion which will Dbest serve in making clear the
inception and progress of the corrosive attack.

There are several theories of corrosion which have
heen advanced, énd of these, there are gseven which have been
more or less advocated. R. J. dnderson and the writér-(64)
have abstracted these and the statement of these theories
here is essentially the same as published elsewnere.

SIMPLE OXIDE THEORY .

This theory assumes that & metal is attacked chem-
ically by oxygen or other gas without having previously
passed into solution. Meny iunvestigators have believed vthis
theory to be sufiicient explanation for most corrosion pro-

cesses, but the sunporters of the electrolytic and acid
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theories have advanced evidence that ligquid water, in addi-
tion to oxygen, is essential to the corrosive attack. The
(15, 13)

position teken by Bengough. , that some cases of corro-
sion can be explained on the basis of direct oxidation seems
plausible. If iron is corroded in atmOSPheric air, the simple
oxide theory nostulates direct union of the iron and oxygen
atoms. Thig concention is frequently regarded as the same as
the oxidation of metals whe§5heated in dry air or dzygen._

Bengough and Stuart( )have aptly pointed out that
chemical reactions require contact between the chemical re-
acting substances and that part of the energy of the system
is liberated in the form of heat, whereas electrochemical
reactions are characterized by the liberation oif the energy
of the system as electrical energy, and aiso by the condi-
tions that the reacting substances must be capable of ioni-
zation, and must be Spatially separated.

ACID THECRY .
(18) :

Although originally stated by Calvert the acid

theory of corrosion has bgenqdeveloped and supported by
9
otaers, including Eriend( ’ ). This theory postulates that
acid, oxygen, and water must be »present before corrosion
takes place. The acid may be as weak as carbonic acid. The
reactions of irom with this acid would be expressed as followss=
(1) e + 2 C0, + 2 H,0 = FeH,(C05)2: + 2 H (soluble ferrous
bi-carbonate)

(2) E‘GH2(003)2 + a'lqo = FGC‘AC_I_. + }Izo + COzc

(3) 4 FeQAq. + 0y = 2 Fey034q. (rust).
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The nascent hydrogen liberated in the first re-
action combines with dissolved oxygen to form water. Carbon
dioxide is 1iberated by the decqmposiﬁion of ferrous bi-
carbonate in the presence of water, and is free to attack
more iron. Thus the process is cyclical and a small amount
of acid can assist in oxidizing an indefinite amount of iron.

Friend, Armstrong, Moody(lg)and others have ably
supported this theory, but it is difficult to see the dis-
tinction between this theory and the electrolytic theory, ex-

- cept that this theory is not‘usually expressed in terms of
ionic reactions.
| ELECTROLYTIC THEORY,

according to the advocates of this theory, corrosion
is electrochemical in nature. Water is an electrolyte, and
ionizes, though t0 a small extent, to hydrogen and hydroxyl
ions. Therefore, it is not necessary that an acid be present
before corrosiom can proceed. If a metal such as iron, be
placed in water, or if the conditions be such that a film of
water is on the metal, there is a strong tendency for the
metal to dissolve in the water. Or, in other words, the
metal tends to pass from the metallic (atomic) state to the
ioniec state. When this change of state occurs, the atom of
the metal assumes a positive charge of electricity, and con-
sequently the metal mass which it leaves is charged negatively.
The tendency for a metal to dissolve in an electrolyte is

called its solution pressure, hence corrosion is dependent

B
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upon the solution pressure. The reaction is expressed:-
¥e + 2 HYOH —> Fe' @ (0H)7 + H,.
It has been shown by Samnis, as well as by the work
of Kahlenberg‘zl), that certain types of chemical reactions
that take place in agueous solutions which conduet electric-

ity can be duplicsated in non-condﬁoting liguids. The fact

that corrosion of metals can take place in non-electrolyte,
{24)

as has been shown by Gates , is proof that an electrolyte,
is not required for corrosion. The theory as advanced by
Whitney(zo)has been térmea electrolytic in contrast with the
acid theory, implying that the latter is not electrolytic in
nature. Of course, hoth theories are to be interpreted from
the electrochemical point of view. Bancroft?25)has recently
discussed the electrolytic theory of corrosion at consider-
able length and the reader is retferred to his paper for an

extended discussion of this theory.

AUTO-COLLOIDAL CATAIYTIC THEORY.
(26, 27, 3)

According to Friend the rusting of iron
in the presence of liquid water and air or oxygen is & cata-
lytic »nrocess, in which iron hydroxide hydrosol, produced
under suitable conditions acts as a catalytic égent in con-
tinuing the process. This theory is veluable in that it
calls attention to the eitect ol colloids in corrosion .pro-
cesses.

The theory postulates corrosion as a process by

which the colloidal ferrous hydroxide, formed as the first

-7
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step in the cycle, flocculates by contact with air to hydrat-
ed ferric hydroxide. The hydrated ferric hydroxide is re-
duced by contact with iron, and then oxidized by contact with
air. In this manner the rusting continues. The iron, when
it first comes in contact with liquid water, is oxidized by
air (or oxygen) to colloidal ferrous hydroxidé. In this col-
loidel condition it is ant to be particularly reactive chem-
ically, and is easily oxidized to the ferric hydrosol. When
the sol flocculates or precipitates out, the product is rust.
The schemavic representation of this theory is as follows:-

2 Tes [2'1'*;:;)3 Aq) + Ag. = 2 PeO. 4q. + [ 70, 4a]

' , + air

Fegoso A-q.
rust. + air
[2 PesC4. 4gl)

sol.

On the basis of this theory, it is evident that
Friend has modilied nis earlier views (support oif the acid
theory) or at least considers another factor in the corrosion
of iron as important. It has been pointed out very aptly by
Hughes‘zs)that while the establishment of & colloidal sub-
stance as a product of a corrosion process will help in under-
standing certain anomglous facts concerning corrosion yet
this does not give any better comprehension of the fundamen-
tal cause.

HYDROGEN PERCXIDE 1HE0RY,
(89)

Dunstan and his co-workers have shown that aydro-

gen-veroxide is an intermediate product in the corrosion of

-8~
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some metals, including copper, lead, and zine. Apparently
it is not formed in the corrosion of iron. ITf it were form-
ed, the reactions given below would be expected:-

Fe + 0, + H,0 = Fe0 + H,0,

2 FeQ + Hpy0, = Feylby (0H),, (Pes0,°H,0),
and the excess of the hydrogen peroxide reacting with +the iron

| Pe + Hg0p = FeO + H,0, and
2 el + Hp0, = Fep0, (0H)g, (Pez05°H,0).

The knowledge that hydrogen peroxide is an inter-
mediste product in the oxidation of some metals by air and
water may be of some value, but it can hardly be postulated
that hydrogen peroxide is a necessary accompaniment of the
nrocess, either at the start, or during the progress of
the corrosive attack.,

ADSORPTION THEORY.

It has been pointed out by Saklatwalla‘zo)that the
adsorption of gases may have a very marked effect upon the
nature and rate of corrosion. 'When a gas is condensed as
& film upon the surface of a solid body, it seems probable
thet such adsorption would have a tendency to impart surface
activities to the body, devendent upon the degree of adsorp-
tion. If there is a definite relationship between the ad-
sorption of the gas, and the corrosion of the metal by the
ges then the rate of corrosion depends, among other things,
upon the density of the film., If the metal has a high de-

gree of adsorption, the condensation would be high, the

-9
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velocity of the reaction would be high and surface oxidation
would teke place quickly. It is suggested that high inter-
acting velocity resulting in a quick production of a protect-
ive film on the surface of the metal is an essential Tactor

in producing non-corridibility in the case of attack by corro-
sive gases. T0 sum up, it is alleged that certain metals are
non-corridible hecause they produce adsorbed surface gas films
of high concentration, because the metal is capable of adsorb-
ing large smounts of the attacking gas.

It would seem that since direct exnerimental evidenve
is not presented, that the hjpothesis while of some value,
leads to the inference bthat the inception of corrosion in
the case of corrosion of metals by gases is the result of
direct oxidation.

BIOLOGICAL THEQRY.

It has been suggested that lowly forms of life enter
in%o the reactvions which occur when iron corrodes. Erobably
the secretions of animal and vegetal organisms increase the
corrosion of metals, where these secretions come in contact,
direectly or indirectly with the metal. Since corrosion takes
place readily in the absence of living matter, corrosion is
not prevented, though in some cases it might be retarded, by
excluding swh matter. This aspect of the problem should not
be overlooked, but it probably is not of major significance.

SUMIARY OF THE THEORIELS.

In considering the theories advanced it will be noticed

-10-
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that no one is definite in describing the mechanism of corro-
sion incention, nor is any one theory sufficient to explain
all observed cases of corrcsion.

Naturally, enthusiastic supporters of the more im-
portant theories have endeavored to prove that the theory
advocated is exclusively correct. IMany of the experienced
investigators, sweh as Bengough, have taken the view point
that corrosion may bhe either chemical or electrochemical,
and that all corrosion mey be explained by one or the other
of these two reactions., There seems to be no good reason
why the acid fheory cannot e interpreted in terms of the
electrochemical theory, and the other theories may be ex-
plained either in terms of direct oxidation or in terms of

e electrochemical reactions, or else are untenable.

It hés been suggested that electrochemical and chem-
: . . (37, 38)
ical reactions are identical. Desch and Whyte. suggest
that there is no essential difference between electrically
stimilated and natural (chemical)icorrosion. This view is
shared by the writer. It seems certain that chemical corro-
sion and electrochemical corrosion are the same gualitatively
but not necessarily quantitatively.'

APPLICATION OF THE MCDERN CONCEPTION OF MATTER TO
CORROSION .

None of the theories discussed serve to explain the
inception of corrosion, in definite terms. It scems that an

explanation of the initiation and progress of corrosion might

-1~
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well be given in terms of the modern conception of the con-
stitution of matter, and so iar as the writer is aware this

has not been done. In the .following paragraphs it is the

e

purpose of the writer to develop the theory of corrosion in-
ception and progress in terms of the electron theory of
matter. Yo doubt most investigators are thoroughly conver-
sant with this general theory, but its application to the
problem of corrosion seems to have been overlooked, or at
least deemed of 1little interest.

The electronic theory of the constitution of the
atom has been developed &s a'workable tool in the fields of
chemistry and physics through the investigations of Soddy,
Rutherford, Lewis, Thomson, Langmuir, Harkins, losely,
illiken, Aston, Bohr, and many others. It is beyond the
scope of this paper to review the theory in general or the
many variations that have been suggested. t 1s now gener-
ally agreed thaet all of the atoms of matter possess the
same general type of structure. The atom consists essential-
ly of a minute nucleus surrounded by 8 system of negative
electrons. The nucleus is presumed to contain practically
ail of the mass and all of the positive electricity of the
atom. The electron has the smallest mass of any known
particle of matter. The most stable arrangement of elec-
trons is that of the pair in the helium atom, and the next
most stable arrangement is the octet i.e. a group of eight.

<

The electrons are arranged in shells, and it is generally

-] 2=
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agreed that the outer most ring of electrons ccntains those
which give the proverty of valence to the atom. Thus the
force exerted by the atom and conseguently its physical and
chemical properties will depend unon the configuration assunm-
ed by the planetary electrous.

It is necéssary, if the atom is to be neutral, thet
the number of positive electrons in the nucleus be equal to
the number of nlanetary electrons, and the addition of nega-
tive electrons or thelr withdrawal constitutes chemical
change. Thus the loss of two negative electrons from an
iron atom convarts it into a ferrous salt, and the loss of
three electrons converts it into a ferric salt. Chemical
action mey he proynerly regardéd as starting by the gain or
loss of negative electrons or by the transference or shift-
ing of negative electrons by different atoms.

Any étom vhich is not electrically neutral is termed
an lon, and this may have either a negative or a positive
charge., Thus, in an ion, the number of positive electrons
can in no case be equal to the number of negative electrons,
end the charge of an ion whether positive or negative de-
peinds on whether the neutral atom lost or gain negative |
electrons. The lonization of the iron atom is represented
by Feo - 2 e—~%>Fe++ that is, the loss of two electrons
has disruﬁﬁed the electrical neutrality so that the ionized
iron atom vossesses an excess of two positive electrons on

the nucleus.

