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CHAPTER I
INTRODUCTION

The advent of modern technology has necessitated the search for
materials with a higher resistance to corrosion. Corrosion is the des-
truction or deterioration of a material by chemical or electrochemical
reaction with its environment.

Though the E.M.F. series (based on the thermodynamic reactivity
of metals) places nickel mid-way between the two corrosion extremes, its
position in the galvanic series (which is based on the practical nobility
of metals and alloys) is considerably higher - closer to the nobler or
cathodic side.] Nickel possesses a high degree of resistance to corrosion
in many atmospheres.2 Many of its alloys with copper, chromium, moly-
bdenum and iron exhibit remarkable corrosion resistance. Nickel forms an
important constituent of many of the stainless steels.

The various forms of corrosion which a material may be subjected
to, can be classified under one or more of the fo]]owing:]

i) General corrosion

ii)  Galvanic corrosion

iii) Crevice corrosion

jv)  Pitting corrosion

V) Intergranular corrosion

vi) Selective leaching

vii) Erosion corrosion

viii) Stress corrosion



1.1 Definition of Pitting Corrosion

i) Pitting is a form of extremely localized attack that results
in holes in the meta].]
ii) Pitting is a localized type of attack, the rate of corrosion
being greater at some areas than at others.3
iii) Pitting is corrosion confined to small points, so that def-
inite holes are produced in an otherwise almost unattacked surface.4

1.2 Cause of Pitting Corrosion

Pitting may be considered as the intermediate stage between general
overall corrosion and complete corrosion resistance (Figure 1). Thus,
if a metal is in the corrosion resistant or 'passive' state, the entire
surface of the metal is inert and no corrosion occurs. However, if this
resistance breaks down at some places, these exposed areas become anodic
to the rest of the surface which is cathodic. Owing to the unfavourable
area ratio, corrosion at the exposed points is extremely high. This results
in pitting of the surface. |

1.3 Nature of Pitting Corrosion

A corrosion pit is a unique type of anodic reaction. It is an
autocatalytic process. That is, the corrosion processes within a pit
produce conditions which are both stimulating and necessary for the con-
tinuing activity of the pit. In Figure 2 a metal M is being pitted by an
acid sodium chloride solution. Rapid dissolution occurs within the pit,
while hydrogen reduction takes place on adjacent surfaces. Thfs process
is self-stimulating and self-propagating. The rapid dissolution of metal

within the pit tends to produce an excess of positive charge in this area,
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Figure 1. Diagramatic representation of pitting as an intermediate stage

Figure 2. The autocatalytic processes occurring in a corrosion pit



resulting in the migration of chloride ions to maintain electroneutrality.
Thus, in the pit there is a high concentration of MC1 and, as a result

of hydrolysis, a high éoncentration of hydrogen jons. Both hydrogen and
chloride ions stimulate the dissolution of most metals and alloys, and

the entire process accelerates with time. Owing to the active Jisso]ution
of the metal, no hydrogen reduction occurs within a pit. The cathodic
hydrogen reduction on the surfaces adjacent to the pits tends to suppress
corrosion. In a sense, pits cathodically protect the rest of the metal
surface.

1.4 Importance of Pitting Corrosion

Pitting stands as an extremely destructive and one of the most
insidious forms of aqueous corrosion. Various metals, including nickel,
iroh, chremium, aluminum, magnesium, zirconium, copper, tin, zinc and

many of their alloys are subject to this attack.

1.5 Nature and Scope of the Present Investigation

With a qualitative idea of the nature and significance of pitting
corrosion, it is apparent that a clearer and more thorough understanding
of the pitting mechanism is of prime importance. It is extremely important
to be able to predict the conditions and sites of nucleation and the pos-
sible mechanism of growth because this will determine the preventive treat-
ment to be used.

In the present investigation, two aspects of pitting corrosion
have been studied:

i) Kinetic and,

ii) Morphological



The kinetic aspect deals with the sites for pit initiation and
the effect of various factors such as chlorine ion concentration, grain
size and cold work on the passivity and pitting susceptibility of nickel.

The morphological aspect concerns itself with the size, shape

and distribution of pits in cold worked and annealed materials.



CHAPTER I1I
LITERATURE SURVEY

2.1 The Phenomenon of Passivity

The phenomenon of metallic passivity has fascinated scientists
and engineers since the days of Faraday. The phenomenon itself is rather
difficult to define because of its complex nature and the specific con-
ditions under which it occurs.

2.1.1 Definition of Passivity

Not withstanding the comparatively frequent and readily observed
manifestations of passivity, no all-inclusive definition of this phencmenon
has been advanced. Many investigators do not providé concrete definitions
of passivity but substitute a description of the phenomenon. However,
passivity has been defined in the following ways:5

i)  An active metal becomes passive when its electrode potential
approaches that of a less active, noble metal.

ii) A metal is considered passive when, along with its high corrosion
resistance, its corrosion reaction has a high thermodynamic probability.

ii11) Passivity is a state of high chemical stability of a metal
under certain conditions if under somewhat similar conditions the metal
behaves as a normal active metal.

jv) Passivity is the acquisition by a metal, after treatment, of

chemical stability to reagents or conditions in which it would be rapidly

corroded without such treatment.



For various reasons, such as not taking into account corrosion
resistance and 1imiting itself only to the measurement of potential
[definition (i)], being based on the characteristic corrosion properties
of the metal, including all types of corrosion inhibition and being too
broad [defiﬁitions (ii) and (iii)], relating passivity only to creation
of an inert condition on the metal with lack of any kind of indication
of its nature [definition (iv)], the above definitions of passivity have
been criticized as being inadequate.

However, on the basis of the theory of electrochemical corrosion,
the phenomenon of passivity of metals is most rationally defined in the
following manner:5

"Passivity is a state of high corrosion resistance of metals
or allovs (under conditions when their reacticns are theymo-
dynamically possible) caused by inhibition of the anodic
process, that is, a passive state is a state of corrosion

resistance caused by an increased anodic control.”

This definition includes the ennoblement of potential observed
in most cases of passivity and is not confined only to a particular positive

shift of potential.

2.1.2 Anodic Passivation

When a material is anodically polarized, i.e. its electrode pot-
ential is made more positive, the dissolution rate increases exponentially.
In materials which are capable of exhibiting an active-passive transition,
a certain stage is reached when the dissolution rate falls markedly, and

the material is said to be passivated. The passivation occurs owing to



the formation of a thin film. The potential at which this passivation
occurs is known as the "primary passive potential®, Epp’ and the critical
anodic current maximum at this potential is designated by Ic. If the
polarization of the material is continued further, there is no appreciable
increase in the corrosion current. The current required to maintain

passivity is known as the passive current”and is designated by I On

D’
still further polarization, a potential is reached after which the anodic
current again begins to increase. At this potential the initially formed
passive film breaks down and metal dissolution commences again. This

potential is termed as the critical potential for the breakdown of pas-

sivity, EC . Thus, based upon the manner in which the material behaves,

the anodic polarization curve (Figure 3) exhibits three regions, called

J i n 5 " "4 - n
active", "passive" and "transpassive".

2.1.3 Theories of Passivity

Many theories of passivity have been put forward and numerous
modifications of the basic theories have been proposed.. The most fund-
amental and generally accepted theories at present are those explaining
the passive state on the basis of a film or adsorption mechanism accounting
for inhibition of anodic dissolution.

2.1.3 (a) Film Theory

NHi]e considering the behaviour of iron in concentrated nitric
acid, the mechanism of passivity was proposed by Faraday6 more than
100 years ago in the following terms: "The surface of iron is oxidized...
or is in such relation to the oxygen of the electrolyte as to be equiv-

alent to oxidation..." The film theory of passivity, as it is known
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Figure 3. Typical anodic disscluticn behaviour of an active-passive
metal
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today, is due to Evans.4 This theory considers the passive state as

the appearance of a very thin, often invisible protective film of products
formed by reaction of the environment with the metal. Very often this
thin film represents some form of metallic oxide.

The generalized film theory embraces the special cases where a
film of oxygen rather than oxide causes passivity. It was Tammann7 who
later suggested that a film of adsorbed oxygen, rather than the oxide,
is responsible for the passivity of iron, nickel, cobalt and chromium.

2.1.3 (b) Adsorption Theory

In a number of cases, besides films that inhibit the anodic process
and that have thickness of-hundreds or even tens of atomic layers, thinner
monomolecular protective adsorption layers of oxygen, oxidant, or other
substances can exist and produce passivity - that is, cause a so-called
adsorption passivity.

The adsorption theory of passivity has been developed mainly by
Uhh’g.2 This theorv describes anodic inhibition as an electrochemical
mechanism. It is assumed that adsorption of oxygen atoms (and sometimes
other species) 1eqHs to a reorganization or shift of the electrode potential
in the double layer which strongly inhibits metal dissolution.

Some worker58

believe that the establishment of passivity requires
at Teast a continuous coverage of the surface with an adsorbed monomolecular
layer of oxygen atoms. Others,9 on the other hand, think that it is only
necessary to have oxygen adsorption on the more actively dissolving surface
area.

In recent years, the advocates of the adsorption theory have come

to believe that, in addition to the purely electrochemical adsorption
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mechanism, consideration must be also given to the formation on the
surface of adsorbed (chemisorbed) compounds, and thé formation of electric
dipoles as a result of partial ionization of the oxygen atom by an
electron from the metal which change the chemical and electrochemical
reactivity of the metal.

2.1.3 (c) Electron Configuration Theory

The first qualitative suggestion of a relation between electron

10

configuration of atoms and passivity was made by Russell ™ in 1925. A

theory accounting quantitatively for critical passivity concentrations

in alloys was outlined by Uh]ig.]]

According to this theory, the ease in
forming a passive state is associated with noncomplexity of the internal
shells of a metal, as, for instance, the easily passivated transition

¥ | N
i I

metals of the periodic table (chroiium, nickel, cobail, iron, moiybdenum
and tungsten), which have incomplete d levels in the metallic state.
Adso}ption of oxygen or oxidant is accompanied by the phenomenon
of passivity, because the adsorption of the oxidant leads to the incorp-
oration of electrons from the metal and consequently to unfilled electron
levels in the metal. Adsorption of hydrogen or reducing agents in general,
on the contrary, provides electrons to the metal, filling the d level
and converting the metal into the active state.
The corrosion behaviour of Ni-Cu alloys has extended considerable
support to this theory. When nickel with 0.6 electron holes per atom
in the d band, is alloyed with a non-transition metal, e.g., copper (with
no d-electron holes), electrons from copper contribute to the unfilled

d-electron levels of nickel. The alloy retains the transition metal

characteristics of nickel so long as the d-electron holes are not completely
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filled. Specific heat and magnetic measurements of the Ni-Cu alloys show
that the d band of energy levels is filled at about 60 atom % or 58 wt %
Cu and isunfilled at lower copper compositions. The alloys therefore are
expected to be passive and to behave like nickel below 60 atom % Cu(> 40%
Ni), but to be active and to behave more like copper at higher copper

12,13 confirm

compositions. Corrosion rate and anodic polarization data
that lTowest corrosion occurs in alloys containing a minimum of about 40-50%
Ni at which composition and above, d-electron holes exist.

Several other alloy systems exhibit critical compositions for pas-
s1'v1'ty.]4 Examples are the Ni-Mo, Co-Cr, and Ni-Cr alloys for which the
critical alloy compositions as determined from the value of Icritica]
come at values specific to each alloy. Critical alloy compositicns for
passivity have alsc been observed in three- or four-component alloy systems,
e.g. Fe-Cr-Ni-Mo, Fe-Ni-Mo and Cr-Ni-Fe.

The condition that determines whether a substance capable of
reaction will react or adsorb is related to the work function of the
metal (a measure of the heat of evaporation of electrons from a metal)
and the heat of sublimation of the metal. When oxygen, for example, ap-
proaches a metal surface it will either extract an electron from the metal
surface and become adsorbed, or a metal atom will be dislodged from its
position ih the lattice to form an oxide. Thermodynamicaj]y, the preferred

process is that accompanying a greater decrease of free energy. Thus,

since the state of adsorption corresponds to passivity we have,

Work Function < 1, for passivity
Heat of Sublimation

> 1, for reactivity
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Alloying, which affects both the work function and the sublimation
energy, changes the above ratio depending on the pafticu]ar alloy com-
position. This explains why an alloy exhibits passivity above a critical
composition and behaves actively below it.