.13
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Since the arrangement of the electrons about a

2.7

nucleus and their number determines the physical and chem-
ical pronerties of elements, the relative corrosion of metals
and alloys under given conditions must be explainable only in
terms of the loss, gain, transference or sharing of the elge-
trons . by the metal or alloy so corroded. “hen atoms of elem-
ents combine to form & molecule, they may gain or lose elec-
trons, or else hold some of their outer electrons in common.
If the arrangement of the electrons in the ouber shell of
an atom is such that certain electrons (primary valence elec-
trons) are readily lost or trensferred, then a more stable
configuration results from such loss or transference. In the
seme way, the arrangement may be such that a more stable con-
figuration results from the addition of electrons. It ié
this tendency to gain or lose electrons that determines the
Stability of an element., The statement made that cdrrosion
is the tendency for metals to pass to a condition of more
stable eguilibrium means simply its tendency to gain or lose
electrons.,

T may now be postulated that all corrosion sitarhs
by the loss or transference of electrons Ffrom +the metal cor-
roded and the gain or transference of electrons to an atom
of the molecule of the corroding medium - that is, +the metal
is oxidized. Corrosion must be regarded as a chemical change
(obviously & physical one also), and on the basis of the elec-

tronic theory of matter chemical change is the result of 4he

14 -
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gddition of negative electrons +to the outer nlanetary ring
or their withdrawal from thalt shell. The apnlication of

the electronic theory of the constitution oFf the atonm to
practical corrosion problems is susceptible of very great
developement, but this has not been done in the investiga-
tion rewnorted here,

. Tonization in its simnlest case means the debachment
of an electron from a neutral atom. The number 0f electrons
wnich an atom can gain or 1ose'depends upon the nature of
that atom; the mumber it can gain is equel to the number of
electrons in the outexr layer, and vafies from one to eight,
according as the element belongs to one or another of the
Hendeleefian grouons; the number it can lose (receive) is
eighf minus the number in the outer layer. The molecule of
& chemical compound is regarded as made up of atoms, Some

oA

of which have lbst electrons, while others have gained them,
so that the former are positively, and the latter negative=-
1y, electrified, the Torces between the electrical charges
on the atoms and electrons binding the atoms together in
such a way as to form a stable system.v

For a bi-valent metal, the inception of corrosion is
expressed by the form Metale - 2 e —lletal*™,
Thié, or an eguivalent exyression; indicates the mechanism
of all corrosiﬁn inception, irrespective of the metal and
irrespective of the corroding medium. The loss of two elec-

trons from the iron atom converts the iron atonm into a ferrous

15
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&lt, while the loss of three electrons converts i+ inko a
ferric salt. The incention and nrogression of corrosion may
be represented as follows:
e - 2 e—>Irtt
K'+ 2 e—>X" ", and
Y s X X7,
where II is any metal and X is corroding medium, Or, taking
a case vhere II is a metal and AB is an aqueous corroding
solution,
1 + A"BT 127 4+ a0,
that is, nrior to iﬁmersﬁon the Il atoms are electrically
neutral, but upon immersion I loses oue or more eleetizong
bacavee of the driving force of solution pressure (tendency
to lose or exchange electrons under specific conditions )
and it thus becomes positively charged. The solution AB is
lonized vhen A4 gives up electrons to B, and the negative
electrons from Il attach to A* ions and A becomes neutral,
the salt B being formed.
In the oxidation of metallic corper, the fundamen-
tal assumption of the electronic tbeory éalls for
Cue - 2 e-a.uu%+.
In sulphuric acid (hot concentrated),

Cu® + 2 H,"7850,™ = cu*™50,7 "+ S0, + 2 HgO.

In dry hot oxygen, :
. -
+-

2 Cu® + 0, —=»2 Cu&+o .
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In hydrocnloric adid,
¥e° + 2 T C1T—=we Y01, + H,.

In copner sulphate,

Tee + Cutt30, 7 T=>re 50,77 + Cu.
In water, |

Fe® + 2 HYOH=>Fe * (0H ), + Ha.
In sulphuric acid,

Feo v Hy 80, —= Pet50,77 4 H,.

It should De emphasized that vihen atoms combine to
form molecules they usuwally nold some of their outer elece
trons in common, two electrons being thus held for each chem-
ical bond. Thus, one atom lends'br sransfers electrons to
the other so as to fill uwp the outer laver of the First or
vice versa, - that is, the atomns share their electrons for
the purpose of combination, and the electrons which are held
in common tend %0 hold the two atoms together.

.

cart by

-1,

On the hasis that all chenical reactions s

-

release or gain of electrons by one of the reacting substances,
corrosion inception can be very readily explained by the elec-
tronic theory. Affer the initiation of the action, then en-
suing reactions might be termed chemical or electrochenical

as the process proceeds to completion, in terms of the older
ohemistry, depending upon wiaether the energy of the reacting

system is liberated as heat (chemical reaction) or as elec-

=17
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tricity (electrochemical remction). Such designation is,
heowever, gquite superifluous since electron interchange is
the accompaniment, or better the cause, of +the continuation

N .

of the reaction. DThe value of the electronic conception of

=l

corrosion liss in the fact that it not only explains the in-
ception of corresion - that is, the initiation of chemicdl
change - but it can also be applied to explanation of the
mechanism of the process from the initial stage to comple-
tion. Phis may he contrasted with +the various "theories"
of corrosion which attempt to explain the mechanism of corro-
'sion processes atter the initial stage and in terms of the
older chenistry. Since there are so many variable factors
in any corrosion onrocess, it is evident that wnder differeht
conditions the details of the mechanism of the process will
also be different. Thus, descriptions of the most common
variations in the mechanism or process of corrosion afber in-
cepvion have been desipnated as theories of corrosion. The
present work shows that all of the theories which nave been
advanced simoly abttempt to describe variations in the mechan-
ism of corrosion after the initial reaction - that is, loss
of electrons, has started.

Thus, teking the case of the simple oxide (direct

All chemical reactions are electronic in naiure, end simple
oxidation is readily explained as the continuation of a pro-
cess which 1s initiated by electron loss. AT high temmeratures,

-18-
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iron end oxygen interact directly, and this has been regerded

as a case of corrosion since it is one

Heo - 2 e—er?e++

,)

and the ensuing oxidation - that is, the mec! i sm of the pPro-
cess as explained by the direct-oxidation concention, is rep-

resented by e
g -

2 Pe® + 03 —=2 FeQ
Terrous oxide is an inu°“aea1a Ge stage in a series of reactlons,
whose products are ferric oxzide, Fep04, and finally magnetic
oxide of iron, Pez0,, by further oxidation. |
Taking next the case of the acid theory of corrcsion,
which assumes that an acid must be present in addition %o
water and oxygen for the process to proceed; the inception
of oxidation is the same as before, namely -
| ree - 2 e—aFe++ |
and the ensuing reaction with carbonic acid - that is, the
mecnanism of the process as explained by the acid theory, is
rerresented by
o+ - G -~
Fe° + Hy CO, _=>TFe CO, + Hgo

Ferrous carbonate ié an intermediate product in a series of
reactions, the final product being say ferric aydro: 1de. The
acid theory simply serves to explain the mechanism of corro-
sion reactions in the presence of an acid, dbut it does not
explain the inception of corrosion. By the interaction of
iron and carbonic acid, irom first loses two electrons and is

oxidized to ferrous carbonate.

«10=-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Referring to the electrclytic or electrochemical
theory, thils assumes passage of a metal, wﬁen in water, to
the ionic state with subsecvuent oxidation. It is evident
that the electrolytic theory simply serves Lo explain the
mechaniem of corrosion, after its inception, under electro-
cnemical conditions - that is, the corroding medium must be
an electrolyte. The inception of corrosion under thesé.con_
ditions is the same as beiore ~ that is,

ig® - 2 e—4>Ee++,

and in an electrolyte like water, the reaction proceeds accord-
ing to

Weo ¢+ 2 HYOH"—»Te’™ (0H™), + H,.
Perrous hydroxide is aﬁ intermediate prodﬁét'in a series of
reactions which finally yields ferric hyaroxide. According
to the electronic concephion, iron first loses two electrons
when in contact with the electrolyte water ahd must lose ftharee
electrons to be oxidized to the ferric state.

In the case Jf the auto-colloidal cétalytic theory
postulated by Friend, the inception of corrosion is the same
as before. In water, the iron first loses two electrons, and
"the formabtion of colloidal ferrous hydroxide™ implies the
oxidation of iron to the ferrrus state. The formation of the.
ferrous nydroxide hydrosol is preceded by electron loss from
the iron, and the subto-colloidal catalytic theory like the
others simply serves to explain the mechanism of corrosion

under & specific set of conditicns.

;20_
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#ith regard to the hydrogen-peroxide theory, this
indicates that hydrogen peroxide is simply an accompaniment
of the oxidation of iron to the ferrous state, and this oxide-
tion must necessarily be preceded By the loss of‘electrons
from the metal. While hydrozen e roxide is not actually form-
ed during the corrosion of irom by waters, it is formed during
the corrosion or zine, but this is simply incidental.

In The case oi the adsorption theory, the initiation
or corrosion attack - that is, oxidation, is ascribed to high
interacting velocity of a gas owing to a high degree of ad-
sorption of that gas, but this concention simply described
an accelerating condition of reaction. If a surface film
which is protective be formea by gas attack, such a film must
be the result of initial eleétrgn loss.

The hiological theory simply states that corrosion
may be accelerated owing to the achion of organisms, and is
not tenable if enlarged to assume actual feeding on metal by
organisms.

‘The electronic conception of corrocsion iniation has
the further advantage that it will explain cases of corrosion
of metals in non-electrolytes, and also in cases where corro-
sion is of a different nature than is ordinarily encountered.
For example, in the failure ol steel by the exposure to nitrogen
or hydrogen at high temperature and vressure.

The various theories advanced are but descriptions

of the roads by which, and the manner in which corrosion

-21 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



progrezses. Before any corrosion can oceur there must be an
initiating cause or ftendency, and this tendency is common to
all‘forms of corrosion attack., It seems probable that the
electrochemical (electrolytic) theory serves to exvlain the
mecnanism of the progress of corrosion, once it is started, in
more caces than any other omne hypothesis,

To sum wp: The writer postulates corrosion (oxida-
tion) as being initiated by the loss of electrons From metal
atoms, whereby the metal is oxidized. Dlectrons are detached
by electrical forces which are sufficient to dislodge one or
more electrons from an atom. The fFurther progress of corro-~
sion may be described in terms of the "theory™ which suits the
particuiar conditions involved, but it should be remembered
that the shifting of electrons mus+t be a necessary accompani-
ment of the progress of the corrosion.

FACTQRS INVOLVED IN CORROSION PROCESSES.

While corrosion (chemical change) is the result of
electron loss or transference behween the atoms of metals and
those of the corroding medium, it should not be overlooked
that many fectors influence the process and determine the speed
of the comnlete reaction. It is one of the primary purposes
of this investigation to study these various factors, and their
influence; rerticularly during the initisl stages of the corro-
sion process.

The corrosion of metals and alloys may occur in
liguids, in geses, or in solids and in special variations of

these media. Thus in the case of a liquid it may be acid,

~2P-
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alkaline or neutral, and the solution may ve dilute or con-
centrated, If the corroding medium be a gas it may be either
dry or moist, and the temperature variations may be great.
llore over, the gas may be oxidiziag, &s ordinary air, or re-
ducing, or neutral. The metal may be alternately exposed to
& liguid and to a pas, as for example, exposed alternately
t0 sea water and to the air. Probably corrosion in solids,
referring particularly to corrosion in the earth, can best
‘be considered as corrosion in a liguid under special condi-
tions. There are many factors affecting the nature and rate
of corrosion in any medium. Some of the most common of these
factors are
1. Chemical composition ol the metal or alloy.
2. Physical condition of the metal or alloy.
3. Chemical composition and concentration
of the corroding medium.
4, 'Velobity of the corroding ﬁedium, or the
vetocity of the metal in the medium,.
5. Temperature of the medium.
6, Time period of exposure.
7. Solution pressure of the metal or alloy,
which depends upon (1), (2) and (3), and
is a measure of the tendency towards elec-
tron transference,
8, MWilms and coatings, whose formation is
dependent upon the rest of the factors.

9. Electrical conditions of immersion.
23
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10. Effect of light.

tudy of these factors should throw light on many
corrosion processes, and it should be emphasized that for
testing purposes at least it is possible to hold all of the
factors constant within limits and examine the efifects of
‘variations in them. Any additional factors which may at first
seem in evidence can usually be classified as part of ome of
those mentioned above.