Properties of metals depend on the internal structure of the atoms
and consequently on the electron configuration in the metal. But pas-
sivity is determined not only by the metal but to a large extent also by
the environmental conditions. Therefore to assume that the passive state
is explained by the electron configuration only, is apparently fallacious.
Actually the electron configuration theory does not explain all the aspects
of the passive state that are not covered by the film or adsorption theory.

The major objection to this theory is that capability of transition into

| S

a passive state is a property net only of th %o Tuok BT8e

n ~ o aan -
MV by i ey oo

ransition meta
of aluminum, magnesium, berylium and many others. Under suitable conditions
almost all metals can be rendered passive, including those metals that do
not have any free electron levels.

It must be pointed out that the film and adsorption theories of
passivity do not contradict, but rather supplement one another. As the
adsorbed film in the process of thickening gradually transforms into an
oxide fiim, the retardation of the anodic process promoted by change in
the double Tlayer structure will also be supplemented by the greater dif-
ficulty encountered by ions passing through the protective film. Evidently,

a combination of the film and adsorption theories can more fully explain

all the experimentally observed manifestations of passivity.
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2.2 Theories of Pitting Corrosion

The phenomenon of pitting corrosion may be divided into two
distinct stages:-

i) nucleation of pits

ii) development of pits

Among the different conceptions of the pitting corrosion mechanism,
there are theories that explain both the above stages, and those which
are éoncerned only with the second stage. It is not possible to categorize
the several divergent views that have been put forward. Nevertheless,
two broad divisions may be made.

2.2 (a) Adsorption Theory

This theory owes its origin to Hoar, and, over the years has been
modified by wany workers including Hoar himseif.

Hoar et a].]s

proposed that the initiation of pits might be due

to the adsorption of aggressive anions on the surface of the oxide film
followed by the penetration of ions through the film. Anion entry, without
exchange, into the film is postulated as producing a greatly induced ionic
conduction in the contaminated oxide film, which thus becomes able (at
certain points) to sustain high current density and to pfbduce brightening
by random removal of cations. When the field across the film-solution
interface reaches a critical value, pitting occurs.

Later, Hoalr‘]6

suggested the so-called mechanical breakdown process
of pit initiation. He proposed that during anion adsorption, water
molecules are replaced and this causes the Towering of the interfacial

tension on the oxide-solution interface by the mutually repulsive forces
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between charged particles. The adsorbed anions push one another and the
oxide to which they are strongly adsorbed causing 511p and forming cracks
which are the nuclei of pits.

The last modification]7

of this theory stands as follows: "Three
or four halide ions jointly 'adsorb' on the oxide film surface around a
lattice cation - one next to a surface anion vacancy for preference. The
transitional cémp1ex thus formed has high energy and the probability of
its formation at any instant is very small. But, once formed the complex
can readily and immediately separate from the oxide ions in the lattice,
the cation dissolving in the solution, very much more readily than the
non- or aquo-complexed cations present in the film surface in the absence
of halide ions. Under the anodic field, another cation comes up through

the film to replace the di

£
LR B i “

ion - the field at constant anocde
potential increases at the 'thinned' point of the film; but arriving at
the film-solution interface, it finds, not stabilizing oxide jon formed
from water (nor, in de-aerated solution, oxygen molecules), but several
halide ions, so that the 'catalytic' process, once begun, has a strong
probability of repeating itself, and of accelerating because of the
increasing electrostatic field. Thus, once localized breakdown starts
'

with the initial transitional complex, it accelerates 'explosively'".

2.2 (b) Displacement Theory

On the basis of the adsorption theory of passivation, the formation
of pits is described as a result of a competitive adsorption of C1™ ions
and oxygen. Pits develop on the spots where oxygen adsorbed on the metal
surface is displaced by C1~ jons. Ko]otyrkin]8 presumes that even during

the dissolution of a passivated metal, irregular distribution of the current
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does exist on the metal surface, since the latter is never quite homo-
geneous. On some spots occur a stronger adsorption of C1~ ions and a
more rapid dissolution of the metal. According to this theory, the break-
down potential represents that minimum electrode potential value, at
which the aggressive anions become capable of producing a reversible dis-
placement of the passivating oxygen from the metal surface.

Rosenfeld and Danﬂov19 adapted the displacement theory to the
case when the surface of the metal is covered by a passive film in the
form of a separate phase. They presumed that the exchange of oxygen by
chlorine ions occurs at sites where the metal-oxygen bonding is the weakest.
Aggressive anions which displace oxygen from the surface penetrate into
the passive film and collect inside of pits. Since the pits are closed
crevices covered by a porous surface Taver. thev suggested that pitting
corrosion is a specific case of crevice corresion, and similarly as in
nucleation of crevice corrosion, geometrical factors, such as presence of
microcrevices, microcracks,etc. influence pitting corrosion. If pitting
corrosion is to be regarded as a special case of crevice corrosion where
the electrochemical behaviour of the metal is known to be caused only by
the difference in the access of the corrosive medium and in the removal
of the corrosion products, pitting cqrrosion should stop if the pit and the
rest of the surface are equally accessible to the electrolyte. Rosenfeld
and Danilov's observations confirm this belief. Destruction of the shielding
layer over the pit in 18-8 stainless steel with resultant free access of

the solution from the bulk led to the immediate passivation of the pit.

On the basis of the data on the composition of the solution in the

pits (increased acidity), it can be concluded that the reaction of
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displacement of the passivating oxygen takes place qn]y on those sections
of the metal surface near which the concentration of the aggressive anion
reaches a certain critical value, greater than its bulk concentration.
This increase in concentration of aggressive anions near separate areas
of the metal surface, leading to depassivation of these sections, can be
affected by means of anion transport by the current. This hypothesis is

20 who showed that the act-

supported by the results of Engell and Stolica
ivating influence of chlorine ions is not observed immediately after their
addition into the solution but only after a certain period of time which
is Tonger the Tower the concentration of the chlorine ions in solution.
Regarding the influence of the halide ions on the dissolution

18 1ot the

kinetics of metals in the active state, available data shows
direct participation of the soluticon components in the elementary act of
ionization of metallic atoms appears to be an inevitable stage in these
processes. Apparent]y, the first step of the process is the chemico-
adsorptional interaction between the surface atoms of the metal and one

of the components of the solution, with the formation of a surface complex
which, when a certain potential is reached, passes into solution. Because
of the difference in the polarizability of anions,their influence (relative
and absolute) on the kinetics of metal dissolution changes substantially

with a change in the electrode potential. Therefore, when a certain
potential is reached, conditions are created for displacement of one com-
ponent by another, and consequently for a change in mechanism of the process.

Thus, it is reasonable to assume that the initial dissolution products in

pits are compounds of the metal with the aggressive anion. This compound
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is hydrolysed with the formation of an oxygen compound of the metal (or
hydrated jons), hydrogen ions and free aggressive anions which can again
affect the process, now as catalyst. Thus, the increased acidity of
solution in the pits is a result of the growth of the pits, but not the
cause of théir formation.

Surprising as it may appear, none of the existing theories is

able to clarify all the known phenomenon of pitting.

2.3 Factors Affecting Pitting Corrosion

2.3.1 Effect of Physical State of Metal

The susceptibility of metals to pitting corrosion depends largely
on their own nature, structure and surface state. The defects of the
metal surface could be carried over to the passive film and provide sites
for pit nucieation.

Tokuda and Ive52] found that the reactivity for active dissolution,
and consequently the susceptibility to pitting corrosion, is greater for
a mechanically polished {1111} face of a Ni-single crystal than for an
electrolytically polished one.

In general, disturbed metal layer, local cold work and rough
surfaces exhibit a greater tendency to pitting corrosion:

2.3.2 Effect of Alloving Elements

Pitting susceptibility may be taken to be the tendency of metals
to undergo pitting corrosion. Tendency towards pitting corrosion - pitting
susceptibility - is distinctly higher in ferritic steels than in austenitic
stainless steels. Consequently, susceptibility to pitting corrosion

decreases as the content in silicon , nickel, and especially chromium and
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molybdenum increases. Usually, the influence of alloying additions on

the value of the breakdown potential is taken as an indication of its
effect. Constituents.which decrease pitting susceptibility shift EC to

more positive values, while components which increase pitting susceptibility

22 \hile Cr, Mo,

shift E. to more negative values. It has been found that
Ni, V, Re, Mn and Si shift E. to more positive values, elements such
as C, Ti, Ce, Nb shift E. to more negative values. Zr, Ta and W have
been found to be without any effect on E..

2.3.3 Effect of Electrolyte Composition

Pitting corrosion depends not only on the concentration of C1~ ions,
but also on the concentration of unaggressive anions, and more precisely
on the ratio of aggressive to unaggressive anions.

It has been found23 that both nitrates and chromates added in
appropriate concentrations to a solution containing C1~ ions act as pitting

corrosion inhibitors. A similar effect is produced by 8042'

; GH 5 C103',
and 0032" ions. A1l these anions cause the shift of E. values to more
positive potentials. However, though NOB' anions cause the increase of
Ecs at a particular N03—/C1' ratio further anodic polarization initiates
pitting.

In general, the presence of unaggressive anions produces three
different effects.

a) increase in By

b) prolongation of the induction period, and

c) reduction in pit density.

It is difficult to classify the effect of unaggressive anions in

any series bhecause it depends not only on their concentration and the
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potential, but also on the material they are protecting. Leckie and

Uhlig??

studied the effect of various unaggressive anions in solutions
of different C1~ activities for 18 Cr - 8 Ni stainless steel under
potentiostatic conditions. They found that the inhibition efficiency
decreases in the order OH™ > NO3' > Ac” > 5042' > C]042—. For a]umim’um,25
the inhibition efficiency decreases in the order NO3' > Cr042' > Ac >
benzoate > 8042'.

The action of unaggressive ions in the presence of C1~ ions has
been expiained by a competitive adsorption of anions on the surface of
the metal or oxide at anodic potentials which lead either to pitting or
to inhibition of pitting corrosion. However, the results of Forchhammer
and Enge]]26 contradict this belief. In their study of pitting corrosion
of 18 Cr - 8 Ni stainless steel using a potentiostatic methed, they claim
no indication of a preferential C1” adsorption. C1~ icns caused an increase
of the c0rrdsion current in the passive range while 3042" and N03' ions
decreased this current.

In the absence of imposed polarization, pitting corrosion in
solutions containing aggressive anions is observed only in the presence
of oxidizing agents such as Fe3+, H92+, Cu2+, H202 and dissolved oxygen.
Oxidizing agents, in all cases, play the part of passivators. Their
effect can be explained by their simple depolarizing action which on
reduction on the metal surface shifts its potential in the positive direction
with respect to EC.

The nature of a solution can be borne out by its redox potential.

Uh11927 has proposed that a metal is subject to pitting corrosion only
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if the redox potential of the solution containing aggressive anions lies
at values more positive than E.

2.3.4 Effect of pH of Solution

Though there is some controversy, in general, it has been found
that the value of the breakdown potential is constant within a large
range of pH. The reason for this, however, is not quite clear.

4 found that for 18 Cr - 8 Ni stainless steel,

Leckie and Unlig®
the eritical potential is not greatly affected in acid 0.1 N NaCl ranging
in pH from 1 to 7. However, it moves markedly in the noble direction in
alkaline solutions of pH 7 to 10. This is accompanied by an increased
resistance to pitting corrosion. Beyond pH 10, Ee decreases. However,
the increase of current observed at corresponding values of potential
does not correspond to pitting but to the attainment of the transpassive
state with the formation of Cr042-.

'2.3.5 Effect of Temperature
4

Leckie and Uhh‘g2 observed that the breakdown potential for an
18 Cr - 8 Ni stainless steel in 0.1 N NaCl at 0°C is above 900 mV (vs SHE);
at 259C, it is 325 mV (vs SHE); and in the range of temperatures from 250
to 509C, it undergoes small changes. .

While EC shifts to more aétive values with increase in temperature
26 28

for aluminium™ E_ is not greatly

for the austenitic stainless steels, "

sensitive to temperature in the range 00 to 40°C. Working with nickel in

29 found that the effect of

alkaline chloride solutions, Postlethwaite
raising the temperature is to stimulate the attack up to 175°C but above
this value the trend is reversed, the critical potentials nove to higher

values, and both the induction period and critical C1~ concentration
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increase. The attack changes from pitting at 250C to more general attack
at elevated temperatures.

Until now, the dependence of Ec upon temperature for the various
metals and alloys has not been explained.

2.3.6 Effect of Metallurgical Condition of Metal

Forchhammer and Enge1126 studied the effect of cold working on the
EC value for different austenitic steels in 3% NaCl solution. They found
that EC does not vary much for the cold worked samples in comparison with
annealed ones, but in the first case, the number of pits is higher and
the pits are smaller.

Tomashov et a1.30

found that a 18 Cr- 14 Ni steel with 5% Si is
not susceptible to pitting in the so]utfon treated state, and that sen-
sitizing it for 2 hrs. at 6500C strongly impairs its resistance to pitting
corrosion. Thus, working with pure metals eliminates the problems associated
w{th carbide precipitation during sensitization.

In many cases, though tempering of steel increases the number of

pits, possibly due to precipitation of carbides, their depth is smallest.

2.3.7 Effect of the Oxide Film

Kinetics of film growth is different in the presence of chloride
jons than in the absence of those ions. The growth in the presence of
chloride 1bns results in nonlimiting thickness of the oxide Tlayer.

Ambrose and Kruger3] studied the changes of optical properties
of the passive film on a high purity iron during pitting using an ellip-
someter and measuring the corrosion current. They found that the break-
down is observed by simultaneously following changes in optical phase retard-

ation and current at constant potential. The thickness of the film is not
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the sole factor in influencing the time to breakdown. Their results
indicate that adsorption and complete penetration by C1~ to the metal
surface is necessary to initiate pitting. - In further support of these
conclusions, the recent work of McBee and Kruger32 points to the mechanism
for passive film breakdown on iron that requires a penetration of chloride
ion via lattice defects, possibly anior vacancies.

Blanchi et al.>

studied the susceptibility of 19 Cr -10 Ni

steel to pitting corrosion in A1C13 + LiC1 glycerol-ethanolic solutions.
They found that C1~ content weakly influences the pitting corrosion process
of the naturally oxidized samples (in air at 259C for 2 hrs) whilst it
markedly increases the pit nucleation on the samples oxidized at 300°C

for the same time. According to them, this difference in behaviour is due
tu ihe defect nature of the oxide fiim. High susceptibility to pitting

is connected with n-type conductivity while Tow susceptibility to pitting

corresponds to p-type conductivity of the oxide film.

2.4 Sites for Nucleation of Pits

There is, perhaps, no general agreement regarding the favoured
sites for the nucleation of pits. Different workers have shown different
sites as those favouring pit nucleation. In general, it has been clearly

pointed out that pits nucleate at imperfections - whether these be in the

34,35,36

metal or in the passive film. These imperfections, or weak spots,

4,21 disTocations37 and structura11y dis-

21,30,38 35

have been shown to be scratches,

turbed regions such as grain boundaries and slip traces. In-

homogeniety in composition, microsegregationofsolute and dominant residual

39 40,41 30

impurities,”” inclusions and precipitation of complex carbides™" also
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39 that segregations cause a sufficient

causes pitting. It 1is believed
decrease of the cathodic overvoltage to bring the corrosion potential to
the Qa]ue at which C1~ ions lead to pitting corrosion.

In an investigation38 of the pitting corrosion of 13 Cr -Fe
alloy, it wés observed that during the initial period pits belonging to
different grains develop with different rates. Both prolonged corrosion
and high potentials of anodic polarization bring about pitting of the
grain as well,

Pit nucleation at imperfections in the passive film does not seem
too improbable in view of the fact that for pitting corrosion to occur a

'border-line passivity' is essential. Pearson et a1.42 while studying

the pitting corrosion of aluminum in tap water, were unable to relate the
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vidual pits to any particular feature of the met-
allurgical structure or of the metal surface. Nevertheless, it seems
reasonable to suppose that the passive film around a defect, such as a
dislocation where the lattice is strained, is imperfect. Naturally enough,
such sites are those favouring pit nucleation.

It has been generally assumed40 that a certain Timited number of
points (structural defects or compositional inhomogeneitys) are present
on the surface of stainless steel where pits nucleate. The investigations

of Rosenfeld and Dam’]ov]9

have shown, however, that this is actually not
the case. If the pits which are produced initially are opéned up and
therefore made easily accessible to the passivator, then such pits will
passivate and new ones will be originated on the surface. This has been

confirmed by their experiments. On reimmersion the number of pits on the

surface becomes very high; this number increases continuously as the



initial pits are opened up. Consequently, the concept of a certain
limited number of the centres sensitive to pitting corrosion on the
metal surface seems doubtful. In reality there are a great number of
such centres, but owing to the protective action of the first pits, new
pits are not formed.

2.5 Composition changes in Solution during Pitting

A consequence of the localization of the anodic and cathodic
reaction is, first of all, a noticeable difference in the composition of
the solution near the active area from its composition at other sections
of the surface and in the bulk.

The production of acidity at an anode has been definitely estab-
'h'shed.4 For a divalent metal like Ni, the existence of various ions can
lead to a variety of possible anodic reactions:

A+

N1 = Ni + 2e
Ni + HO = Ni(OH)" + HT + 2e
Ni + 2H,0 = Ni(OH), + 2Ht + 2e

Under ideal circumstances, where the reactions occur at such rates as to

keep the various ions in equilibrium with one another, the last equation

will predominate at about pH 7. At first sight, it may seem that in a
neutral liquid, film-repair will prevail, and corrosion will be avoided
indefinitely. However, this overlooks the fact that the last reaction
automatically generates H* jons. Provided that the acidity formed at the
anode is not dispersed into the body of the liquid by stirring or destroyed
by cathodically formed alkali, the pH at an anodic point will sink, and
conditions will soon become increasingly favourable for destructive corrosion

17

with the formation of soluble products. As a matter of fact, Hoar's ° theory
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of pitting corrosion links the formation and development of pits with
the increased acidity of the solution at the active area, as a result of
which the metal can pass into the solution in the form of soluble salts,
instead of being precipitated as oxides or hydroxides. However, as has
already been pointed out, the increased acidity of solution in the pits
is the result of the action at the pits, but not the cause for their
fdrmation.

According to the results of many investigators,23

the composition
of the solution inside the corrosion pits is characterized by a higher

concentration of the aggressive anions and a noticeably Tower pH compared
with the bulk solution. Ayai]ab]e data also indicates that the activity

of the metal in the pits is due mainly fo the particular aggressiveness

of the <olution in them, Evans43 has shown that the products of corrosion
flowing out of the pits stimulate the destruction of other regions of the
surface. If the corrosion products are removed from the pits by means

of rapid stirring or centrifuging, the pits can be passivated.

It is not clearly known in what form and in what proportions the
individual components of a given alloy dissolve during pitting. Sto]ica44
studied the composition of the solution after measurement of the current
vs. time during pitting of Fe -Cr alloys. He found that both Cr and Fe

are present in the solution in the same proportion as in the steel.

2.6 Morphology of Pitting Corrosion

The shape, size and distribution of pits can provide a clearer
understanding of the basic mechanism accompanying pitting corrosion. Many
different kinds of pits have been observed: hemispherical, flat-walled,

formless, uncovered, covered etc..
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It is still not clear what sort of conditions must be fulfilled
to realize the formation of pits of a particular shépe. It seems that
the shape of the pit depends upon both the conditions existing within the
pit - and consequently, upon the composition of the aggressive solution -
and properties of the given metal, its composition, structure, etc.

The formation of covered pits indicates that the passive film is
scarcely soluble both in the bulk electrolyte and in that within the pit.
The formation of flat walled pits indicates that there is no ohmic layer
within the pits which tends to maintain equal current density at all points
of the pit surface. Formation of hemispherical or partly spherical pits
suggests that within the pit there probably occur processes similar to
those accompanying electropolishing.

2w
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pit growth of 18 Cr- 10 Ni
steel in solutions containing C1~ jons. At low potentials, near Ec» and
at a low current density within the pit, flat walled pits, mostly hexa-

gonal, and sometimes square were observed. In another study,46

pits
formed on 16 Cr - Fe single crystals in aqueous solution containing C1~
ions in the vicinity of Ee had the shape of polyhedra composed of most
closely packed {110} and less closely packed {100} crystal planes.

It is not easy to study direct]y the growth of three-dimensional
pits; the most successful attempt has been that of Pearson et a1.42 In
their work on aluminum in tap water, they found that the shape of corrosion
pits is rather complex, the nature and characteristic appearance of which
varies as corrosion proceeds. Short exposure times lead to the formation

of tunnels - pits with square cross-section and numerous right-angle turns.

In cold worked material the corners of these tunnels are more rounded
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than in the annealed material. Pits which result from medium times of
exposure show a very definite grain boundary attack. Pits in cold worked
material although more numerous, are usually smaller and shallower than
those in the annealed material.

These findings received more support from the work of Ede]eanu,47
who simplified the problem by studying two-dimensional pits. He found
that pits are markedly crysta]]bgraphic and the stable surface (i.e. the
slowest to corrode) is the (100) plane. However, with increasing current,
the crystallographic nature of the pits disappears and as the potential .
rises markedly, the advancing fronts become virtually circular. Changes-
in applied current do not alter the rate of pit growth at the place where
it is growing, but merely increase the number of such places and the width

of the fronts, The rate of pit growth is approximately 0.15 mm

/s
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in. At
very low currents and when the pits advance on very narrow fronts (a few um)
the pits. frequently change direction through right angles.

Edeleanu suggested that the tunnels formed during natural corrosion
in C1” solutions may sometimes follow dislocation lines. It is naturally
not suggested that the dislocations themselves bend through frequent right
angles, but merely that the narrow tunnel-like pits follows the dislocation
as best as they can by advancing on a narrow front in one of the <100>
directions but chcosing whichever of’the {100} planes has a suitable emerging
dislocation.

He also attempted to study the natural growth of pits (i.e. with
no applied current). He did not find any difference in the corrosion reaction
in this case as compared with the one in which there is an applied current.
Even experiments with slightly cold-worked material did not show any obVious

differences.
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48 studied the morphology of corrosion pits formed in

Garz et al.
0.5 N N1C12 on {111} , {110} and {100} surfaces of nickel single crystals.
The shape of the pits varied. They found, for instance, that a {100}
surface yielded a square pit, a {110 } face gave a rectangular pit while
the shape of pits on the {111} surface varied from triangular to hexagonal.
The pits in polycrystalline sample had varying shapes. They stated that
faces of high atomic density constitute the facets of pits obtained at
high anodic potentials. They observed pit facets to be composed of {310},
{110} and {111} planes. |

The most complete study of the morphology of corrosion pits on

49

nickel single crystal has been made by Tokuda and Ives. Pits were formed

by passivating the samples in 1 N H2504 or in 0.5 N NiSO, + 0.01 N H2504

4
for 30 mins at various potentials followed by the incremental addition of
chloride ions (as NaCl solution) until pitting was initiated at the chosen
potential. The two electrolytes permitted a study of morphological change
with acidity. Two reaction rates have been distinguished - low and high -
depending on the anodic current during pitting achieved by an appropriate
selection of the potential. They found that the morphology of the corrosion
pits varies depending upon the surface orientation, acidity of solution and
the reaction rates. The pit morphologies are summarized in Figure 4. Pits
obtained on {110} surfaces exhibit a dependence on the passivating potential
and an independence of the activation potential. The external shape changes
from hexagonal to rhombohedral as the passivating potential is increased.
Pit shape on {100} surfaces is independent of reaction rate. To account

for the observed pit morphologies, they have proposed a model based on

the atomistic mechanism of dissolution. It is found that a simulation,
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Figure 4. Pit morphologies obtained by simulation for {100}, {110} and {111} fcc surfaces at low and high

reaction rates.
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which removes atoms one by one according to the principle that atoms more
accessible to the aggressive ions are removed more easily, approximates
the morphologies of pits obtained experimentally.