The resistance of different metals and alloys to
corrosion under the same conditions may be, and usually is
very variéble. Thus, the corrosion of an alloy may be very
rapid in an acid-gas atmosvhere but very slow in sea water
or in the ordinary &ire. =IThe usuél tynes of corrosion metd
with in metals and alloys are included under the following:
(1) corrosion from ordinary atmospheric efrects; (2) corre-
sion from special atmospheric edlirects, for example, in manu-
facturing centers where the air is less pure; (3) corrosion
in special medis, such a&s gases, or acids and other corrod-
ing liquids; and [4) corrosion by heating effects.

There ilelose analogy between corrosion in solution
and corrosion in gases and vapors - that is, in the corrosion
process afier inception. The effects of the various factors
upon the corrosion of certain metals and alloys has been ex-
amined for several sets of conditions eand the data and dis-

cussion fellows. It has not been nossible to make laboratory

-S4
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experiments %o determine the effects of every one of the
factors. In each case the literature, has been freely con-
sulted and conclusions drawn.

CORROSION AND THE RATE OF CORROSION.

Before proceeding with the discussion of the various
factors, it is necessary to distinguish carefully between what
is meant by corrosion and corrosion rate. If any change of
phyéical state involving oxidation of the metal has occurred,'
then some corrosion has talken place. This change in state may
be of extremely small magnitude and not easily detected. To

-ez@ress the corrosion of a metal means more than expressing
loss~in weighﬁ, through the change of state, and, usually, =
“removal of all or a part of the corrosion product from the
metal. The actual corrosion is best expressed as a summation
of the effects of all the fdctors'involved. These effects
maylbe shovm in & variety of ways, as for example, the forma-
tion of salts, oxides, or hydroxidés; by the deposition of
metals, salts, oxides or hydroxides; by the physical state
of these products and depositions; by the formation of coat-
ings which may accelerate, or retard the corrosion rate, or
have no effect; by the formation of pits; by embrittlement;
by passivity; by selective corrosion; by disintegration; and
possibly other less common effects.

The corrosion rate involves the idea of the extent
or amount of failure per given time unit. TFor convenience,

nd since no other method of comparison is readily available,

=25
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the corrosion rates are usuwally given as loss in welght per
unit area of exposed suriace, per unit time,

Whether a metal corrodes or not is one phase of the
problem., If it does corrode two things must be considered.
The rate of corrosion, and the nature of cdrrosion - fthat is,
the summation of the effects of the various Factors involved.

In the following pages the nature of corrosionm will
be given in the discussion, aﬁd if necessary in the tables,
:and the corrosion rate will be expressed as loss in milligrams
per sguare centimeter exposed, computed to the basis of one
year as the time unit, The ideal method of expressing the
results of corrosion would be & mathematical one involving
the swmnation of the effects of all fachors. Unfortunately
the necessary equations have not been determined, nor can they
be formulated at this time, due to the many possibilities of
veriations in the effects of the various factors wnder differ-
ing conditions.

THE CHEMICAL COIROSIZION 01 THE LIETAL OR ALLOY.

This is by far the most important of all the factors.
If the chemical composition of the metal or alloy is such that
corrogsion does not occur under any conditions, then the corro-
sion rate is zero. Such a comnosition is ideal, and is not now
attained. Tor certain spscific conditions it may be anproximated,

and the corrosion rate kept very low,

Since iron and steel are the most imporvant of all meua1

-26-
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and since iroan rusts so readily, there have been many attemptis
made t0 change the composition so that iron alloys will not
rust. It is heyond the scope of this naper to review these
attemnts.,

The iron and steel alloys which have been found re-
sistant to corrosionm in & number of corrosive media include
high silicon cast irons, chromium iroxns and chromium steels,
chromiwm~-silicon steels, chromium-nickel-silicon steels and
peihaps others. ihere alloys of the above types are made,
the cost is necessarily ingreased over the lower-priced or-
dinary iron and steel. By increésing the degree of purity
of the iron, the corrosién rate of very low carbon iron has
been retarted for corrosion under certain conditions.

Since éne.of the marked differences in the composition
of steels is in the carbon eontenﬁ,'and since a change in the
carbon content produces such a merked chenge in the physical
properties of steel, all other constituents remaining constant,
it was decided to ﬁest a series of stesls for shelr resistance
To various kinds of corrosive attack. The author realizes
that many experimeuis of this kind have alresdy been made,
vet it seemed necessary to meke tests because of lack of agree-
ment in testing methods and in resulits, as reported by‘various
investigators.,

The following descrintion of the methods of preparing
the test pieces before testing, =2nd cleaning them affer test-

ing is the general method employed in all the tests reported
-2
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PREPS4ATTION OF 3% ’43Tx

BIIS, LEPE0DS Of CLEAING
AND (P PHSTIN

?

G
Steel cylinders about 2 inches long by 1/2 inch in

diemeter were cubt from anncsled rods of steel of varying

carbon content., =I<he carbon contents of a8ll the steels used -

ére given in the tables. Two alloy steels, cast chromium,

and specimens of steel protected by chromium plate, and iron-

(a)

chromium plate , were included in the list cf materials to

{a) The technigque of the plating of chromium plate and
iron-chromium plaete unon steel is discussed in a payper
50 he given before the American Blectrochemical Society
at the TFall meeting, 1925. See part II of this thesis.
(The samples were preoared as follows:-
Phe surface "skin'" was removed in one of three ways, (1) by
careful machining,'(Z) by pickling, (3) or by using‘a scratch
brush. In the atmosvheric and distilled water tests, the
pleces were machined, In later work the other methods were
used. Aafter any one of the preliminary tresatments, the sur-
face was rubded with Jiane emery paver, and then wiped with
cheese cloth. ¥Whenever the pickling method was used, care
was taken to neutralize end thoroughly wash and dry the speci-
mens. One end of each specimen had a number or leitter stamped
lightly upon it, as a distinguishing mark. In the other end
e hole about 1/4 inch deevn was drilled and an aluminum wire

was inserted. The diameter of the hole was such that the wire

Titted in snugly, and a bdlow or two of a punch sweged the steel

-28~
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ahout the wire., In the case of steels which coﬁld nos be
eagily drilled, such as that sfeel designated as Cr-V, s
conper wire was soldered to the end of each piece., The wires
were cut to a length dependent upon the kind of test which
they were to be given. The wire and end of the specimen were
covered with pareffin, thus oreventing the possibility of én
electrolytic counle heing formed by the dissimilar metals 1in
the corrodiﬁg medium,. Sufficient wire was left exposed to
bend inﬁo a hook, or.to insert in the ghuok of the rotating
spindle of an electrolybic machine. Phe rate of corrosion
of aluminum or of cowmper in air is Imown to be.very small,
Bach specimen nad aporoximately the same length of hare wire
exnosged to the alr, in‘each test, and the oorroding medium
could acf only on the test-piece on one end and the cyliﬁdri—
cal area. Thus the error, if any, was nearly a constant.
After'preﬁaration in this wey, the surface of the mebtal was
cleaned in an alcohol~ether mixiure, dried at & low tempera-
ture and transferred to a dessicatdr. The test pieces were
then measured, weighed}and cxposed. Afbter the surfaces vere
cleaned the balance of the operation was carried on as rapid-
ly as possiile. |
In all tests the method of cleaning was the same, as
follows: At the end of the test the pieces weie washed in
tap water to remove loosely adhering corrosion vproduct. They
were tunan immersed for é few minutves in & dilute solution of

ammonium acetate. This tended to loosen any rust which was
~29 -
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more Lfirmly attached. EQ other chemical was employed, nor
vas any harder object than & piece of rubber or wood used to
scrape the piece. Care was talen to avoid chivning or dis-
turbing the paraziin., After washing in waber the exnosed
metal, (but not the parafiin) was dirped Tor & Ffew seconds
in clean ether-alcohol mixture. The specimens were than
dried in an electric oven at a temperature below the melting
point of paraffin, for aboubt ten to Ffiiteen minutes. They
were then transferred to a dessicator and allowed o0 cool to
room temperature before weighing.

Exceptions to the methods described ebove will be
noted later.

Test specimens in either triplicabe or duplicate were
exposed to the action of the atmOSphere upon the roof of the
building, and similar sets were exposed in distilled water
within the huilding. 4 part of the set of Specimens wer
tested in other ways, as will be discussed later.

Specimens were exposed to the air in the Tfollowing
manner: A& wooden frame with wooden cross bars was prevared
with the foliowing dimensions)18 by 30 by 12 inches. The
cross bars were about 1/2 inch square and were placed 3-1/2
inches avart. The aluminum wire hooks were bent around Tthese
bars so that each specimen was separated Irom its neighbors
by at least three inches. éhe reck was plasced on the roof
in such a position that it was fully exposed to light, and to

the elenents. Tigure (1) is a view of a tegt piece as vprepared

-30-
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PIGURE (1): View of a test-piece prepared for exposure

in atmosphere or in distilled water,

=308,m
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for exposure in either the atmospheric or distilled water
Test. Iigure (2) is a view of the rack and specimens.

The test specimens in the distilled water tests were
exposed as follows: Hach spnecimen was suspended by its hook
from a glass rod nlaced across the ton of & 600 c.c. beaker;
500 c.c. of distilled water was added, and fresh water added
from time to time to replace that losth by evaporation. The
specimens were immersed o suéhva depth that about one inch
of wire was immersed. Il¢c atiempt was made to purify the
distilled water, or to rid it of dissolved oxygen. PFree
access of light and air was allowed the bealzers, but they
were not exposed to direct sunlight.

Table I gives the rate of corrosion of the steels
in the.atmOSpheric corrosion of the steels in the atmospher-
ic test, and Table II the rate of corrosion in the distilled
water tests. The nature of the corrosion is given in the
discussion. |

DISCUSSION OF THE ATIIOSPHERIC TEITS.

It was observed that all of the sammles excent the
cas’t ehrémium, the chromium nlate and +the iron-chromiwm
plate, showed tarnish after 24 hours exposure. At the end
of 7 days all of the specimens, with the exception of the
above-mentioned group, were completely covered with a layer
of brown rust.

In cleaning, it was observed that all of the steels

with the exception of those protected by chromium or iron-

-]
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FIGURE (2): View of test-rack and specimens used in

atmospheric tests.
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TABLE II..

The corrosion of various steels in distilled water.

Time - 504 hours. Room temp.

0] .
~ e *ri
£40 O o
gm , 00
A te=
0 :U).
04 O
05 O
06 O
7111 .18
7112 .18
7113 .18
44 b
45 W5
46 W5
64 o7
65 &7
66 o7
94 .9
95 W9
96. 9
124 1.2
125 1.2
126 1.2
X1l) Cr=-
X20)plate
Xlé) "
Rl )CI'-!Fe
R2%)plate
Rga) n
S1 Cr-V
52 )steel
53 )Ni-Si
54 )steel
S588)Cast
368‘3) CI‘.

*Pr 00 00 S b

before

8 &9 o>

ution used.

after

IMMERSION.,

50.8612
50,8346
50,6695
50,2271
49,9769

50,2333

50,5061
51.3630
52,1149
47.6182
45,9658
49,4791
47,3966
533098
48,6083
54,7217
54,8111
5742598
50.3962
51,3805

5044533

49,3172
50,8392
5047085
50.2548
5047929
9541959
06,3848
5541161

128.8456

50,7348
5046837
5049495
50,1180
49,8655
50,1143
50,4111
51,2561
52,0074
47,5224
45,8793
49,3676
47,3027
53,1990
4844517
5446250
5447136
57,1411
5043745
5143793
504000
4943000
50,8274
5046839
50,1882
5047306
9546772
96,2835
55,1075

128,8333 00,0132 irregular

0.0950
0.1069
0.1075
0.0958
0.0865
0.1115
0.0939
0.1108
0.1566
0.,0967
0.0975
0.1187
0.,0219
0.0012

0.0172
0.0118
0,0246
0.0666
0.0623
0.1187
0.1013
0.0086

DIMENSIONS:
IN INCHES.:areaiy

I~
oY)

«497 1,97

1.25
1.25
irregular

500 cc. of so0l-

1

s 1n

21.54 102
21.54 122
21.54 97
21,39 89
21,39 91
21.39 97
21,08 78
21.25 87
21,50 87
20.18 83
19.10
20.90
20,95
21.90
20,69
21,01
20491
21458
21450
21,58
21458
2154
20,90
21,54
21 .24
2179
26455
27.05

e oe o0

Average

lossg.
Deviation
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(%) Immersion 500 hours.

brown lacquer - like areas.

noticeable rusting. X13, Considerable rusting.
rusted through pin holes in plates.
approximate only.

(aa) Immersed 651 hourse
Remarks on the condition of test pieces at conclusion of test:-
T11), Had some rust not removable « 94, 95 & 96, spotted with

X1, Rust at edge. Body 0.X. X20, no

R1l, R2 & R3,

93 & S4, Measurements were

of colloidal rust, vhich was easily removable.

-3le-

All other specimens showed only a normal amount
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chromium plate, formed very adherent layers of rust, which
were removed only with difficulty. Cast chromium, showed

no evidence of tarnish or attack. So uniformly did the
rusting Sake place on the steels that it is not necessary

to comment in the table on any special pisces, Originally
all the samples except cast chromium were exposed in duplié
cate or trinlicate, but through failure of the support, or
for saome other reason, the record does not show losses in
duplicate or triplicate for all specimens. In cleaning it
was Tound necessary to brush the specimens afler drying with
a stiff bristle brush to remove some of the rust s$ill re-
meining. Afbter the final brushing, the condition of the
pleces was comparaﬁle to that of the pisces in the distilled
‘water tests after cleaning.

It should be emphasized that the duration of the at-
mospheric tests was commaratively short. In this, as in all
other tests made in this investigation, the object was to
observe the effects of the various factors and to determine
the rate of corrosion in the INITIAL STAGES of the corrosion
attack. Hence no attempt was made to corrode any specimens
to failure.

In the atmospheric tests, as in the others, pitting
did not seem to be generally onrevalent. DPitting developed
through pin holes in some of the plated specéimens. aside
from that it would seem that pitting is a later developement

in the process, in cases where it developes at all.

-32..
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DISCDSSIOI O THE DISTILLED WARER ZTEST.

The specimens were all attacked within a short time,
excent the cast chromium, chromium plated ard iron-chromium
plated pieces. The ordinary carbon steels and the alloy
steels would show weighable losses within 1 hour, and within
2 hours would show many yellow specks, Within 4 hours the
water in the bhealers had a dlsmlnctly vellowish tinge. With-
in 24 hours all of the carbon steels and the alloy steels
were completely covered with a yellow-brown colloidal coat-
ing easily detached.

Hotes on the appearance of the piesces at the end of

by "steel Ho."
the test are given in Table I, Carhon content is 1nq1caﬁed/

o special comment is needed on the corrosion of the
steels of lower carbon cdntent. While there are variations

in the average losses, it camnot be said fthat any marked
differences occur. Hith the 0.7 percent carbon steels, and
one of the 0.9 per cent carbon steels, small areas differed
from the rest of the specimens in color. The rust seemed to

o

be cemented on, butbt no noticeable difference in the level
on the piece occurred - that is, the areas did not appear
either as pits or raised areas. Ho explanat ion can be ofrer-
ed for this difference in appearances, unless it might be
that had the attack been cerried further, pitting might have
resulted. The rate loss is not sufriciently different in

the case of these specimens to be significant,

The chromium-plated, and cast chromium specimens

38~

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



showed the best resistance, as would be expected. The alloy
steel, Cr-V did not show as mgrked & superiority over the
carbon steels as might have been ez@eoted from its high chrom-
ium content. Phe iron-chromium plated specimens showed a low
rate loss, but were badly pitted - that is,.many pin holes

not originally visible in the plate had developned and allowed
corrosion of the steel beneath to proceed., The Ni-3i steel
shows a slightly lower loss rate than the ordinary carbon
steels.

This test shows that in distilled water theres is no
marked difference in the corrosion rate which can be traced
to the influence of the carbon content of the steel, 4ds
vould be expected, where chromium is added, whether as &
plate, or an alloy plate, or as & constituent of the steel,
the corrosion rate is retarded. TFigure (3) is a view of a
Fe-Cr plated specimen, showing corrosion through pin holes.

Steels of the "Steinless Steel™ type and many other

) (56,42)
Cr alloy steels have been so widely tested and found
resistant that extensive tests were not deemed necessary here.

CCMPARISON OF TR ATHOSPIERIC AND DISTILIED
HATIER TESTS.

The order of relative corrosion losses is remarkably
good if we take into accowunt the deviations from the average.
In Table III is given a direct comparison between
the two tests.
It is evident that in the case of the ordinary carbon

steels, that the carbon does not change the relative order of
-34 -
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PIGURE (3): View showing pin holes and rust on a
steel smecimen plated with chromium-

ironh alloy.

-BA.5, -
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TABLE III.

Comn~arison of average losses in the atmospheric and
distilled water tests on a selected groun of steels.

- Sy i - i At Pt G P v S e G0t WP MG Py Gus e v ey G $OO B S G b G e (e TS G M G W e S e W G e Bt S M e et Ga S S

: ATIIOSPHERIC, : DISTILIED WADRIR,
sAverage: : tAverage loss: :
Steel:loss in: : : in mg. per :iverage:Rank.

Ho. :per s¢.:dversge:lank: sq. cm. per:devia-~ :
scm.per.: devia-: : year,. : tion. :
¢ year. : tion. : : : :
: + :
0 1087 - 22 8 or 9 107 + 10 10
+
«18 1197 - 8 10 92 + 3 8 or 9
R -
33 845 - 28 6 oxr 7 84 +4 5,6 or 7 -
+ ~
X 787 - 24 5 85 46 5,6 or 7
+
9 1020 - 37 8 or 9, 100 + 22 8 or 9
+
1.2 819 - 12 6 or 7 86 7 5,6 or 7
: +
Cr-plate 1.08 - .68 1 21 +18 1 or 2
. + . L
Cr-Fe plate 6.32‘ - 5,68 2 15 +4 1l or 2
Cr-V 6.8 - ——— 4 53 +3 3
Ti-Si 395 - 1l2.5 3 72 +7 4

st T T e Gy M At v e M G S G S e G et G A G Gme e e Bt e MM G M G S e e e P W e oy PP e d B
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corrodibhility in either test. In the atmosphere the corrosion
rate seems to be wbout ten times that in distilled water, but
it is nececsary o consider the time relationéhips, in this
connection, and these will be discussed later. While the

rank for the variocus steels is given, it is to be noted that
for the ordinary carbon steecls there is but little difference
in the rates.

The efifect of Cr, Si, and Wi, in fetarding the corro~
sion rate is indicated by the comwarisons in the table.
Neither the Cr-V steel or the Ii-31 was chosen as a material
definitely kmown to he corrosion resistant, though it was exw
pected that the Cr-V steel would pronably be fairly résistant.
It was expected of course, that the Cr plates, and probably
the Cr-Fe plates would be quite resistant.
| SUMIARY ON THE EFfLECT OF CHEMICAL CULPOSITION

UPOH ©HE “Q:iOSTGN RATE OF METALS
AIlD ATLOYS.

The tests just discussed show that there is no marked
svperiority of one kind of steel over another waich can be
traced to the carbon content. |

In the distilled water and atmospheric tests, chrom-
ium bearing materials show considerable superiority to other
materials. The effect of Ni-Si is also noticeable in retard-
ing corrosion rate

Review of the literabture shows that the effect of
chromium upon steel is very marked in increasing the corrosion

resistance. In comparison with other materials +this is very

~-35-
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42 .
( }has summarized the work done by
(47)

. J. anderson, J. R. Adams, and the suthor. while with

“h

maried., P, E. Armstrong

the U. S. Burecau of liines at Pittsburgh, as it applied to
the eflect of chromium in retarding corrosion in mine vaters.
his summary is quoted below:

1

-—

& low-carbon chromium alloy possesses
resistance to corrosion equal to pure
lead; the weight loss for the two mat-
erials is less than that for any others.

2. #ith the same silicon, but higher chrom-
ium and carbon content, the loss is
greater, due undcubtedly to the higher
carbon.

3. A cast nickel-chromium-tungsten, alloy
and -a low carbon iron alloy containing
nigh nickel and chromium with some moly-
bdenum showed losses far greater than
the above chromium-silicon steels.

4, 4 very high chromium, low-carbon and low-
silicon steel shows a losec higher than the
steels under (1). This may be ascribed +o
the low silicon or perheps to oxides, if
the steel was made by addition cf chrom-
ium through the reduction of its oxide in
the steel-making furnsce.

Tests of nickel-chromium-silicon steels
show clearly the effect of increasing the
nickel content when the chromium percent-
age is close to 10.

(&3]
L ]

"Under these circumstances the suthor is convinced
from his own study and from the general trend at this time
that the rustless irons of 4he future, if the chromium &lloy
type is adhered to, will contain shout 17 ver cent of chrom-
lum and an added element with iron. The added element may be
gilicon, nickel, molybdenum, or various other elements, all

of which serve a very useful purnose, "

-36m
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4 gsurvey of the literature, plus the experimental
work of the writer, seemg to indicate that the most promis-
ing field of research in the search for corrosion-resisting
allof steels or irons lies in the chromium type, with such

additions as may be needed to confer desirable vhysical
properties providing :he additional added element does not
lower the corrosion resistance.

since vhe cost of chromium-alloy steels is relative-

_Lly high, it would be desirable to have on the surface of a

e

steel the corrosion-res sting properties possessed by a

chromium—alloy steel. The experiments of the writer to ob-
tain such a surface unon ordinary steel by means of a combi-
nation of plating, chrominm meat-treating and cementation
by carbon will be given in part II, , hut it may be noted
that the attempt has so far been unsuccessful.
PHYSICAL COiDIHNICHT OF TEE'MEEAL 0R ALIOY.

It is well Imown that the physical condition of the
metal or alloy has an immortant effect wpon the corrosion
rate, and the corrosion of a metal is intimately associated

with the formation of leesl electrolytic couples ab the sur-
face in contact with an electrolyte. Also, other conditions
being the same, sand-cast nmetals and allovs corrode more
rapidly than the same materials vihen worked-and-annesled,

and celd-rolled metals corrode more rapidly than annesled

ones. The effect of the physical condition of & metal or
: . (56)
&lloy has been discussed at lengzth by Desch . « Re Ja

anderson and the author have investigated the effect of
~37-
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;raln size upon the corwrosion of hrass , and also the
: .- (£5)
coatings formed upon corroded metals and alloy , When

(92

the surifaces differed by being in the "as-cast" or in the
machined"™ state. In the presént work no further investi-
gation was nmade of this factor. Care was talzen +to have all
the specimens thoroughly amnealed, and the surface of all
spécimens in as nearly the same condition as could he done.

iables included under the general

J"

e physical v
head of "physical coadition" of the metal inciude grain
size, hardness, condition ot the surface (smooth, polished,
or rough), amount of strain, strengsth, electrical conductiv-
ity, and the method of nren ratidn of the sample as cast,
worked, or annealed. Cther variables might be mentioned.

e

fo investigate so many variables is beyond the scowe ot

Chemically, & metal may be homogeneous or hetero-
geneous, but it is rarely physically homogeneous, snd in-
dustrial metals and alloys ave generally both chemically
and physically heterogeneous. Chemical heterogeneity may
come *rom 1mpur es in g netal or allcv from the presence
of inter-metellic compounds or eufectics, or from coring in
The case of solid solubtions. Physical heterogeneity is ow-
ing wmrineipally to strains in the metal, for example, cast-
ing strains or working strains and cast metals may be porous.
Heterogenelity would normally be & stimulant to corrosion he-

cause ol the rormation of electrolytic couples. In a chem-

-38~
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ically neterogeneous metal or alloy, locsl electrolytic
couples are set wp on contact with an electrolyte becsuse
of the difiference in potential betwsen areas of different
comnogition; while in a »hysically helerogsineous metal
counles are set up bebween areas strained more and ones
strained less. In the case of chemical heterogeneity, sel-
ective corrosion may result, one congbituent being éorroded
n

n pretference to others in the case of certain electrolytes,

=
I}

and depending of course on tihne composition and concentration

of the electrolyies

THS CIEAICAL COLROSINION, CONCENTRATIGN, AND
PAYSICAL CONSIITUTICK OF YHE CCRRODING IZEDI4.

The chemical composition of the corroding medium is
an important factor in corrosion, and the variables which
are ivherent in the mediuwm are its chemical composition
{(concentration) and its physical constituﬁion.. The latter
includes viscosity and the amount of suspended maliter, 1t
any. .The loss of electrons from the atoms of a metal to the
atoms oif a corroding medium (or hetter, the electron sharing
betvwveen the atoms) denends upon tne nabure of their senarate
atoms and their electron configurations. Probebly also, the
arrangement of the atoms in the space lattice of the metal
nmay affect the nature oif the electron inter-chenge. The
reason why platinum corrodes sligntly in damp atmospheric
acid while iron corrodes completely to an hydrated oxide can
be found only in the »notential energy of the atoms of these

metals - that is, in the electron configuration and the arrange-

ment in the space lattice - and the tendency towards electron
70w
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\

interchange with ¢7 and OH™ . It is beyond the scope of
this paper %o discuss the various types of interactions he-
tween metals orx alloys and corroding media, bhut it is desir-
ed to emphasize that reactions are dependent primarily upon

the metals and the media.