2.7 Kinetics of Pitting Corrosion

2.7.1 Induction Time for Pit Formation

The formation of pits is due to the destruction of passivity. Based
on any of the theories of pitting corrosion, it is necessary for the aggres-
sive ion to make its way from the bulk of the solution to the active areas
and, finally, to the metal surface. The time necessary to form the first
pits, i.e., the induction time, depends upon the concentration of the
aggressive ions in the solution. The more the aggressive ions, the shorter
is the induction time.

- b PR, . | . : ; g
Engeil and Stolica P found that reciprocal of the induction time,

1, is a linear function of the concentration of C1~ ions

L= ke

Below a certain critical value of C1~ concentration, pitting does not occur.

20

For mild steel™ the induction time is potential independent. However,

44

for 18 Cr -10 Ni steel in 1 N H,SO, + 0.2 N C1~ solution, Stolica ' found

2774
that the induction time decreases with increasing potential. For the pitting

corrosion of nickel in alkaline chloride solutions, it was found29

that
the induction time depends on potential, the C17/OH™ ratio, and the OH™ ion
concentration.

Hoar and Jacob]7

measured the induction time of 18 Cr- 8 Ni stainless
steel. They supposed that 1/t is an approximate estimate of the rate of
the breakdown process. The slope of the log T vs. log CC]' plots showed

that the rate is proportional to the nth power of the C1”™ jon concentration,
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where n lies between 2.5 and 4.5. The rate of the breakdown process depends
on the halide ion concentration, anode potential and temperature. According
to them, the exponent n = 2.5 to 4.5 and a high activation energy show

that the transition state in the breakdown process involves 2.5 to 4.5
halide ions and has a very high activation energy. This rules out the
pitting corrosion theories which assume simple anion exchange or migration
as rate determining stages in the breakdown process.

2.7.2 Galvanostatic Measurements

Rosenfeld and Dam‘]ov50 studied the pitting corrosion rate of 18 Cr -
10 Ni-Ti steel in 0.1 N NaCl by galvanostatic method. They measured the
number of pits and their mean and maximum depth. They found that prop-
ortionality exists between the number of pits, N, their areas, S, and the

current -densitv. The mean radius of the pit changes with time accordin

~
- O Ve d e tiry

to the equation:

’ ¥ & at0.37

where, t is the time. Hence, the dissolution rate decreases with time.
From the polarization current values and the total area of pits,

they calculated the current density in the pits to be:

y -3/2
i «t
p
Experiments without applied current, yield the value of ip as:

g -1/2
1p T

Hence, the current density within the pits decreases with time and is not

constant as has been assumed by some authors. .
Experiments on the nucleation and development of pits in different

types of steel have shown that the majority of the pits nucleate within

the initial stages. Later, the number of pits is constant. During any
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period of time, the majority of the pits have the same size and depth,
signifying that the growth rate is the same.

2.7.3 Potentiostatic Measurements

Under potentiostatic conditions, corrosion rate increases temporarily
according t& the current-time curves. Apart from transient phenomena in
‘the vicinity of the pitting potential (which can be attributed to repas-
sivation effects) the current-time curves have uniformly ascending shapes.

Engell and Stolica’l

have shown that the rate of development of pits,
characterized by the increase of the current at a constant potential, is

given by:

i = kt?

where t is the time and k is a constant dependent upon the concentration of
C1” ions. The exponent b equals 2 when the number of nits, N, is conctant
in time, and equals 3 when the pit number is proportional to t. The basic
assumptions underlining the above equation are that the pits are hemi-
spherical in shape and that the current density in the pit is constant.
If this is true, then the radius of the pits, r, should increase proportion-
ately with time.

The validity of the above equation has been confirmed many times.
However, the exponent b is not always 2 or 3, and also not always a linear
dependence of r upon t and N upon t is observed.

In a study5]

of the pitting corrosion of 16 Cr - Fe alloy in sulfate
solutions containing chloride jons, the value of b has been found to depend
on the ratio of C]‘/SO42'. The Tower this ratio, the higher is the exponent
b. For example, at constant potentials, when C]'/SO42' = 0.29, b = 4-5 and

N « t2; while when c1"/so42' = 0.43, b =2 and N « t°.
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52

Stolica’s™“ observations of the rate of pitting in a 15 Cr - Fe

alloy in T N H SO4 + 0.32 N C1” showed that the radial growth of the

2
largest pit is proportional to time, but the number of pits is approx-
imately proportional to t", where n > 1.

Apaft from the various steels, substantial work has also been done
on the pitting corrosion kinetics of nickel. Studying the corrosion of
nickel in 1 N HZSO4 with additions of C1~ ions, Gressman53 found that
the value of b = 3.

48 who

Exponent b smaller than 2 has been noticed by Garz et al.
performed electrochemical and metallographic studies of Ni single crystals
anodically polarized in 0.5 M N1C12. They found that the increase of the
current during pitting occurs in agreement with Engell and Stolica's equation,
but the exponent b is less than 2 and depends upon the crystaliographic
orientation. For {100} and {110} planes they obtained b values of 0.6 and
0.3 respectively, whereas for the {111} plane, the value is 1 when the
pits are triangular and 1.5 when they are hexagonal. They always obtained
crystallographic pits, and not hemispherical ones for which Engell and
Stolica deduced the equation.

Investigationss4 of the pitting corrosion of nickel in solutions
containing different concentrations of 5042' and C1~ ions at various pH
values showed that within the range of equivalent C]“/SO42' ratios from

b, but the values of b are either

0.15 to 2.5, the current increases with t
higher (at a low ratio of Cl'/5042') or lower than 1 (at higher ratios of
C1'/SO42'), independent of the pH of the given solution.

Thus, as is evident from the available experimental data, Engell

and Sto]ica'szo model of hemispherical pits is not valid for all cases of
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pitting corrosion. Other models are required which can explain the observed

kinetics of pit growth and the resultant morphology of corrosion pits.



CHAPTER III
EXPERIMENTAL PROCEDURE

3.1 Material used

A11 experiments in the present study have been performed on poly-
crystalline nickel in various metallurgical conditions. The nickel was
graciously supplied by Dr. L. A. Morris, Research Laboratories, Falconbridge

Nickel Mines Ltd. A typical analysis is given below.

Element Analysis in ppm by wt.
O2 14
N2 ’ : 2
H2 1.5

15.

<2

5
Pb
Al <1
Ca 3
Cr <0.6
Co 60
Cu 8
Fe 40
Mg <1
Mn ‘ <0.7
51 5
Ti <1

The material was received as cold-rolled sheets prepared directly

from electrolytic cathode.

36
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3.2 Preparation of Specimen

Samples of 6 mm x 6 mm were cut from the sheet and a lead wire
was soldered in the centre on one side. The sample mount consisted of
a Teflon tablet 12 mm in diameter and 5 mm thick with a 1 mm diameter
hole through it. On one side of this tablet, there was a deep cavity
to accommodate the soldered head of the sample. The soldered sample was
mounted on this tablet with resin, taking care to see that the mounting
was horizontal. The outer periphery of the disc had threads so that it
could be screwed onto the specimen holder.

The possibility of the presence of crevices cannot be completely
ruled out. As has been pointed out by Ni]de,55 the presence of crevices
leads to premature breakdown of passivity and, therefore, is prejudicial

to material evaluation. Tn the present investigation, the

Py [

test specimen

was thoroughly checked under an optical microscope for crevices prior to

its insertion into the corrosion cell. After completion of an experiment,
the specimen surface was again checked, and in cases where crevfce corrosion
had taken place the data was disregarded. However, with careful specimen
preparation, crevice corrosion did not pose any problem throughout this
investigation.

3.3 Description of the Set-up

3.3.1 Corrosion Cell Assembly

The corrosion cell consisted of a cylindrical glass container with
a removable top cover (Figure 5). The cell capacity was 300 ml. A thin
glass window was incorporated in the bottom of the cell to permit observ-

ation and photomicrography in-situ, if required, when the cell was placed
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Figure 5. Schematic diagram of the corrosion cell. The window for in-situ microscopic
observations is at the bottom.
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on the stage of a Zeiss "inverted" Metal Microscope. The top cover was
fixed by means of springs. There were openings in the cover to accommodate
the specimen holder, salt bridge, gas inlet and outlet and the stirrer.

The specimen holder was made of Teflon and fitted the cell in
such a way that it could be raised or Towered by screwing in or out.
The specimen could be screwed onto the holder at the lower end. The auxi-
liary electrode was a Platinum wire wound at the lower end of the holder.
The Tead wires passed through the holder out of the cell.

3.3.2 Potential Measuring Device

A11 potential measurements were carried out versus the Saturated
Calomel Electrode (SCE) using an agar-agar salt bridge. Care was taken
to see that the 'pick-up' end of the salt bridge was very close to the
specimen surtace. ATl values of potential reported are as recorded with
no correction being made for any junction potentials.

3.3.3 Polarization Circuit

A conventional potentiostatic circuit was used (Figure 6). It
consisted of a Wenking potentiostat and a Keithley electrometer for the
measurement of potential.

3.3.4 Purification of Nitrogen

The atmosphere within the corrosion cell was maintained inert
by bubbling pure dry nitrogen. Pure nitrogen* was further purified by
passing it over copper turnings at 400°C, cooled in a coiled glass water

column and dried in 3 N H2504 before entering the corrosion cell.

*Canadian Liquid Air Ltd. 'L-Grade'. Purity -99.99%; oxygen 20 ppm max. ,
argon 80 ppm; moisture < 10 ppm (dew point - 769F)
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Figure 6. The circuit diagram for pctentiostatic studies
W - working electrode (specimen)

G counter or auxiliary electrocde (Pt)

R - reference electrode (SCE)
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Wenking potentiostat, Model 62TRS
{eithley electreometer, Model 610C
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3.4 Polishing and Etching of Specimen

Specimens were mechanically polished upto 1u diamond, followed,
when required, by an electropolish in a 60% HZSO4 solution at 1 amp/cm2
for 30 secs. In order to completely eliminate etch pitting, it was
found necessary to maintain the solution at 00C with vigorous mechanical

stirring.56

A stainless steel strip of the same area as the specimen
was used as the cathode.

A11 specimens when removed from the corrosion cell after completion
of polarization had their structure clearly revealed and did not require
any etching. However, specimens which were directly subjected to a

passive potential had to have their micro-structure revealed by etching in a

solution of:
Nitric acid (conc.) 50 ml

Acetic acid (ice-cooled) 50 ml
at room temperature for about 5 secs.
In many cases, electrolytic etching was employed prior to polar-
ization. Specimens were etched in 1 N H2804 solution at 2 amps/cm2 for
30 secs using a stainless steel cathode.

3.5 Metallurgical Treatments

Two types of metallurgical treatments were given - annealing
and cold working. Annealing was done in two ways - in air and in vacuum.
For vacuum annealing, the nickel sheet was cut into strips and sealed

in a quartz tube under vacuum (< 107°

torr) before placing in the furnace.
In both cases, the annealing was carried out in crucible furnaces. The

starting material for grain growth anneals was the 1 mm thick, 'as received'
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nickel sheet. The temperatures and times used to obtain the various

grain sizes are given in Table 1.

Table 1
Grain Size Temperature Time*
(Av. Gr. Dia.)

mm 0C hrs.
0.025 500 4
0.035 775 5
0.150 950 72
0.250 1000 7
0.330 1000 100

Following annealing and prior to rolling, the sheet was descaled
by arinding off the oxide laver. since all commercial methods of descaling
did not succeed. It is important to completely remove the scale prior
to cold working, since the penetration of any scale into the metal during
rolling will lead to sites susceptible to pitting.

Cold working in the material was induced by rolling. The sheet
was cut into strips and rolled to various degrees of cold work, defined
as percentage reduction in thickness.