+

In the present investigation tests weze made on
sveels 1n atmospheric air, in distilled water under various
conditions, in dilute sulphuric acid, and in ferric sulphate
and sodium chloride solutions. Analyseslof these solutions
are piven in Zable IV. In the atmospheric tests the corrod-
ing media was atuwospheric air, with such varistions in‘oomp~
osition,‘concentration, etc., as mizht be expected in the
winter season. In the distilled water tests, free sccess

0 the water. There is n0 question but

ct

ot air Was allowed

what thé}oxvpen of the air, dissolving in the corroding media,
xerts a oorerful influence, usually acting as a denolarizer
in removing hydrogen from the metal surface. In tihis connee’-

3)

ion 1t may be noted that Speller(5 has found that the oxygen
content of natural waters is an index of corrosion rate in
such waters;

T 1s in the consideration of this factor 4hat the
effect o colloids upon the acceleration or inhibition of
the corrosion rate is noticed. Coclloidal solutions of metals
mey have considerable activity as catalysts. In electrolytes

taere is preterential adsorbtion oi ceriain ions by the parti-

cles, and the sign of the colloid is dependent upon +the degree

~40-
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PABLE IV.

analyses of solutions used as corrosive

-media in accelerated testing.

Solution. Composition

Desired » Actual.
H.80, 4000 ppm. 3880
Peg(S0,)a: 400C0 pom, 41100
IraCl 345 3.68 %

ppm. = parts per million, or milligrams per liter.

fhe ‘composition for NaCl is per cent by weight.

-408 -
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of adsorption. Thus in cases of corrosion in electrolytes,
2 colloid will act a&s an accelerator or retarder of the
corrosion rate depending upon the nature of the colloid and
the number of icng wresent.

In Teble V are given dats unon the corrcsion of 0.18
per cent carbon steel in distilled watér and in dilute H,50,
at different velocities and with varying amounts of gelatine.

Wihen a considerable amount of a colloid such as gel-
atine is present, the solubtion may be rendered very viscous.
In cases where the viscosity is great enough, and the nature
of the material such that abrasion could occur, it would be
difficult o distinguish between abrasion snd true corrosion.
In’oonsidering the data recorded in Table V, the effect bf
abrasidn can be neglected and only the effect of the colloid
considered,

The tests were carried out as follows: Specimens
prepared in the same manner as previously described, bub with
shorter stems, were rotated in beakers, ome specimen t0 each
beaker. BDach specimen was completely immersed. The other
conditions are given in the table.

It will be noted that the eftect of the gelatine is
to greatly retard the corrosion wate, and that increasing
the gelatine content within the limits given in the +table
decreases the corrosion rate in the dilute sulphuric acid
solution, and in distilled water.

Tﬂe viscosities were measured by mesns of a 50 c.c.,

pinette with a capillary tip, no viscosimeter being available.

-4~
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TABIE V.

The effect of velocity and viscosity upon the corrosion
rate of 0,18 % carbon steel, Time immersed, 4 hours. Xgom
250ce of solution used per sample.

“ewwcrauure

‘“"“““"‘“"“"j""'""“‘"'*“"’“'“”'7'““"""'"':"*’""'“";?“‘"
: :eights in grams :Dimensiong: : g e P o

o :qc—; g obe*ore: af‘oZr :in inches:irea 59 Q e 0

B i : I S ﬂn&hmgP:gg : 8

é . e g I3 . E &0 « Clle °rrn e re - . —

3}'*2' :§§2 immersion : loss : .§ § : ;g&w:gﬁ : 5

eI BLAlllll . f‘.&:i---:ﬁ .....

ne 100 50.5748 50.4462 0.1286 .499 2.00 21.49 13100 - '

3 100 49.0538 48.9716 O. 0822 .498 1.94 20.81 8620 10860 1?240

V1 140 50.2584 50,1557 0.1027 .500 2.00 21.54 10446 -

TS 140 49,3562 49.5217 0.0345 .499 2.00 21.49 352C 6980 23460

V% 200 48.1525 48,1043 0.0482 .495 1.94 20.68 5100 £9110

V4 200 49.9571 49,8683% 00,0888 .499 1.94 20.87 9320 7210 f

V5 140 50.7961 5047950 0.0011 .5C0 2.06 22.04 110 +

vé 14C 51.3605 51.3545 O 0060 .499 1.94 20.87 630 370-=260

V? 140 49,9725 49,9571 O ,0154 498 1.,94 20.81 1620 +

V8 140 53.4312 53.40g7 0:0227 .500 2.25 24.07 2060 1840 =220

V9 200 50.1557 50.1336 0.,0221 .500 2.00 21.54 22580 .

V10 200 49.3217 49.3010 ©.0207 .499 g£.00 21.49 2110 2180 - 70

V11l 140 50.71%8 50.6935 0.0203 .499 .00 21.49 2070 :

v1ig 140 50.6581 50.6402 0.0179 .500 2.00 21.54 1820 1945 125

V15 200 53%.4085 53.%920 0.0165 .500 2.25 24.07 1500C : .

V14 200 51.3545 51.%3%47 0.0198 .500 2.06 22.04 1970 1735 <235

V15 140 48,1565 48,1525 0.0040 .495 1.94 20.68 420 +

V16 140 49,4489 49,4461 0.0028 .498 1.94 20.81 295 357 - 62

76 100 49.9494 49,9361 0.013%3 .499 1.97 21.X7 1380

m9 100 50.%191 50.%0%5 0.0116 ,499 1.97 21.17 1200 129C - 90

NOTE:~ Solubtions used were as follows

72,13, Vl,VB,Vﬁ,&Vé-- dilute H,80, (3880 parts per million)

V54V6,5 gr, gelatine to 250 cc distilled H,O%

gelatine

v7,V8,V9,&V10~-- 0.5 gr/to 250 cc dilute H,30,

v1l, Vi2,V13 & V14- 2.5

gr.

V15 &V1l6-- 12.5 gr gelatine to 250 cc dilute H,S0,

T6 & T9-- distilled H,0

gelatine to 250 cc dilute H.20,

The dilute H,S0, used in these runs contained 3880 parts per million
free H,50,

-4la--
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The same pipette was used, and the temperature of the solu-
tions was the same, and also the pressure, so that the vis-
cosities are commarable on-& time basis. The viscosities are
given in Table VI..

PIIMS AND COATINGS.

Pilms and coatings formed on metals and alloys re-
sult from the interaction of the metal and the .corroding is
mediwm, or by precipitation from the medium. R. J. Anﬂersén )
and the auﬁhor have discussed this factor elsewhere, and have
noted that distinction should be made between films and coat-
ings, and have suggestéd that & f£ilm be defined as & corro-
sion product or deposition on the surface of the metal of such
thickness that it can not be measured by the metallurgical miQ
croscone, and that a coating be regarded as & product or depo-
sition that can be measured microscopically or by less exact
methods.,

(43) :

Evans has studied the relation between tarnishing
and corrosion. He distinguished between tarnishing and the
products of corrosion formed in water or electrolytes, in
that the tarnish is a film in optical contact with the metal,
whereas the ordinary corrosion in the presence of moisture
gives less adherent films, or in other words, that tarnish,
formed, for example, on dry copper exposed to dry hydrogen
sulfide is a film IN SITU but the addition of a film of liguid
water causes ﬁhe formation of a non-adherent layer of black

or brown sulfide.
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TABIE VI,
Viscogsities of gelatine solutions.
amount of : Average time in seconds reguired %o

gelatine empty 50 c.c. pipetie.

. - Y T W Y T P W e S B e e S P es T G e B e S e e S G S . MR M e W Ve e S Ga G G me b TS A Y et Bne Gwe W e e as WP e

None
(A1i1.2,30,). 125

O gr. gela-
tine to 25C
CoCo (Q11.Ha3C,). 128

2.5 gr. gela-
tine 40 250 c.C. :
(Ail. He80,). 175

12,5 gr. gela-~
tine™ to 25C c.c.
(dil. H,50,). 300

(éﬂ Solution became extremely stiff during the period

of the test.

~4 28—
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While +the composition of the metal and that of the
corroding medium are the most important factors in the form-
ation of films and coatings, other factors including the na-
ture of the metal surfaces (whether rough or polished) and

he velocity and temperature of the corroding medium are also
important. Films or coatings mey retard or accelerate corro-
sion rates, depending in part upon the dégree of impervious-
ness of the film or coating and upon the intimacy of contact
with the metal,

In the work here rgported all the coatings'wefe 80
loosely adnerent that no retarding effect would be expected,
indeed, the coatings formed may have had an accelerating
eftect. Films may have been formed uvon the surface of cast
chromium, and on the chromium and iron-chromium plates, but
no attempt was made to determine this point.

VELOCITY OF THE CORRODING IEDIUNL.

The velocity of the corroding medium about a metal
(or what amounts to the same thing, the velocity of the
metal in the medium) is a variable factor which afiects corro-
sion rates. PFirst, the speed at which a corroding medium
passes over the metal and the amount of suspended matter there-
in mey cause erosion losses which cannot be distinguished from
corrosion losses. Second, i1f the solution is constantly chang-
ing owing to movement and new mediwn is coming in contact with
the metal as old solution passes away, then there is continued
reneval oI solution so that the concentration remains the same. -

If the solution is at rest and of small bulk as in laboratory

A3
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immersion tests, then the concentration of the solution de-
creases. Thus, as a solution decreases in concentration the
rate or corrosion may increase or decrease denending upon the
mediwme.

(62)

It has been shown by Heyn and Bauer  that if iron is
allowed to corrode slowly in moving water, the rate of corro-
sion first rises rapidly with increase in the rate of flow,
but after reaching a maximum further increase in the velocity
of the water causes a fall in the corrosion rate. It has also

' _
been found by Friend(ZI%hS% in water with a velocity up to six
miles per hour, the corrosion at first increases with increas-
ing veloecity, then #11s to a minimum at about two miles, and
then Iinelly slowly increases. In sulphuric acid, however,
the corrosion rate increases with increasing velocity (i.e.,
is directly proportional).and different concentrations yield5

: 6

almost identical resuwlts at the same velocities. Dieterleé 3
in experiments on the rate oi flow of waler over circuiar
steel discs, finds that the corrosion increases with increas-
ing velggity up 0 & limiting velocity when the attack ceases.
Friend( gxplains the difference in behavior of iron toward
neutral and acid media when in motion by the suto-colloidal
catalytic tneory. Speller and Kendall(dsgave examined the
effects of velocity and temwerature upon corrosion raites in
the case of corrosion caused by tap water passed through steel
vipe. In general, it was found that the corrosion rate in-

creases with increasing velocity of passage but for some veloc-

itlies at certain temperatures there was a decrease. This is

—hlm
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contrary to the results obtained by Heyn end Rauer and hy
Friend. |

Yhe effect of films and coaitings in relation tc the
velocity on corrosion rates has been more or less overlooked,
.and a simple statement of the facts in the case is as follows:
If an adhering coating is retarding corrosion at a certain
velocity of the mediwm, then increase of the veloecity, if it
removes the coatiang, will asccelerate the corrosion. 4And, on
the other hand, if a coating is accelerating corrosion at a
given velocity, then iﬁcrease of the velocity will retard the
rate. Loose coatings, or those which are readily dislodged,
may be easily swept away by increasing the velocity of the
medium over the exposed surface of the metal., In testing work,
the velocity of thé corroding medium can be made constant or
variable so that its effects can be determined.

Tests were made‘upon 0.18 per cent carbon steel for
the effect of velocity upon the corrosion rate in dilute HzS0,.
The data is given in Table V. Only three speeds could be emw
ployed, owing to the limitations of the testing machines used.
The method.of testing was as follows: Duplicate specimens
preparsd in the ususl way were completely immsrsed in dilute
H.50, and rotated at constant speed during the 4 hour time
period. Similar specimens were then rotated as difrerent
speeds. 41l specimens were cleaned and weighed as previously
described., The data in the table is insufficient to draw de-
finite conclusions, the deviations from the average values

being great.,
~4:5=
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LEMPERATURE OF THE CORRODIHG IIEDIULL.

iiost chemical reactions are accelerated by increase
of temperature, and in a general way corrosion rates increase
with ¥eing temperature. There are, however, many exceptions
to this, and when there is an increase in the rate this is .
not necessarily & linear function of the temperaturs. Frieég)
finds that for polished iron foil immersed in distilled water
the rate of corrosion increases to a maximum at about 80° %o
84° C., but gapldly falls at higher temperatures, while Speller
and Kendal£3 )have found that in the case of pipe, through
which city water is passed at di frerent velocities the corro-
sion rate increases in general with increased temperatures.

In service, the temperature variation is usually not
very great, but in special cases it may vary over a wide range
end then becomes important. However, the temperature should
be properly regarded as an important factor affecting corro-
sion rates, and in testing this may be readily varied to suit
conditions,.

Experiments were made on & series of 0.2 per cent car-
bon samples. These samples were polished and numbered in the
usual manner but were not fitted with aluminum wires or para-
finmed. Tests were made in distilled water and in two solu-
tions, dilute E,50,, and Fe,(50,)s: The analyses of which are
given in Table IV. DIach specimen was immersed in 100 c.c. of
solution and held at the desired temperature for one hour.

The beakers and solutions and specimens were maintained at any

-l -
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desired temperature below the boiling npoint, by placing them
during the period of the test in an eléctric oven vhich could
be regulated approximately to temperature. The specimens were
easily clesned of the loosely adhering coating and washed, dried
and weighed in the usual way. The date is recorded in Table
VII and the curves are plotted in Figure (4). From study of
the data and the curves, it is seen that the increase in corro-
sion rate is a function of temperature between room temperature
and boiling point. A% the boiling voint of the solutions, the
losses were much greater, but the data is not plovted in Figure
(4), since the factors are changing at the boiling point - that
is, the change of phase changes the concentration andbcomposi-
tion of the medium and also tends to liberate any dissolved
gases, It is significant that the slope of the curﬁes is so
-nearly the same for the temperature range investigated in three
solutions which differ so widely in their chemical characveris-
tics as ferric sulphate, dilute sulphuric acid and distilled
water,

Tests were also made in dilute H,S50,, heating the speci-
men to different temperatures, éllowing it to become saturated
with heat at that temperature, and then plunging into 100 c.c.
of dilute H,S0, having & temperature of 20° C, (The piece was
then allowed to remain in the solution for‘one hour, and the
temperature of the solution noted at the end of that time. The
curves for the three solutions are nearly parallel, showing

that within the ftemperature limits indicated, the effect of

47
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FIGURE (4): The relation between corrosion loss and
, temperature as afrecting the corrcsion
rate of mild steel in Fe, (S0, )5 solution
{Curve I), dilute H,30, (Curve I1I), and
distilled water (Curve III).
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increasing temperature is in general, much the same, irre-
spective of the solution.
TIME PERICD 07 EXPOSURE.

In general, it is uwsually considered that the greater
the time veriod of exposure of a metal to & corroding medium
the greater the amouﬁt od corrosion; or, if & mestal is expos-
ed for a long time, the loss will be greaber than if exposed
for a short time. In the main this is true, but it does not
necessarily imply that the corrosion rate is constant and
that the rate of loss during the first 5 minutes of exposure
ney be the seme as for a 5 minute period after the sample
has.been exposed several hours. The fact that corrosion
rates vary during exposure is owing to the effect of films
end coatings formed.vmich mey accelerate or retard corrosive
action. Hence, a corrosion rate over & short period of time
may be a linear function of the time but it would not be e xw
pectéd to be over a long period of time. Thue, the express-
ion for corrosion loss over a period of time' yives simply
the average loss over that time and not the sctual rate dur-
ing any given period of time., A metal may have & rapid corro-
sion rate when first exposed to a medium, and then the rate
may decrease or increase owing to the retarding or accelerat-
ing effect of films or coatings formed,

The foregoing points are well illustrated by the follow-

ing experiments:

...‘4 8-
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EXPERTLENT I. - 3pecimens of 0.18 per cent steel (cyl-
inders 1/2 inch diameter by 2 inches in length approximafely)
were prepared as previously described but were not fitted with
aluminum wires and paraffin except in the case of samples T111,
7112, and 1113. The samples were immersed in distilled water
in duplicate for the time periods of exposure indicated. 4ifter
removal from the water they were cleaned, dried and weighed
as previously described. The date is given in Table VII, and
the Ffigures are plotted in Figure (5). In every case the rust
formed was easily removed, and no other features of interest
were observed.

It is evident that the rate of corrosion under the con-
ditions given - that is, steel corroding in still distilled
water changes from time, During the initial stages the rate
is very rapid, it then decreases, and reaches & minimum seven
or eight days after exposure. 4fter this the rate slowly in-
creases.

EXPERIVENT II. - Specimens of 0.18 per cent carbon
steel, similar in every respect to those described in Ixper-
iment I, except that they were all prepared with wires and
one end of each varaffined, were expoéed to the atmosphere
under the same conditions as were the specimens described
under atmospheric tests. The data is given in Table I, and
is plotted in Figure (5).

As early as Bélhours after exposure "a ftarnish" was

evidenced, and a weighable loss in weight resulted from the

-d9 -
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exposure. Affer 72 hours the specimens were well covered with

RIS R TIN

In general, it may be said that the resulss of fthis

H

ﬁesf confirm those reoported for Hxperiment I, and a ninimum
rate of corrosion is found at some point, The curves ure very
gimilar for the still-distilled water {test, and the atmospher-
ic test. .

- SCLUTION PRESSURE 0 THE LETAL.

Livery metal has a certain solution tension or nressure
tending to drive it inbto solution (in the ionic form) in an
electrolyte, and the relation of the pressures of the metals
is given by their order in The electromotive series. This
series is shown in Teble:EX together with the potential dif-
ferences in volts for normal solutions of cations. The ser-
ies shows that the solution pressufe becomes rapidly less on
passing dovn from vpotassium to gold, and it also states that
aﬁy metal will replace any one beldw it in the series from |
the ionic conditions -in solutions of their salts. Thus, lead
will replace copwner and silver bubt not zine and iron. The
metals high wp in the series corrode more readily when expos-
ed to natural agencies air, water, and carbon dioxide than do'
those low in the series, but the order given is not indicative
of thé corrosion under all conditions. The slectrolytic solu-
tion wnressure concept as indicated by the electromotive series
of the metals has been applied by adhereats of the electrolyt-

ic theory of corrosion to explain the incepntion end process

~50~
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PABLE IX. ..

Dlectromotive series and »notentlal differences
in volts.

v e e B B W . e WS e > G T W S ot e e WY G
- . pan - W e WD B S W b B ot W B e ey M W b wt - B - -—

etal, Volts. Metal,. Volts,
K (+ 209) Ivl - 0004:
' +4
g (+ 2.54) Sn (Sn) - 0.08 (?)
Ba (+ 2.54) b - 0.13
Si (+ 2.49) q - (.28
' + 4
Ca (+ 2.28) Cu (Cu) -~ 0.61
g + 1.2 As - 0.62 (2)
Al + 1.00 i - 0.67 (7]
Mn + 0.80 Sb - 074 (?)
Zn + 0449 Hg (Hg) - 1.03
ca + 0.14 Ag -~ 1.05
4+
e (Fe) + 0.06 1)6- - 1.07 (?)
P + 0.04 Pt - 1.14 (?)
Co -« 0.04 Au ~ 1e35 (?)
-508-
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0f corrosion, and the series lists the metals in +the order of
their tendency to pass into the ionic condition when placed
in an electrolyte.

That metals can pass intg}solution in non—elecﬁrolytes

4
has been demonstrated by Gates(“ gnd by others, and it has
also heen shorm that it is possible Lo throw oubt metallic
copper from non-aqueous, non-conducting solubtions by means of
many metels iumecluding lead, zine, cadmium, tin, silver, iron,
nickel, cobéit, and others., Hence, the replacing power of
'the netals is net a fixed »roperty of the metals themselves
but it is largely dependent upon the chemical nature of the
solution_in waich the replacement occurs. Bengough and
Stuart(lagite the results of Gates, showing that metals are
soluble in anhydrous non-conducting solutions, oelic acid
for example, as proof that corrosion may be chemical in na-
ture as contrasted with corrosion that talkes place in elec-
trolytes and which they characterize as electrochemical. ihe
work of Gates simply shows that chemical reaction depends up-
on the atoms of the interao%ing substances on the hasis of
the electronic theory.

It should be pointed oud théﬁ it is nov safe to draw
conclusions as to the corrodibility of alloys, on the basis
of the place of the cmstituent metals in the B.I.P. series,
since the potentiel difterence (and hence the position of
the 2lloy in the series) has not been determined for many
alloys.

-51-
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ELECTRICAL COIDICICHS OF TL4iERSICH.

Taz electrical conditions of immersion must hHe consid-~
ered in the case of corrosion in electrolytes., Such condi-
tions can, of course, be controlled in teests and in practice,
but in testing 1% 1s not usudlly necessary to set un variable
electrical conditions for the immersed metal. In sexrvice
corrosion, for example, buried pipes or in soils, railwar
track, etc. stray electric currents may accelsrate corrosion

LN
J

y the passage of a current

(=2

hrough the nmetal and the surround-

t has been

ing electrelyte. In the case of narts in service, i
found advantageous ‘o immose a counter electro-motive force
to the direction bf current flow owing to the passage of the
metal into solution, and a notable example of 89 counteract-
ing corrosion is had in the Cumberland processwa)The problen
of stray currents as alfecting corrosion rates and that of
counteracting corrosion by setting up oprosing electrical
currents need not be given avtention here, and it is sufii-
cient to indicate that the eizect of particular electrical
conditions must he taken into consideratvion.
LRPECT OF LIGHT.
Light is a tactor affecting corrosion rates, but the

)

mecharism of its efilzci

e
]

ig not Inown. That exposure to
diffuced daylight accelerates sorrosion has been shown by

3
Cribb and Arnaud and by Friend\ ); and the latter has found
that the corrosion of iron foil in water when in the dark is

about 85 per cent of that in the light. For practical rur-

~52=
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o

»oses, however, the effect of light may be aeglected, and it

o

ting.

[€2]

can he convrolled in tes till in %he case of corrosion

C

in mines it would Dbe expected that the corrosion loss under
Gefinite conditions in the dark of a minebwould be less than
that in daylight.

Lo investigate this ¢uestion a 1little more fully it was
decided to corrode (.18 per cent carhon steel swnecimens, and
Cr~V steel specimens in distilled water under aifferent condi-
tions of lizht, butbt maintaining all other factors as constant
as possible. accordingly specimens were prevared in the mann- s
er previously described, and were placed in still distilled
water under the following light conditions: Complete darknessr
alternate day-light and darkness,‘complete deylight, red-light,
ultra~violet light, and alternate ultra-violet light and dark-
ness. Specimens were also exposed to the action of ulbtra-
violet rays and air.

ew degrees in the

Ha

the temperature probably varied a

longer tests, that is, The temperature of the solubion varied.

In the case of ﬁhe'specimens exnosed to ultra-violet light,
the temnerature of the wabter increased slightly above room
temperature, but it has alresady been shown that for the lower
temperatures the effect of increase in the temperature of sol-
ution upon the corrosion rate is rather small. The period of
‘exposure and other daba is given in Tableji;. In the case of
specimens L2Ll, LZ2, L23 and L24, the alternation of ultra-violet
light and darkness was as follows: & hours ultra-violet light,
16 nours in darkness, 8 hours ultra-violet light, 17 hours in
553
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CTABRLE  X!continued),

Samples L1, L2, I3, L4 and L5 were immersed in
distilled water and kept in complete darkness.

Samples T111, T112, 7113, L9 and L1C were immersed
in distilled water and were alternately ex~
posed to day-light and darkness.

Samples T101, and T102 were immersed in distilled
water, and were exposed only to day-light.
Samples L33 and Ll4 were immersed in distilled water,

and kept in absolute darkness.
Samples L15 and L16 were immersed in distilled water,
and exposed to the action of red-light.
Samples L17 and L18 were exposed in air only to the
- action of ultra~-violet-light.
Sgples L19 and L20 were immersed in distilled water,
and exposed to the action of ultra-violet light.
Semples L2l and L22, L23 and L24 were alternately
exposed to the action of ultra-violet light,
and kept in complete darkness. These samples
were immersed in distilled water.

=33b-
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darizness, 6 hours in ultra-violet light. “he tests in com-
plete darkness were carried out in a photopraphic dark room,
and the ultra-violet light experiments were carried om in
enother dark rocm. Red light wes supnlied in a »rinting cab-
inet, the red filter being placed in the position ordinarily
oceupied by the ground plass, Four bulbs of 40 watts each
furhished the light.

Under all conditions of light, the Cr-V steel shows &
lower rate loss than the 0,18 per cent carbon steel.