3.6 Determination of Grain Size

The measurement of the grain size was performed as per the ASTM

non-ferrous grain size standard§7

In this method, the grain size of
non-ferrous metals and alloys is rated by comparing the microstructure
of the unknown specimen, at a magnification of 75X, with standard grain

size charts. The grain size is then designated as the average grain

*Time mentioned is from power 'on' to 'off' and does not include the
time for furnace cooling.
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diameter in mm. For the present measurements, in order to eliminate any
ambiguity that may arise due to the presence of the disturbed metal
layer left after mechanical polishing, particularly in small grain size

specimen, after polishing up to 1y diamond, the specimens were immersed

in the following so]ution58
Nitric Acid (conc.) 30 ml
Sulfuric Acid (conc.) 10 ml
Orthophosphoric acid 10 mil

Acetic Acid (ice-cooled) 50 ml
for 100 secs at 800C. The thickness reduction fin solution is about 12um/min.58
The structure was then revealed by chemical etching.

3.7 Preparation of Solutions

A11 solutions were prepared from reagent grade materials meeting
A.C.S. Specifications using distilled water. The potassium chloride solution
used for the SCE was especially prepared for the purpose by Fisher Scientific
Company and saturated at 20°C.

3.8 Polarization Techniques

Two types of polarization techniques were employed:

i) "Potentiostatic polarization" - Specimens were anodically polarized
from -300 mV to different potentials, depending upon the nature of the
experiment. In all cases, the potentiostatic steps were 25 mV/min and an
inert atmosphere of dry nitrogen was maintained within the corrosion cell.
The polarization solution was 1 N HZSO4 containing varying quantities of

1 N NaCl. Prior to use, the solution was deaerated by bubbling pure dry
nitrogen for an hour, deaeration being carried out in the corrosion cell.
ii) "Potentiostatic activation" - Specimens were directly subjected to

a passive potential in 1 N HZSO4 solution and maintained in that condition
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for a certain period of time. They were activated by the addition of
either saturated NaCl solution (saturated at 250 C)lor 1 N NaCl solution
at a chosen potential.

In both techniques, the polarizing solution was 1 N HZSO4 with
additions of varying quantities of NaCl (saturated or 1 N), the concentr-
ation of C1~ ions being expressed as volume of NaCl (sat. or 1 N)/100 or
150 m1 1 N H2504. 150 m1 of the solution was used for each test run.

The temperature of the solution in all cases was 24 ¥ 10C,

3.9 Sectioning of Specimen

Specimens were sectioned perpendicular to the pitted surface
for the determination of pit shapes. In order to preserve the inner details
of the pit and to avoid distortion, after polarization copper was electro-

Amise mm 2 e d Lo
ucpusiveu |

or 1-2 mins on the specimens from the foilowing soiution

Copper sulfate as CuSO4.5 H20 200 gms/litre

Sulfuric Acid (conc.) 50 gms/liter
at a current density of 0.1 amp/cm2 using a Pt-anode. The specimens were -
then metallographically mounted aAd sectioned.

3.10 Photomicrographic Observations

Photomicrographic observations were made on two types of micro-
scopes:

i) Optical microscope

ii) Scanning electron microscope
A11 photomicrographic observations of anodic potentiostatic polarization

studies were performed after the completion of the experiment.



CHAPTER IV
RESULTS

The two techniques adopted for the present investigation have
been termed 'potentiostatic polarization' and 'potentiostatic activation'.
The difference in experimental procedures has already been explained.
A significant consequence of the two techniques was that the surface film
was thicker in the latter case. Whereas the second method was found suit-
able to study the nature of pit development, for reasons discussed later,
it was found unsuitable for susceptibility and anodic dissolution studies.

The variables of this study were polarization technique, metal-
lurgical condition of nickel, grain size and chlorine ion concentration.
On the basis of the electrochemical data, optical and scanning electron
microscopic ‘observations, the following studies are reported:

i) Effect of grain size and cold work on the pitting susceptibility
of nickel

ii) Effect of chlorine ion concentration on the anodic dissolution
behaviour of nickel

iii) Distribution of pits

iv) Shape and size of pits

v) Nature of pit development

Except in cases where it is specifically mentioned, all experiments
on annealed material were carried out on nickel which had been.annea1ed

iR a@ir.
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4.1 Electrochemical Studies

The addition of C1~ ions to a solution containing a potentio-
statically passivated annealed nickel electrode resulted in an increase
of the anodic current. Figure 7 shows the anodic current density as a
function of time after the addition of C1~ ions. Microscopic examination
of the specimen surface revealed a large number of pits. Thus, pitting
corrosion is accompanied by an increase of the anodic current density.

An obvious question arises regarding the sites of pit nucleation. It may
be seen from Figures 8(a) and 8(b) that pits nucleate at the grain bound-
aries, particularly at grain boundary intersections.

4.1.1 Pitting Susceptibility of Nickel

4,1.1 (a) Effect of Grain Size

If in a homogeneous and strain free material pits nucleate at the
grain boundaries, then the formation of pits is expected to be a direct
function of grain size. Thus, the smaller the grain size, the larger will
be the grain boundary area, and greater will be the susceptibility for
pitting.

Specimen of four grain sizes were potentiostatically polarized
in a solution containing 2 m1 1 N NaC1/100 m1 1T N H2504. “The anodic polar-
ization curves for the four grain sizes are shown in Figure 9 and the
anodic dissolution parameters are summarized in Table 2. It can be seen
that while all specimens upto a grain size of 0.150 mm exhibit an active-
passive transition, specimen with a grain size of 0.330 mm does not.

For the specimens that exhibit an active-passive transition, it
is to be noted that as the grain size increases from 0.025 mm to 0.150 mm,

the 'activity' of the specimen (as evident from the values of Epp’ IC
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Figure 8(a). Surface of specimen of figure 7 after pitting
corrosion, Un-etched. 80X

' 1

Figure 8(b). Same as in figure 8(a). Etched. 80X. Note
that pits are formed at the grain boundaries
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Specimen

G-1

Table 2

Anodic dissolution parameters for polycrystalline nickel of varying

grain size in 2 m1 1 N NaC1/100 m1 1 N H2504
ASTM non-ferrous grain E I I E
size standard PP % P e
Average grain diameter 2 2
mm mV vs SCE mA/cm mA/cm mV vs SCE
0.025 +175 54.7 0.189 +500
0.035 +175 50.0 0.1563 +575
0.150 +150 43.6 0.042 +975
0.330 No 'passive' region

Passive
Range
mV vs SCE
+325

+400

+825

09
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and Ip) decreases. It is apparent from the data presented that the more
active specimen exhibits a greater susceptibility for pitting.

The surface of the sbecimens after completion of polarization
are shown in Figure 10 to 13. It is interesting to note that in specimen
G-1 (Figure 10) apart from the presence of individual pits at the grain
boundaries, there is deep grain boundary grooving. In specimen G-2
(Figure 11), this grain boundary grooving is again present, but is less
severe than in specimen G-1. There is, however, no evidence of this phen-
omenon in specimen G-3 (Figure 12). Another interesting feature is that
for the same area of specimen surface, the less susceptible specimen
exhibits a smaller number of pits.

A deviation from the expected behaviour exists for specimen G-4
with a grain size of 0.330 mm. It does not exhibit an active-passive
transition. Instead the anodic current density shows a continuous increase
with potential. Microscopic examination of the specimen surface reveals
a mixture of attack consisting of general corrosion in some areas, pitting
within the grains and deep grain boundary corrosion (Figure 13).

It can, therefore, be seen that a significant difference exists
in the electrochemical behaviour and consequently, the nature of metal-
lographic attack on the surface of the specimens with grain sizes of 0.150 mm
and 0,330 mm. Since the experimental procedure after grain growth was the
samé for every specimen, it was felt that the observed difference could
be due to the grain growth procedure. The required grain sizes in the
above cases had been obtained by annealing in air (Table 1). fhus, for a
second set, grain growth was carried out by annealing in vacuum (<]0"5 torr).

When a specimen of grain size 0.330 mm (grain growth carried out by annealing



Figure 10. Pits at the grain boundaries, 1050X.
Specimen G-1. Average grain dia. = 0.025 mm. Note
the deep grain boundary grooving

Figure 11. Pits at the grain boundaries, 560X.
Specimen G-2. Average grain dia. = 0.035 mm. Note
that the grain boundary grooving is again present,
but is less severe than in specimen G-1.
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Figure 12. Pits at the grain boundary, 200X. Specimen
G-3. Average grain dia. = 0.150 mm. Note that grain
boundary grooving is absent.

Figure 13. Attack on surface of specimen, 80X. Specimen G-4.
Average grain dia. = 0.330 mm. Note that the attack is a mixture
of general corrosion, pitting and deep grain boundary corrosion.
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in vacuum) was potentiostatically polarized in 2 m1 1 N NaC1/100 m1 1 N
H,S0,, the specimen exhibited an active-passive transition (Figure 14).
Pits were formed within the grain interiors only and almost no attack
existed a]ong the grain boundaries (Figure 15). In-situ microscopic
observations revealed that the majority of the pits were formed in the
active region, i.e. before the onset of passivity. This was a general
observation in the case of vacuum annealed specimens and was not observed
for éir annealed ones.

4,1.1 (b) Effect of Cold Work

Since pitting corrosion is a direct consequence of a localized
anodic reaction, it depends upon the anodic-cathodic site distribution.

It should remain unchanged for any particular specimen, if the site dis-
tribution remains unaltered. It would, therefore, be cxpected that any
process which can change the distribution of these sites would affect
pitting corrosion. For a specimen of the same grain size, the site dis-
tribution may be altered by cold working.

The effect of cold work on the pitting susceptibility of nickel
was tested for specimen of grain size 0.250 mm with varying amounts of
cold work. The anodic polarization curves obtained are shown in Figure 16
while the anodic dissolution parameters are summarized in Table 3. It
may be noted that, with the exception of specimen C-4, an increase in
the degree of cold working increases the critical current density, Ic'
However, without exception, the current density required to maintain
passivity increases with increase in cold work. It is interesting to note

that the primary passive potential and the critical potential for the
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Figure 15. Surface of specimen of grain size. 0.330 mm (vacuum
grown) after potentiostatic polarization in 2 m1 1 N NaC1/100 m]l
1 N HpSO4. 160X. Note that pits are formed only within the grains
and no attack exists along the grain boundaries.
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Specimen

C-0

C-1

C-2

C-3

C-4

Table 3

Anodic dissolution parameters for polycrystalline nickel with varying amount

of cold work in.z ml 1 N NaC1/100 m1 1 N H2504
Grain grown in air
iR T TP 1 kL
% mV vs SCE mV vs SCE mA/cm value mV vs SCE
0 -160 +150 36.1 0.017 0.033 . +950
10 -120 +150 44.7 0.042 0.056 +950
20 -220 +150 45.0 0.056 0.075 +950
30 -145 +150 45.0 0.056 0.111 +950
40 -240 +150 37.5 0.072 0.128 +950
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breakdown of passivity do not exhibit any dependance on the degree of
cold work. It can, therefore, be concluded that cold working does not
have any effect on the pitting susceptibility of nickel. Microscopic
examination of the specimens after removal from the polarization cell
revealed pits to be nucleated not only along the grain boundaries but
also within the grains. The number of pits within the grains did not
change significantly with cold work but pitting along the grain boundaries
tended to become continuous. The anodic Tafel slopes, By and the slopes
in the transpassive region, Bys are given in Table 4.

When the above experiment was repeated with specimen with the same
grain size and degree of cold work, but with the grain growth having been

5 torr), similar results were obtained. Figure

carried out in vacuum (<10;
17 shows the ancdic polarization curves and Table 5 contains the anodic
dissolution parameters. In comparison to the results obtained for air
annealed specimen, it may be noted that, except for minor differences,

the values of IC and I_ are of the same order of magnitude; the value of

p
EC is exactly the same. However, the value of Epp is higher. Pits were
formed within the grains and only a counted few nucleated at the grain
boundaries. There was no significant change in the number of pits with
increasing cold work. In-situ microscopic observations revealed that
most of the pits were formed before passivity set in. The anodic Tafel

slopes and the slopes in the transpassive region are repofted in Table 4.