Although there 1s guite a large deviation, the ultra-
violet light shows a marked accelerating affect upon the corro-
sion rate.

The‘difference between the losses in complete darkness
and in daylight, or alternate day light and darkness, does not
gseem to be suiticient to warrant drawing a conclusion that
darkness either accelerates or retards the corrosion rate under
the given conditions. XRed light seems fto sllghtly accelerate
the corrosion rate in the case of the 0.18 per cent carbon steel.,

There is no doubt but vhat wnder certain conditions that
the kind of light, or absence of light will affect the corro-
gion rate. Ordinarily the effect will be so small that it may
be neglected in considering corrosion lcsses.

COMPARISCH O DESTING HETHODS.

There is wide divergence of opinion as to proper method
or methods of meking corrosion tests. If the corrodibility
of a metal is to be determined, it may mean the corrodibility

(the nature and rate of solubion) in some snecific medium, or

54 -
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it may mean the jeneral regisbtance which the metal may have

to corrosion.

Cbviously the best test of the resistance of a meial
to corrosion is the actual use of {the material under service
conditions in & specific corrogive medium. If quicker results

o e

are desired, or it is not practical to make such a vest, some

other neans may be devised to test the metal,

[¢)]
fa

- It must be emﬁhééiz d that there are so many variables
caffecting any corrosion process, that it is not safe to pre-
dict the results which may be exmpected in service,.from the
results obtained in 1éboratory tests, unless all the variable
factors have been controlled., TFor example, stainless steel
. A.
is known to be soluble in sulyhuric acid(fg). It might there-
fore be expected that stainless steels would be of small value
in parts of mining machinery which are exposed to the action
of acid mine water which oonﬁéins considerable amounts of free
sulvhuric acid.  Yet the opposite is usuwally true. Certain
kinds of steels, high in chromium, (and in some cases other
elements) are found to resist the achion of mine water very
(46, 47) .
well . The explanation probably lies in the Tact that ferric
sulphate, an oxidizing agent, is much more active in corrod-
ing thapn the sulnhuric acid. t may even %tend to render the
stainless steels passive,
On the other hand, monel metal knovm to be fairly re-

sistant tq th¢ attack of sulphuric acid, has a relatively high

(63)
rate loss, in mine water containing ferric sulnhate .

=55~
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Comparison of the results given in Table XI will
show the high losses of ordinary steels in ferric sulphate
solution as compared to & much lower loss in dilute sulphur-
ic acid under similar conditions.

llany accelerated tests have been suggested and much
work has been done on this whase of the problen, In the pres-
ent investigation, the author used several methods of testihg,
and several corrosive media. 4As has been stated, the purpose
of the investigation was to study the eiiect of various Factors
upon the nature of corrosion and the corrosion rate in +he
earlier stages ol the corrosiocn »rogress. “The corrosion media
chosen were of & widely different nature, but all are met with
in practiée. Corrosion in air in the open is common of course.
Corrosion in dilute sulphuric acid is representative 0f corro-
gion in minevael acids, corrosion in sodium chloride solution
ie representative of corrosiocn in sea-water. Corrosion in
ferric-sulphate is typical of corrosion in an oxidizing solu-
tion. Iany methods of accelerated corrosion testing have been
advocated, and at a recent neeting of the American Society of

(42)
LTesting liaterials a committee recommended four methods for

Turther investipgation,

In the présent w Ik comparison can be made hetween at-
mospheric tests, tests in still distilled water, and in moving
distilled water. Iurther comparison can be made between speci-
mens simply rotating in a corrosive medium, and those which
in addition have a slight current imposed.

Al
The atmospheric end still distilled wabter tests have

~56-
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already been discussed. The technigve of the other two meth-
cds follows.
ROTATICH TEST.

Samples of 0.18 per cent carbon, 0.3 per cent carbon,
Cr-V steels and Cr plate steels vrepared in the uvsual manner
were suspended from the chucks of an electrolytic cabinet
such as in used in analytical vork. The samples were immers-
ed in 250 c.c. - 300 ¢.c. 0% the corroding soluvion, and ro-
tated at a predetérmined rate,.usually'loc revolutions per
minute. That this simple test accelerates corrosion in dis-
tilled water is shown Dby a comparison of the data in Table II
and XI.

DLECTROILYTIC TLST.

If in addition to the conditions jusf described,‘an

electric current be imposed upon the system,lfarther acceler~
4

ation will be obtained. From previous work( Y%he most desir-
able current density to use was knbwn. A current of 0.05 amp-
eres was used, and this was obtained from sﬁofage batteries
under a pressure oi about =20 volts} The current density wes
meintained less than 0.25 amperes ver sq. dm. Samples of
0.18 per cent carbon, C.5 per cent carbon and Cr-V steels
were tested. The date is given in Table .XII. In Table XIII
the resuvlts of all tests made on 0.18 per cent carbon, Q0.5
per cent carbon, Cr-V steels and Cr plate are summarized.

DISCUSSICH CF RESULTS 0F TE ACCELERATED TESTS.

To differences in the nature of the corrosion could

be noted between the simple rotation test and the electroly-

tic test for eny of the solutions used. In “the still dis-
s ‘ 5=
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tilled water test there was opportunity for a colloidal coat-
ing to form and adnere. It might avpear that this coating re-
tarded the corrosion rate in the case of stiil distilled water
&s compared with the rotation test, but the ditterence in time
exposed is a factor waich can not be directly equated.
Consider the corrcsion of 0.18 Per cent carbon steel
in dilute H,S0,, NaCl solution and Fe,(SO,)s; solufion in the
simple rofation and electrolytically accelerated tests., In
sulphuric acid the acceleration obtained by the use ot the
electric current is about 3.5 times. In all solution it is
nearly 20 times. In ferric sulwhate solution the deviation
is so greal that not even an approximete increase can be given.
The ratio of the acceleration is of the same general order of
magnitude for the other steels, bubt no conversion factors can
be definitely stated. R, E. Hall of +he U. S.‘Bureau of
Ifines has intimated that he believes taat the chiéf value of

————.—.—___-.-..-.__.———_.—_——_..._...-—--..——-.——_—-..———--.——.--——..————.—-—.——--—--

(a) Private communication, and Bulletin 15, Coal Hining In-
vestigations. Carnegie Institute ot Technology. (In Press)

the electrolytic test lies in determining the nature of the
corrosive attack rather than in determining the rate of corro-
sion which mibht be expected in service, even if the ftest be
mede in exactly the same corrosive mediun as uszd in servige
conditions. R. J. Anderscn, J. R. Adams, and the writer(‘h;ve
Tound good agreement between the results o+ long-time tests

and the accelerated elecﬁrolytic test in the case of mine waters.

ifhere is mno one general accelerated test which can be
-58-
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used under &ll conditions. Special tests to meet the reguire-

ments of the varying conditions will probably contimue to be

used. In this connection the results of the work of Committee

B-3 of fthe A.8.T7.1. may throw more light upon the subject.
SULLIARY AND COUCLUSIONS.

1. 4 review of the theories of corrosion vhich have
been advanced shows that no one theory of corrosion will ac-
count forx all‘observéd cases of corrosion, and in other ways
the theories are inadeguate, at least as they are usually ex-
plained.,

2o In crder to simplify a consideration of the init-
iation and vprogress of corrosion in general, the writer
anplied the modern conceptions of the nature of the atom 1o
the problem, and shows that all corrosion inception and pro-
gress can be considered as entirely & »process of oxidation,
if oxidution be deiined as the loss of electrons from the
corroded metal.,

J. COZROSION and CORROSION RATE are difrerentiated as
follows: Corrosion refers to the nature of the change of state
in the metal as the oxidation occurs - that is,to the evidences
of chemical aﬁd physical change. Corrosion rate reiers to the
magnitude of the change of state per uwnit of time, and is usu-
ally exoressed as the average loss in weight per wnit of time,
Of course the true rate at any moment is not necessarily the
same a8 tihis average.

4, The following factors afrecting the corrosioan rate

end nature of corrosion are discussed: (a) Chemical composition
-59
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of the metal or alloy; (b) the paysicel condition of the metal
or alloy; (c¢) the chemiéal composition and concentration of
~the corroding medium; {(d) the physical constitution of the
corroding medium; {e) the velocity of the corroding medium, or
the velocity ot tnevmetal in the medium; (£) the efzect of
time of exposure Lo the corroding medium upon‘ﬁhe nature of
the corrosion and the rate; (g) the efiéct of temperature of
the corroding medium (or the metal) upon the rate and nature
of corrosion; (h) theAsolution pressure of the metal or alloy;
(i) électrical cenditions of inmersion which might afifect the
rate of corrosion; (j) the effect oi the formation of Films
and coatings upon sﬁbsequeﬂt corrosion and corrosion ratej;and
(k) the effect of Llight upon the nature and rate of corrosion.

S5« Experimental work was done to determine the effects
of sone of the factors mentioned above, and results may he sum-
merized as follows:

A series of steels oi different carbon percentages,

' samples

and samples of alloy steels, and of/protected by »nlating with
chromium or irom-chromium &lloy were exposed to the acfion of
the atmosphere and distilled water, A4All factors were maintain-
ed as near constant as possible, or at least had ejual oppor-
tunity to act upon the specimens. 4s the carbon varied from
steel to steel, the chemical composition may be considered to
be the factor examined. Lhe following resullbs were determined:

() There was no difference in corrosion rate which

L~

could be fraced %o the carbon content. The Cr-V steel, the
Ii-51 steel, and the plated samples all showed considerable

60—
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resistance 5o the attacl of the atmosnhere and to the athack
of digtilled water,

(b) In air and distilled water, *the corrcsion rate is
high at ﬁhe initiation of the corrosion and for a short Hime
thereafter, The rate then diminishes, flls bto & minimum and
then slowly increases. For the conditions of the test then
{several steels in air and distilled water) the time factor
is & very immortant one. |

. {c) Bamples of a typical steel were corroded in still
Aistilled water and in dilute I,S50, at different temperatures
between room vemperature and the boiling points. 4t the low-
er temperatures the rate of change per degree rise in temper-
ature is very small, but this increases rapidly necer the boil-
ing point.

(d) Smell quantities of gelatine markedly retard the
corrosion rate in distilled water and in dilute sulphuric sacid.

6. The effect of lizht upon the corrosion rate is a
minor factor. Nevertheless, various kinds of light change
the rate of corrosion. Thus ultra-violet light markedly in-
creases tne corrosibn rate in alr and in distilled water. Tor
short time periods the efiect of darikness is nct noticeable,
Red light was also used and seemed to accelerate the rate
slightly but this was not fully confirmed.

7. Methods of testing metals for corrosion resistance
are briefly discussed and those used in the present investiga-
tion were described and compared. Tests were made in the at-
mosphere, in still distilled water, and in several solubions

6]
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in wvhieh the specinen was rotated. The acoelefated elecsro-
lytic fest was 8lso used., TFor an investigation of this kind.
no one method wouvld be superior %o another, and there is no
single method of corrosion testing universally apn»licable in
Testing metals and alloys Tor corrosion resistance »rior %o
placing them in actual service. BHach case is a broblem in it-
self. DThe simple rotation test and the accelerated electro-~
lytic test, however, are'widely apszlicable,

8. Io metals were corroded %o failure, and the re-
sults are applicable only when congidering corrosion in its
initial or early stages.
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UPPLALETY

[ ¢}

HOTES OF THE PLADIIG O CHRORIUM ON STZELL.
By

George Ii. fnos.
Introduction.

In studying the literature dealing wivh the Tfunda-
nental factors in corrosion »rocesses, also in laboratory
investigations, 1t became increasingly evident that by far
the most important factor is that of the themical composi-
tion of the metal or alleoy. The results of the investigation
of the effects of the various factors upon the nature and rate

(27) a
of corrogion have heen reported elsevhere. In that investi-
gation vests were made upon a variety of steels, and steel
sanples upon which chromium and chromium-iron alloy had hee
nlated were also included., It is the purpose of this paper
to diéeuss briefly the technigue of chromium-plating, aund to
note the results of some alttempsis to bring about the cementa-

tion of chromiuvm-plated steels,
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HISYCRICAL REVIET,

It has long been realized that articles nlated with
chromium vould probably be very resistant to corrosion and
would havé other desirable properties, including a silVer—like-‘
luster when buffed. 4 review of the literaiture might lead
one to suprose that the problem of chromium-plating had iny'
general, been sclved guccessfully. At the present time, how-
ever, chromium-plating is not done commercially as far as the
writer is aware. The resistance %o corvosion of chromium-,\:
platéd articles has heen studied but not in great detail.