4,1.2 Effect of Chlorine Ion Concentration on the Anodic Dissolution
Behaviour of Nickel

In all the studies that have been conducted, the specimens were

'activated' by the addition of C1~ ions. Whatever is the mode by which
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Table 4

Anodic "Tafel" slopes and "transpassive" slopes for poly-
crystalline nickel with varying amount of cold work in
2ml 1 N NaC1/100 m1 1 N H,SO

2774
Annealed in Air Annealed in Vacuum
1 ,
Amount of Cold Work Tafel Transpassive Tafel Transpassive
7 Ba Bt Ba St
? mY/decade mV/decade mV/decade mV/decade
0 70 160 95 152
10 65 140 95 172
20 70 160 95 142
30 72 200 92 157

40 72 160 92 180
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Specimen

Table 5

Anodic dissolution parameters for polycrystalline nickel with varying amount

of cold work in 2 ml1 T N NaC1/100 m1 1 N H2504
Grain growrr in vacuum (<10-5 torr)
ég?gnﬁogi Ecorr Epp IC 2 Towest recoréedmA/C:i 800 mv
% mV vs SCE mV vs SCE mA/cm value
0 -170 200 41.9 0.019 0.019
10 -180 200 46:1 0.022 0.023
20 -245 225 66.1 0.028 0.033
30 -260 200 47.2 0.044 0.064
40 -345 225 69.4 0.032 0.108

EC

mV vs SCE

+950

+950

+950

+950

+950
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the C1~ fon acts, its importance in the destruction of passivity cannot
be dpubted. The effect of the change in the C1~ ion concentration on
the.anodic dissolution behaviour of nickel is presented below.

Figure 18 shows the specimen surface after anodic polarization

in a solution containing 2 m1 1T N NaC1/100 m1 1 N H250 The pits are

4
seen along grain boundaries, particularly at grain boundary intersections.
There seems to be almost no localized attack within the grain interiors.

When the concentration of C1~ ions in the polarizing solution is
increased to 4 m1 1 N NaCl, the attack begins to spread out. It can be
seen from Figure 19(a) and 19(b) that the attack within the grains is
very crystallographic in nature.

A further increase of C1~ ions to 8 ml1 1 N NaCl intensifies the
corrosion. but not to the extent where the pitting attack along the grain
boundaries cannot be distinguished (Figure 20(a) and 20(b)). In fact,
as the C1” ion concentration increases, the surface area covered by general
attack increases. When the polarizing solution contains 10 m1 1 N NaCl,
the attack over the entire specimen surface becomes so intense that grain
boundary attack cannot be distinguished. In any particular grain, the
attack is very crystallographic in nature (Figure 21(a))." Even over the
entire specimen surface, there is a remarkable regularity of the crystal-
lographic attack (Figure 21(b)). In the solutions mentioned above, all
specimens exhibited an active-passive transition and a critical potential

for the breakdown of passivity, E_, was observed. Figure 22 contains the

¢
anodic polarization curves and Table 6 summarizes the anodic dissolution
parameters and also contains remarks on the morphological details of the

specimen surface. The horizontal bars in the curve for specimen A-4 in



Figure 18. Surface of specimen A-1 polarized in 2 m1 1 N
NaC1/100 m1 1 N HpSOgq, 160X. Pits are formed at the grain
boundaries and no attack is seen within the grains.
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Figure 19(a). Surface of specimen A-2 polarized in 4 m1 1 N
NaC1/100 mT 1 N H2S04, 160X. Pits are still formed at the
grain boundaries, but the attack spreads to the grains as well.

Figure 19(b). Magnified view of the attack, 400X. The
attack within the grains is very crystallographic.
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Figure 20(a). Surface of specimen A-3 polarized in 8 ml

T N NaC1/100 m1 1 N HpSO4. 400X. The pitting attack along
the grain boundaries can still be distinguished from the

attack within the grains.

Figure 20(b). Magnified view of the grain interior attack.

620X. The appearance of the surface is typical of general
corrosion.
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Figure 21(a). Surface of specimen A-4 polarized in 10 ml
1 N NaC1/100 m1 1 N HpSO4. 248X. The attack along the grains
and the grain boundary cannot be specifically distinguished.

Figure 21(b). Magnified view of attack on surface. 400X.
The attack is crystallographic and typical of heavy general
corrosion.

67



== | | ! |

& 1000 i
A e—-o 2ml. IN NaClZIOOml. IN H_SO
N 2 4
¢ - o—o 4ml, " i -
v v 8m| " "

E 800_ —0 50m| " " —
) O-—0 ioom; u "
= — A-3 A-4 .
-
- 600 e
(=
(®
0- ——
L
8 400 ]
o
=
0 —
Ll
e
w 200 "

o -—

-200
0.0l 0. 1.0 10 100 1000

ANODIC CURRENT DENSITY, mA/cm?

Figure 22. Anodic polarization curves for polycrystalline nickel in solutions of varying chlorine ion
concentration. Grain size = 0.035 mm, grown in air.

89



Specimen

A-2

A-3

Table 6

Anodic dissolution parameters for polycrystailine nickel in solutions of varying
chicrine ion concentration

Eglggégial?gn Eop Ie I Ee Morphological appearance

ml 1 N NaC1/100 ml 1 N H,S0,  mV vs SCE  mA/cm’ 2 mv vs SCE of surface

250, mA/cm

Pits along grain boundaries
particularly at grain boun-
dary intersections. No
attack on grain interiors.

2 +225 48.4 0.058 +1000

Pits along grgin bounqaries.

4 +250 - 78.9 0.102 +700 Attack on grain interior;
very crystallographic in
nature.

Same as before, but attack
g +325 102.7 0.621 +550 more intense. Pitting along
’ ’ grain boundaries still
distinguishable.

Very intense attack. Cor-
rosion between grains and

10 +325 140.0 1.280° +550 boundaries indistinguishable
Attack very highly crystal-
lograpnic in nature.

Highly corroded surface.
. . Nature of attack same as in
100 No "passive" region previous case, but more
intense and Tess crystal-
lographic.
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the passive region, signify the occurrence of fluctuations in the anodic
current density, the plotted points representing meén values.

It is to be noted from Figure 22 that the specimen polarized in
a solution containing 100 m1 1 N NaC1/100 m1 1 N H2504 does not exhibit
an 'active-passive' transition. Instead, the anodic current density
increases continuously with increasing potential. Figures 23(a) and 23(b)
are photomicrographs of this specimen. Except for showing a surface
which is more corroded, they exhibit a remarkable resemblance to Figures
21(a) and 21(b) from the surface of the specimen which exhibited a 'passive'
region.

4.2 Corrosion Morphology

4,2.1 Distribution of Pits

The data presented earlier show that under potentiostatic polariz-
ation, depending upon the condition of the nickel and the polarizing solution,
the distribufion of pits and, in some cases, the nature of attack varies.

A summary of the pit distribution will be presented at the end of this
section.

When a specimen with a grain size of 0.330 mm (air grown) is

potentiostatically activated at 800 mV in a solution containing 10 m1 1 N

NaC1/150 m1 1 N H,SO, (passivated at 550 mV for 30 mins in 150 m1 1 N H,SO

2774
pits are nucleated not only along the grain boundaries, but also within

2 4)!

the grains (Figure 24). It can be seen that the pits in the grain interiors
are smail, while those along the grain boundaries are larger. In-situ
microscopic observations showed that the pits along the grain boundaries
nucleated before those in the grains. The smaller pits are obviously those

with a smaller 1ife. It is to be remembered that a specimen from the same
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Figure 23(a). Surface of specimen A-5 polarized in 100 ml
1T N NaC1/100 m1 1 N HoSO4. 248X. The attack is uniform
over the entire surface.

Figure 23(b). Magnified view of attack on surface.
400X. The attack is crystallographic and bears a remark-
able resemblance to that in figure 21(b).



Figure 24. Surface of specimen of grain size 0.330 mm.
(air grown) after potentiostatic activation. 160X.
Passivation - 150 m1 1 N H2S04 at 550 mV for 30 mins.
Activation - 10 m1 1 N NaC1/150 m1 1 N HpS04 at 550 mV.
Pits are formed at the grain boundaries as well as within
the grains.
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Tot when potentiostatically polarized showed a mixture of attack (Figure 13).
Potentiostatic polarization of a 90% cold worked specimen in a
solution containing 2 ml 1 N NaC1/100 m1 1 N H,S0, yielded a typical anodic
polarization curve (Figure 25). It may be seen from the curve that the
critical potential for the breakdown of passivity is very low - about
+375 mV (vs SCE). After this, the anodic current density rise with pot-
ential is continuous, but slow. Microscopic examination of the specimen
revealed a dark surface with a few pits and uniform general corrosion
(Figure 26). The number of these pits was about 50% more than those formed
by the potentiostatic activation technique. The pits were extremely shallow
and no crystallographic facets existed in their interior. Pit distribution

was quite random, and no correlation could be made between their starting

point and any particular feature of the specimen surface,

Potentiostatic activation at 550 mV by the addition of 8 ml sat.
MNaC1/150 m1 1 N HZSO4 of a specimen with a grain size of 0.035 mm (after
passivation in 1 N H2504 at 550 mV for 30 mins) yielded pits along the
grain boundaries. Those at the grain boundary intersections. grew into
other grains too. There was no attack within the grain interiors. The
anodic current density was found to increase continuously.with time. An
exactly similar experiment with a specimen with 90% cold work yielded a
similar trend for the anodic current increase with time, but a significant
change in the distribution and number of the pits. The pits tended to
cluster together and their number was approximately 4 times Tless than in
the annealed specimen. There was almost complete absence of general corrosion
of the surface. For the same period of time, pits in the annealed material

were larger and deeper than those in the cold worked material.
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Figure 26. Surface of specimen with 90% cold work

polarized in 2 m1 1 N NaC1/100 m1 1 N H2SO4, 1100X.

The pit is shallow and circular, and there is con-
siderable ceneral corrosion of the surface.

75



76

On the basis of the results presented so far, the following

observations can be made regarding pit distributionf

- 1) Under potentiostatic polarization and grain growth performed
in air, specimens with grain size up to 0.150 mm show pits along the
grain boundaries while those with a grain size of 0.250 mm show pits along
the grain boundaries as well as within the grains. A specimen with a
grain size of 0.330 mm exhibits a mixture of attack comprizing general
corrosion, pitting and grain boundary corrosion.

When the grains are grown in vacuum, then under potentiostatic
polarization, specimen with grain sizes of 0.250 and 0.330 mm pit only
within the grains.

ii) Under potentiostatic activation and grain growth performed
in air, a specimen of grain size 0.035 mm shows pits only at the grain
boundaries while a specimen of grain size 0.330 mm shows pits within the
grains as well as at the grain boundaries.

iii) For a specimen with 90% cold work, pit distribution is random
and independent of the polarization technique.

4.2.2 Shape and Size of Pits

An analysis of the pit shape in the annealed and cold worked material
under the two modes of polarization is presented below.

Despite the fact that the critical potential for the breakdown of
paséivity did not change with increasing cold work, changes were observed
in the morphology of the pits in the different specimen. Figures 27 to 3]
show the changes in pit morphology with increasing cold work. A comparison

49,59

of the shape of the pits with those reported in other works suggests

that the grain orientation is {100}. The grain size of this specimen is
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Figure 27. Morpho1ogy of pit formed on grain of
{100} orientation. 5500X. The pit facets are
assured to comprise of {111} faces. Pit size =
9.50 p.

Figure 28. Morphology of pit formed on grain of
{100} orientation with 10% cold work. 5200X. Another
set of facets are seen. These are probably of the
type {hh0}. Pit size = 7.73 u.
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Figure 29. Morphology of pit formed on grain of
{100} orientation with 20% cold work. 4900X. The
initial facets can still be distinguished. Pit
size = 7.18u.
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Figure 30. Morphology of pit formed on grain of
{100 } orientation with 30% cold work. 5300X. The
pit shape has changed considerably. Pit size =
7.62 .

Figure 31. Morphology of pit formed on grain of
{100} orientation with 40% cold work. 6600X. The
exterior of the pit has become almost circular and
no regular crystallographic facets exist in the pit
interior. Pit size = 6.86 yu.

79



80

0.250 mm. It can be seen that with no cold work the pit is shaped like
a blunted pyramid with a square base. When the specimen is cold worked to
10%, the external shape of the pyramid remains the same with a slight
blunting of the corners. But on the inside, there is rounding off at the
side intersections and appearance of a separate strip joining two sides.
On increasing the cold work to 20%, the pyramid still maintains its initial
characteristics but they are much more distorted (Figure 29). A further
increase of cold work breaks up the pyramid significantly. By comparing
Figures 27, 30 and 31 it can be seen that not only have the sides broken up
completely, but also the shape is no longer a square; it has changed to
circular. The size of the;e pits decreases and their depth increases with
cold work. Pits formed in specimens wifh 90% cold work by both polarization
techniques were always circular,

Another interesting observation of the same study is summarized in
Figures 32 to 35, which shows the morphology of pits formed, presumably,
in a grain of {111} orientation (grain orientation has been obtained by

49’59). It can be seen that with

comparison of pit shape with previous works
increasing cold work there is an appearance of steps in the pits. It may

be noted that these pits exhibit an increase of growth rate both in size

and depth, with cold work.

Figure 36 and 37 show the difference in pit morphology of an isolated
pit at the grain boundary in annealed and 30% cold worked‘specimens res-
pectively. While the facets of the pit with no cold work are characteristic
of each grain, this is not the case with the one with 30% cold work. The

pit in the former case has two facets belonging to one grain and three

belonging to the other, thereby forming a pentagon; the pit 1in the latter



Figure 32. Morphology of pit formed on grain of
{111} orientation. 5300X.

Figure 33. Morphology of pit formed on grain of
{111} orientation with 10% cold work. 5200X. A few
steps can be seen in the pit.
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Figure 34. Morphology of pit formed on grain of
{111} orientaticn with 20% cold work. 4900X. The
number of steps in the pit has increased. The pit
facets are assumed to be composed of {111} faces.
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Figure 35. Morphology of pit formed on grain of
{111} orientation with 30% cold work. 2100X. The pit
is deeper and many more steps have formed.
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Figure 36. Morphology of an isolated pit at the
grain boundary in an annealed specimen. 1100X. The
pit facets belong to the pit characteristic of each
grain.
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Figure 37. Morphology of an isolated pit at the
grain boundary in a specimen with 30% cold work.
1100X. The pit facets do not belong to any grain
and no regular crystallography exists in the interior.
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case is almost circular.

Scanning electron microscopic observations of the interior of pits
in fhe annealed material after potentiostatic activation are shown in
Figures 38 and 39. In contrast to the micrographs just presented, it can
be seen thaf a significant difference exists in the morphology. During
the earlier stage of its growth, the facets of the pit belong to the char-
acteristic morphology of each grain (Figure 38). The pit shown in Figure 39
was observed to nucleate at a grain boundary intersection and, at this
stage, has grown into many grains. It may be seen that the interior is
crystallographic but complex and steps are present. The presence of steps
in pits formed in the annealed material by the potentiostatic activation
technique was found to be general.

No significant change was observed in the morphoiogy of pits in the
90% cold worked material tested by the two polarization techniques. 1In
both cases, the pit interior appeared mottled at low magnifications (Figure
40 (a)), and no distinct crystallographic facets were present within
the pits (Figure 40(b)).

At this stage, it may be mentioned that pits with covering films
were formed only in specimen which had been "potentiostatfcally activated".
Many times in the annealed material, despite the fact that the film showed
a small break, the pit underneath was large and deep.

Although scanning electron microscopic observations can yield much
useful information regarding the shape of pits, they are incapable of prov-
iding any information about covered pits or those with branches which tun-
nel sideways into the metal. This difficulty can be overcome by sectioning

the specimen. Sectioning experiments were performed on completely annealed



Figure 38. Pit at the grain boundary of a specimen
tested by the potentiostatic activation technique.
5100X.

Passivation - 150 m1 T N H2SO4 at 550 mV for 30 mins.
Activation - 8 ml sat NaC1/150 m1 1 N HZSO4 at 550 mV.

e B\

Figure 39. A Tlarge pit in the specimen of figure 37.
540X. Note the presence of steps in the pit. The pit
was observed to nucleate at a grain boundary inter-
section and, at this stage, has grown into many grains.

85



86

Figure 40(a). Shape of pit formed in a 90% cold
worked specimen after potentiostatic activation.
110X.

Passivation -150 m1 1 N H2S04 at 550 mV for 30 mins
Activation - 5 ml sat NaC1/150 m1 T N HpSO4 at 550 mV
The pit is very shallow and the bottom appears mot-
tled. Note that no general corrosion can be seen.

Figure 40(b). Magnified view of pit interior. 5400X.
No distinct crystallographic facets are present.
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and 90% cold worked specimens after being subjected to potentiostatic
activation only. The results are presented in Figures 41 to 48.

The shape of pits found in cold worked material may be divided
into three categories:

i) Conical pits - The conical pits grow into the metal (presumably
with the area near the vertex as the anode) (Figure 41). The number of
such pits is extremely small.

ii) Saucer pits - Most pits exhibit a smooth shallow rounded shape.
Two kinds of such pits have been found:

Type 1 - these exhibit only a single impression (Figure 42)

Type 2 - these result from the combination of two (or more) shallow

impressions (Figures 43(a) and 43(b))

Type 1 pits are more predominant than those of type 2.

iii) Tunnel pits - The number of such pits observed was very small,
and owing to their configuration within the metal surface, no photomicrographic
observation was possible. However, in this case, the pit started as a
circular impression, grew some way into the metal and then changed direction.
Often, further growth of the pit was not in the same plane. Such pits showed
the presence of a white corrosion product at the ends of the tunnels.

Figure 44 shows an early stage of pit development. The attack on
the metal fs directed along the surface - in a direction pf the grain boundary
of the heavily cold worked material.

Sectioning experiments on annealed material yielded similar shape
of pits but of differing size (Figure 45 to 47). However, no instance of
any tunnel pits were recorded. A careful examination of these figures reveals

that there is attack at the grain boundaries intersecting the surface.



Figure 41. 'Conical' pits in a 90% cold
worked specimen. 80X. The number of such
pits was very small.

Figure 42. 'Saucer' pit (type 1) in a 90% cold worked
specimen. 80X. The pit has a circular top view. Most pits
were of this type.
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Figure 43(a). 'Saucer' pit (type 2) in a 90% cold
worked specimen. Unetched. 80X. The pit is a com-
bination of two shallow impressions.
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Figure 43(b). Same as in 42(a). Etched. 80X.
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Figure 44, Early stage of pit development in a 90%
cold worked specimen. 124X. Note that the attack is
directed parallel to the surface - in a direction of

the grain boundary of the heavily cold worked material.
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Figure 45. Saucer pit (type 1) formed in an annealed
specimen., 160X. Most of the pit showed this shape.

Figure 46. Saucer pit (type 2) formed in an annealed
specimen. 160X.
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Figure 47. Shape of pit formed in an annealed specimen
(dark field). 620X. The pit is very small and its
appearance suggests that it was bound by low index cry-
stallographic facets.

Figure 48. Grain boundary attack in an annealed specimen
(dark field). 400X. The attack starts at the grain boundary
but deeper into the material, becomes trans-granular. In
this case, eventually a conical pit would have formed.
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Whatever be the mode of polarization, for the same solution and
period of time, the pits in the cold worked material were always smaller
and shallower than those in the annealed one. Thus, the smallest pit size
which could be seen in sectioning was controlled by the pits in the cold
worked material. Since, the growth rate of the pits in the annealed
material was very high, while that in cold worked material was rather low,
in the time required to grow pits large enough to be visible in sectioning
in cold worked material, the pits in the annealed material penetrate through
the metal surface and nothing definitive can then be known about their size
and shape. It is for this reason that the shape of pits reported in
sectioning are not on the basis of a constant time. Although formed under
the same conditions, the pits in cold worked material (Figures 41-44) are
at lTong times, while those in annealed material (Figures 45-48) at short times.

The attack on the material tends to stay along the grain boundaries.
It is to be noted from Figure 48 that the attack starts from the specimen
surface along the grain boundaries and proceeds as such deeper into the
metal until it encounters a large grain. There, instead of following the
grain boundary, which is almost at right angles to its length, it proceeds
straight into the grain. The similarity in the attack along grain boundaries
in the cold worked and annealed material may be seen in Figures 44 and 48.

4.2.3 Nature of Pit Development

Throughout this study, no attention has been paid to the actual
mechanism of pit initiation and growth. One is left wondering as to whether
a discontinuity pre-exists in the passive surface film and the chlorine
jons merely accelerate the dissolution process at these points, or they
themselves trigger a burst in the film and then promote dissolution, or

some altogether different process is followed. In order to provide at least
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partial answers to these questions, a study was conducted to observe pit
development at very early stages. |

For reasons discussed later, 90% cold worked material was tested
by the 'potentiostatic activation' technique.* The results are presented
in Figures 49 to 52. Microscopic examination of the specimen surface
(after passivation and prior to the addition of C1~ ions) at magnificaticns
upto 10000X did not reveal any breaks in the surface film. After the
addition of C1~ fons, the formation of the pit is characterized by a hump
in the surface film which is initially very small (1.06u) and then grows
(1.6u) (Figures 49 and 50). With time the hump grows further (3.0u) and
finally a break occurs in the surface film. The two types of breaks that
have been found are shown in Figures 51 and 52. 1In most cases the film
‘ break was around the edge of the hump and vervy Tew instances were observed
where the break was across the hump. If the hump is removed, the pit surfaces
inside cannot be seen as the pit is full of a white corrosion product
(Figure 53). The break in the hump is probably due to the excess of the
corrosion product accumulated in the pit. If the test specimen is left in
a desiccator for a few days and then re-examined, multiple breaks are
often observed in the surface film (Figure 54). These breaks are probably

associated with covered pits or pits which grew very close to each other.

*Specimens were passivated in 1 N HpSO4 at 550 mV for 30 mins and then
activated by the addition of 10 m1 1 N NaC1/150 m1 1 N HpSO4 at 550 mV.
Specimens were removed from the corrosion cell after dif%erent periods of
time to study pit development. The micrographs (Figures 49 to 52) are
not of the same pit. Figure 49 and 50 are from one specimen while Figure
51 and 52 are from another specimen.



Figure 49. Sequence of pit development in a 90%

cold worked specimen. 13000X.

Potentiostatic activation technique.

Passivation - 150 m1 1 N HpSO4 at 550 mV for 30 mins
Activation - 10 m1 1 N NaC1/150 m1 1 N H2504 at 550 mV
Hump size - 1.06 y.

Figure 50. Development of pit in a 90% cold worked
specimen. 11000X. Another pit in specimen of figure
49, Hump size - 1.63 u. Note that the hump tends to
break at the edges.
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Figure 51. Development of pif in a 90% cold worked
specimen. 5300X. Hump size - 3.0 u. The hump has

broken at the edges. In most instances such breaks were
found.

Figure 52. Development of pit in a 90% cold worked
specimen. 5300X. Another pit in specimen of figure 51.
Hump size - 3.0 u. The break has occurred across the
hump. Very few such breaks were found.
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Figure 53. Inside of a pit formed in a 90% cold
worked specimen by the potentiostatic activation
technique. 500X. The pit is full of a white corrosion
product.

Figure 54, Surface of a 90% cold worked specimen
tested by the potentiostatic activation technique

and left for 2 days in a desiccator. 2000X. Multiple
breaks occur in the surface film. These breaks are
probably due to covered pits or pits which grew close
to each other.



CHAPTER V
DISCUSSION

5.1 The Nature of the Passive Film on Nickel

Very 1ittle is known about the thickness of the passive nickel
films. Tronstad60 estimated 50-80 E for nickel passivated anodically in
acid sulfate solutions using his optical method. Pfisterer et a1.6]
report only 15 R for the passive films on very thin nickel foils. Arnold

and Vetter‘62

determined a thickness of about 50 R from oscilloscopic
coulometric measurements.