Bunsen(lgeems to have heen the first to attemnt
chromium~plating. He obtained metallic chromium in brittle}'
sheets from & bath of chromous and chromic chlorides, s

(33, 34, 35, 36)
The patents of Place and Bonnet mede great claims,

. (31)
but iavestigation w»nroved them to be worthless.
(10)

ferse obtained fairly pure chromium by elecﬁrolysis:
of chromic chloride (740 gr. H,0, 100 gr. HC1l, and 160 8L |
crystallized cnromic chloride). He also obtained & silver-
white precipitete from chromium and potessiwm chlorides.

In each case the current density used was 0.1 8mpP. PEY Sq.

5
. (31)
Cm., with a ftension of 8 volts. (¢f. Le Blanec . )

(6)

\

Cowper-Coles also succeeded in producing chromium

from an aqueous solution of chromic chloride. He used &
current density of 40-50 amp. per sq. f5., and electrolyzed

at 75° C,

58
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{11)
evman and Glaser studied the iniluences of curr-

ent density, concentration, and temnerature of different sol-
utions. They obtained good deposits from chromic-chloride
solutions at temperatures un to 50° C.

Diaphragm cells were used in many of the sarly in-
vestigations. |

(12) (13)
Carveth and ilott and Carveth and Curry made inm-

portant advances in this work. The %wo former investigators
found that the presence of a chromous salt was essential for
the successful depnosition of the metal from a sulphate or
chloride solution, and that temperature has quite an effect
upon the quality of the deposit and on the efficiency of the
operation., Carveth and Curry found that the addition of sul-
phuric acid to a chromio-acidlsath had & beneficial effect,
The work of Sargent( %s noteworthy. He concludes
that & chromic-acid solution containing a small quantity of
chromic sulphate is the most promising for the electro-deposi-
tion of chromium. He obtained deposits up to l/2iinch in
thickness, plating from solutions of this Hype. He also

noted the resistance of the chromium to corrosion.

-69 -
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(23)
Salkover  dinvestigabted many different baths and

councludes as follows: -~

Uniformly good results can be obtained from a
bath containing 30 wver cent Crlz; and 1 per cent
Cra(S0,.)z. The cathode current density should
be from 0.8 to 1 amp. per sq. in. The Cr0; con-
tent may become considerably impoverished with-
out harmful resulis, also & somewhat hizgher con-
centration of the sulphate is permiseible. Room
temperature alone is needed. The use of two
anodes, with the cathode between, gives more
i form results.

liost other chromium salts do not give results
at all comparable in yuality o those obtained
by the uwse of the chromic acid~chromic sulwnhate
sclutions.

(19,20, 21)
Liebreich wused low voltage and reduced chromic

acid solution containing & little sulphuric acid, and from
100 gre per liter to 10CO gr. pner liter of chromic acid.
The current density varied from 10 to 85 amp. per sq. dem.
He used iron, cooner, nickel, and brass as electrodes,

(18)
The work of Schwartsz applied directly to the

plating of chromium on steel., His conclusions are here
quoted in full, since it is with fthe plating of chromium
oA =

on steel that the present investigation is mainly concerned.

1. Good, adherent deposits of chromium on iron
were obtained, using solutions conitaining 3
pr. per liter of chromium sulvhate and from

200 to 4C0 gr. per liter of chromic acid.

-0 -
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Z2s The cathode current density range for
good denosits was found 0 be from 9.3
to 16 amp. per sg. dem. (100 to 150 amp.
ver sa. Ih.). :

3. Best .results were obteined using Sargent’s
solution containing 3 gr. per 11+er of
chromium sulphate, 245 gr. ner liter of
chromic a01d and a current density of
1.3 aup. per sq. dem. (125 amp. per sq.
F5.). The anodes used were chromium,

The solution was at toom temperature, and
stirring, in addition to that caused by
the evolution of hydrogen, was found un-
necessary.

4, Chromium anodes in the above solutior show
no tendency to beccme passive even afier
lonb and comtinuous plating operations.,
Chromium aaodes are cheaper than platinum
and better than lead.

5. The 31mu1taneous evolution of hydrOFen,
vith chromium denoalulon on iron is essen-
tial %o bood reslte. The nydrogen appears
to orotect the freshly d1°C1af"@d metal and .
to counteract the grnau tendency of carcm-
ium to »ass back to the chromous ion stage.
‘Ihis tuﬂdOHOJ is particularly marked in the
‘ﬁ*roq~1j OYldlZln medium of chromic acid.,

6. Chromium-plated iron and sheel heve a hard,
bright, silver-like surface.

7, Chromium-plated iron and steel resist atmos-
pheric corrosion 1ﬁdef1n1b61V.

8. ubromnum—vTaLed iron and st eel are resisvant
to the acblon of fumes of nitric acid, hydro-
zen sulfide, and ammonia. They also‘resist
the corrosive action of molten %in, zinc,
and brass.

9. Steel does not lose its temper during chrom-
ium-plating.

1C. Caromlum— rlated iron does not resist elec~
srolytic corrosion in mineral acids.

71—
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(24

| SN

nvestipated chromivm vlatins-haths
o S£ = ?

Rengering
using brass cheets and conner YelectHrosyres" as cathodes,
an@ anodes of lsad and chromium. He concluded tha

-~- there is no difference in the ﬂualiﬁj
cx the nlates produced by baths using lea
znodes and those us irg chromium anodes.
~-~~ chromic acid haths c@ﬂnot o“e“ate rith
coatinuously good cesults at temneratures
ahove 17¢ C, ~--- vy acoos1t‘ of pure

chromium cannot he nlated without granu-
lation taking glace, that cu"omlun devocits
heavier than flash coabs must be alleoyed
with a binding agent to »revent granulation,
and that nicizel is a suitable binding agent
for use in depositving heavy rlates (O.“Ol
inch or nmeore) of chromivm.

. )
D
K3 §o (

"u

Mhere is no question hut that on electrolyzing the
chromic acid-sulphate bath such has been found to he the
most suitable for use, the temperature rises appreciably.

If the plating béth be cooled in ice water much better re-
sults are obtained. In the present work the method emploved
bﬁ Schwartz was followed, with the di ffevence that the olat-
ing bath was képt cool in running vater. Hor the murpose
for walch the plated swecimens were desired, cooling by means
of an ice bath was not necessary, although it was necessary
,.to cool the solutions somevwhat.
EXRPERILIEIDS II! RLATING CHRCLIUM OIf STREL.
Either cast chromium in fairly large pisces, 3,81
by 2.54 by 10.16 centimesers (1.5 by 1.0 by 4.0 inches), or
. & number of smaller wieces huﬁg in a basket made of aluminum
wire, were used as anodes. The pieces of mild steel used
were cylinders approximately 5.1 centimeters (2 inches) léng

by 12.7 ceantimeters (1/2 inch) in diameter. A number was

-T2
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stamped in one end, and &h alumirum or copner wire was atb-

ached to the other, either by means of scolder in the case

i

of coppyer, or by drilling a small hole, inserting the alum-
inum vire, and thenswaging the steel around the wire. ihe
wires later served as a means of hanging the specimens in

corrosion tests.
' ?he bath used consisted of 3 gr. of chromium sul-
nate, 245 gr. of chromic acid, and 5 c.c. of concentrated
280, per liter of water (essentially Sargent’s soluﬁion).

s doen

The currens densitby

]

wsed was 3.77 amps. ver sg. dem. (350

-

amp. ner sq. ft.). “he sieel specimens were hung from a bus-
bar in the middle of the bhavtery jar, and two anodes were
used. The temnerature was nok allowed ©to exceed 24° C.,
The ﬁeight of chromium deposited cver -the area of each test
nilece (aversge area 22.8 dem.) varied, for a plating time
of 1 hour, from 0.2 %o C.3 gr. The probable depth of plate
then, varied from 0.00127 cm. (0.00049 inches) %to C.00193
cine (0.00072 inches) assuming the plated chromium $o have
a specifiec gravity of 6.9 Hicroscopic examination of &
cross section confirmed %his depth of plate aprroximately.
Alloys Of chromium and iron were plated on steel
and the sypecimens included in the corrosion and other tests.
The method of plating these alloys is reserved for another
paper, |
Mhe ever~increasing use of steels of the "stainless™

type and of alloys of iron, carbon and chromium in general,
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2s materials resistant to & large veriety of corrosive nedia

ere and anatural wvaiers, had led %o the

develonenent of many varietles of chreomium irons and steels.
{18) (27)
Schwartz as well as the writer has shown that chromium-nlated

resistant o meny corrosive media.

sne process of chromizing, and
nditions as necessary for the produc-
tion of a chromized surface: (1) Chromium of at least 95 pér
cent purity; (2) npowdered Al,C, as a diluting azent; (3) pure

hydrogen free Zrom molsture and oxyren; and (4), a firnace

l_h

facd

that vwill ovperate at 1300° C., oxr higher in an atmosphere of

hydrogen. He further notes that the chromium must he in
intimate contact with the iron, and that the iron or steel
must have a low carbon content. IHe found that chromized iron
was resistant Go corrosion (salt svray test) and to the attack
L 404, but not to the attack of T30, and HC1l; also that the

caromnized surface is soit but may be case-hardened, yéﬁ if
case-nardened the material is less resisbant to corrosion.

Charpy %onnd vhat CrAadéorbs d@, hut more slovly
than Mn, and thet Crp,0,; end C are formed. In iron contein-
ing Cr, the Cr is oxidized to Cry0, in the nresence of 06,
and a wortion of the C liberated is taizen up by the Fe. These
of course are high-temverature resctions.

Consideration of the work of Kelley and Charpy led

.t n

T, —pon -
ne vwriyge

<

to undertalie & series of experiments o determine
vhether a process oi plating and heat-treating could be work-

ed out which would Durnish & steel with a surface of iron high
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in chromiwn contsent and hard enough to stand wear, and still
he resistant to corrcsicn. Three general lines of procedure
were employed as follows:

1. Plate the specimen with chromium and then attempt
to case-harden throagh the curomium, followed by suitable
heat-treatment.

2. Case-harden, then vlate with chromium and then
heat-treat.

%, Plate with chromium, hest-treat, and case-harden.

he steel used for test contained 0.18 per cent car-
bon, and the swecimens were 2 inches long by 1/2 inch in
diameter. The surface of the specimens was Ireed from scale
but not brilliantly polished. No attempt was made to heat
in hydrozen or %o secure a higher temperature than was ob-
tainable in the ordinary furnaces in the laboratory. Lhe
periods 0¥ treatment were kept short also, In other words,
only relatively quick, inexpensive, commercial methods of
treatment were employed. B

Tables I, II and III swmarize a series of experi-
ments Tollowing the above ocutline., The chromium plates were
plated as previously described. Where it seemed advisable,
micro-structures were exsmined. HNone of the samples showed
sufficienﬁ hardness and evidence of chromiwm diffusion to
warrent wreparing samples for & corrosion test. Ilany other
tests not included in the tables were made with similar re-
sults. 7The tests reported in the tables were made using ges

furnaces. Constant checks on change of hardness were made
-75=
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with +the scleroscope, and are also noved in the tables.
Tests similar to those run in the gas furnace were

run in & small electric furnace viere a slightly greater

[ox]

temperature was obtained. The weriod was extended %0
'hours to allow a hetter chance for difiusion. In no case

did the nardness 0i tihe swecimen materially increase where
the specimen had been chromiwm plated either before heat-
treatment for dififusion or case-hardening treatments. This
leads to the conclusion that at ordinary case-hardening temp-
erafures, chromium as plated does not absorb carbon, - that
is, it is not cemented at least to any apvreciable extentb.
Cast chromium can be readily made to take up carbon at the
ordinary case-hardening temperature. Small pieces of cast
chromium were weighed, packed in carbonizing meterial and
case-hardened at «bhout 900° C., for one hour. They showed

& zain in weight of 0.25 pér cent and were inscluble in any 
ordinary mineral acid or combination of acids,

SULLIARY AID CONCLUSIONSS,
seel can be chromium-plated by the methods described

ty Schwarbz, bubt it is recommended that the temperature of
the solution he kept low.

I'or neriods wp to & hours, and Senperatures up Lo
1050° O., no combination of chromium-~plating, heat-treating
for aiffusion, and case-hardening could be found that would
give surfaces which were hard and at the same time in such
vhysical shape as to make it likely that they would resist
corrosive media.

-6
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Chromium plate on steel prevents cementation for the
ordinary time and tem@erature conditions employed.in case-
harﬁening.
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