The formation of the passive film proceeds by the anodic dissolution
of nickel. An oxide film is formed. The oxides in this film have been
identified to range from Ni0O to N1203; their formation depending only upon

63

the potential and pH of the solution. For instance, in alkaline solutions

64

it has been shown” " that the final oxidation state on the nickel electrode

corresponds to a non-stoichiometric oxide, NiOx, (where x = 1.7 - 1.9).

o observed a film covering the pits formed

Recently, Yahalom and Weisshaus
in phosphate buffer solution by C1~ ions in thin nickel foils. From the
electron diffraction data they concluded that the film was NiO.

The constituents of the passive film in acid solutions are evidently
quite different. Sato and Okamoto63 proposed that the potential for the
onset of passivity was the potential for the transformation from NiO to
the higher oxide N1'3O4 when the concentration of the nickel in solution
was small. Polarization to higher potentials led to oxidation and conversion
of this oxide (Ni304) to Ni,0;.  Thus, the passive oxide film may be taken
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to consist of either a single higher oxide N1'304 or the duplex oxide Ni0O and
N1304. In cases where the nickel electrode is diréét]y subjected to a
passive potential in an acid solution (the 'potentiostatic activation
technique') the passive film has been shown66 to be composed of NiO.

The observations of this study have shown that covered pits were
formed only when a specimen was tested by the potentiostatic activation
technique and, in such cases, the passive film was observed to flake off
at pit sites. The formation of covered pits indicates that the passive
film is either insoluble or sparingly soluble in the solution within the
pits and in the bulk electrolyte. On the other hand, under potentiostatic
polarization the complete breakdown of the passive film at potentials more
positive than the critical potential in solutions of high C1~ jon concentr-
ation, and particularly the fluctuations in the anodic current density in
the passive region, indicate that the passive film is probably soluble 1in
the bulk e]ehtro]yte. This is further supported by the fact that no covered
pits were formed when specimens were potentiostatically polarized and in-situ
microscopic observations did not show any flaking off of the passive film.
The differing behaviour of the passive film in potentiostatic activation and
potentiostatic polarization is indicative of the fact that the passive film
formed in the two cases is evidently quite different. Based on different

2 ; ;
1 also arrived at the same conclusion.

evidence, Tokuda and Ives

While the rate of film formation and the rate of film destruction
are in competition with one another in chloride containing so]qtions, the
film destruction phenomenon is totally absent in non-chloride containing

solutions. Thus, films formed in the former case may be expected to be

thin while those formed in the latter case to be much thicker. This is
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clearly borne out by the observations of this study. It is possible that
maintaining a specimen at a passive potential for a period of time leads
not only to the direct formation of an oxide film, but also to the pre-

cipitation of some salt, probably a sulfate, which can hydrolyze in water:

NiSO, + 2 H20 = Ni(OH)§¢ + H250

4 4

The probability of the formation of N1C12 cannot be completely overlooked.
But, since the solubility of N1612 is more than NiSO4,67 it dissolves away
before it can hydrolyze. Thus, the presence of CT_ jons tends to retard
the repair of the passive film, thereby disturbing the stationary state

and promoting dissolution.

5.2 Nature of Film Breakdown

Numerous theories may be found in the literature on the mechanism
of pitting corrosion. Though there has been considerable agreement between
the different workers regarding'the growth mechanism and many of the mor-
phological aspects of pitting, very little agreement exists on the nucleation
processes. This problem manifests itself in two ways: first, the favoured
sites for pit nucleation, and secondly, the mechanism of nucleation.

The results of this investigation show that 1in a completely homo-
geneous and strain free polycrystal, pits nucleate at the grain boundaries,
particularly at grain boundary intersections. This may be taken to mean
that the passive film is weaker along the grain boundaries than elsewhere.
Since the passive film forms by the anodic dissolution of the base metal,
this implies that the passive film inherits the structural 1mpérfection of

the metal surface thereby generating certain 'susceptible spots' for pit

*NT(OH)2 = Ni0.H,0

2
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nucleation. As has been pointed out by Smia]owska,68 there are two possible
ways in which these spots can help pit nucleation. Once the critical
concentration of the C1~ ions is reached in the pitting solution, they

either penetrate the metal surface at these weak spots or react at them
chemically. For a localized breakdown of the passive film, the concentration
of the C1~ ions present in solution must be small.

The existing theories regarding the mechanism of pitting corrosion
require the existence of a protective film or a passive state as a precursor
to the onset of pitting. However, recently Hodge and wi1de69 found that a
pure nickel specimen did not passivate in 1T N NaCl + 1 N H2804 solution and
the anodic current density increased continuously with potential. From an
examination of the structu%e of the speéimen, they concluded that the metal
ilad, underuone severe pitting corrosion.

The results that have been presented here clearly show that with
increasing C1~ ion concentration in the polarizing solution, the attack
on the specimen surface, which is initially along the grain boundaries
begins to spread out. That the attack in the grain interiors, by virtue of
being crystallographic in nature, is pitting is an incorrect conclusion.

The grain interior attack cannot be pitting because with active pitting in
progress at the grain boundaries, the area surrounding these (1ﬂe. the grain
interiors) must be cathodic in nature. The passive film within the grain
interiors may break at some points to give pits, but that.cannot account for
a uniform crystallographic attack within almost all grains. It is possible
that there is general corrosion of the grain interiors, which is much less
intense in néture and where the grain interior is still cathodic to the

grain boundary and thereby to the growing pits.
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The processes occurring on the specimen surface may be viewed to
be as follows:

Until the onset of passivity, the C1~ ions may be considered to
play a negligible role. This is evident from the initial stages of the
polarization curves (Figure 22) where no significant difference exists
between them in the various solutions. However, as the specimen dissolves
anodically and the oxide film forms, the presence of the C1~ ions becomes
increasingly important. At all subsequent stages, there exists a competition
between the formation of the film by anodic dissolution and its destruction
by C1~ ion adsorption. Naturally, higher the concentration of the C1~ ijons
in solution, greater is the tendency of film destruction.

When the concentration of the Ci' ions is low, the passive film
icn far cxcceds the film breakdown, and the specimen exhibits a clear
active-passive transition. However, owing to the fact that there exists
a slight Tattice mis-match at the grain boundaries, the passive film is
weaker here than in the grain interiors. Thus, once the critical potential
is reached, the film breaks down at the grain boundaries and pitting corrosion
occurs.

As the concentration of the C1~ ions increases, the rate of film
breakdown fast approaches the rate of film formation. Once a particular
concentrafion of C17 ions is reached, any weaknesses in the passive film
resulting from grain boundaries in the metal cease to be of any importance
and the passive film breakdown is controlled by the C1” ion availability.
The passive film in such cases could be expected to be extremely thin and
the passive region of the polarization curve rather small. In all such

specimens, it is to be expected that once passivity sets in, the passive film
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does not remain intact. Instead, it breaks and reforms, thus giving rise

to a fluctuating anodic current - as was experimenté]]y observed for specimen
A-4 (Figure 22). The process of competitive breakdown and reformation of

the film continues until the critical potential, Ec’ is reached where the
film breaks down completely and general corrosion occurs. Since the con-
centration of the C1~ ions in solution is high, their availability is the
same over the entire specimen surface and this aids the complete breakdown

of the film.

The morphology of the attack depends on the concentration of the
C1™ ions. However, once the critical concentration is reached the morphology
becomes independent of the C1~ jons in the polarizing solution. Thus,
despite the fact that specimen A-4 undergoes an active-passive transition
and exhibits a critical breakdown potential. the a%tack on the surface is
not pitting but general corrosion,

When the concentration of the C1~ ions is very high, theoretically
film breakdown far exceeds film formation. This tendency is so high that,
if at all, the film forms for a few micro-seconds and breaks down instant-
aneously. Since, the critical potential for the breakdown of passivity
decreases while the primary passivation potential increases with increase
in C1™ ion concentration (Table 6), a stage is reached when the passive
region no longer exists and the active dissolution of the metal continues.
Since, the recorded anodic current is the sum of all Tocal cell action on
the surface, and the current density calculations are based on the original
area of the specimen, the anodic current density shows a contiﬁuous increase
with potential. The attack on specimen A-5 (Figures 23(a) and 23 (b)) can,

therefore, be considered 'general corrosion' and not pitting.
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It is, therefore, evident that electrochemical data should be sup-
plemented by metallographic observation for a complete appreciation of
the pitting phenomenon. As has been seen, though a difference exists in
the anodic polarization behaviour of specimen A-4 and A-5, the nature of
attack in both is the same. -

That a high concentration of C1~ ions can lead to general corrosion
has also been shown by Smia]owska,68 who has found that after pitting the
amouﬁt of Ni estimated analytically in the solution is higher than that
calculated mathematically from the volume of pits formed. The excess Ni
has been attributed by her to be due to general corrosion. It may be
pointed out that this excess, which has been solely attributed to be due

to general corrosion, also incorporates the Ni derived from the dissolution

The presence of C1~ ions is known to stimulate film breakdown and
promote pit formation. The exact mode by which the C1~ jons act has been
the subject of controversy. Figure 7 shows that after the addition of C1~
ions to a passive nickel electrode, a certain time period is required
before an increase in the anodic current density is observed and the first
pits are formed. This observation of an induction or incubation period has

been previously noted for many mater1a1520’21’44’45 &

including nickel.
The induction period has been interpreted as the time required for the
passage of the Clj jons from the bulk of the solution to the passive film
and their transport through it (passive film) to the metal surface.

When the nickel is subjected to a passive potential in a non-chloride

containing solution, a protective film is formed. It is assumed that this

film is uniform over the entire specimen surface. However, as has been
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pointed out earlier, certain susceptible or weak spots exist in the passive
film. Thus, once the C1~ ions are added, they are adsorbed and at these
spots they penetrate through the passive film to the film/metal interface.
At the metal surface they react with the nickel leading to the formation
of pits. The passive film remains structurally intact and no breaks occur.
The process of adsorption and penetration continue and as the pit grows,
more and more of the corrosion product forms. The volume of the corrosion
product is more than that of the pit and the excess in the volume is com-
pensated for by the appearance of a hump in the passive film (Figure 49).
(Passive films are known to possess substantial ducti]ity?o) However, with
further growth of the pit, a stage is reached when the passive film can no
longer 'stretch' and it bréaks (Figures 51 and 52). The corrosion products
are,wastied away and the pil becumes exposed to the buik electroiyte. From
now on, there is a decrease in the corrosion rate (designated as the rate
of change of the anodic current density with time). This implies that the
overall activity of the pits decreases. This is due to the fact that as

the pits open up,‘they become equally accessible to the passivating ions

as to the aggressive ones.

The observations quoted above go a step further in establishing that
the C1” ions do not react chemically at the weak spots. For, 1f this was
the case, then with time the base metal would have been exposed and no hump
in the passive film would have appeared. Thus, passage of the C1~ ions
from the bulk of the solution to the passive film, followed by complete
penetration through it to the metal surface is required to initiate pitting

31,32

corrosion. Recent ellipsometric studies have shown this to be true for

pit initiation on iron single crystals.
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Since the pits are very small, it is rather difficult to remove
the corrosion product within them and, therefore, no analysis of the nature
of the corrosion product has been possible. Nevertheless, on the basis
of the ions present in solution and the fact that the C1~ ions penetrate
to the metai surface, the corrosion product may be taken to be a mixture

of NiC]Z and NiSO4, probably richer in the former constituent.

5.3 Pitting Susceptibility
~ No comprehensive definition of 'pitting susceptibility' is available

in the literature. Loosely, it has been spoken of as 'the tendency of a
metal or alloy towards (to undergo) pitting corrosion!z2 Among the methods
that have been used to measure the pitting susceptibility of materials are:

i) Following passivation, recording the relative anodic current
density as a function of time after C1~ ion add1tion=21

ii) Measurement of the number and size of pits formed during a
fixed time.33

iii) Determination of the minimum C1~ jon concentration required

to initiate pitting.52

iv) Comparison of the relative critical breakdown potential, Ec.26
Regarding the use of the increase in the relative'anodic current as

a function of time as a measure of pitting susceptibility, it is pointed

out that the anodic current increase obtained after the addition of C1~ ions

is the average over the entire specimen surface. It is possible that two

specimens have the same number of pits, but their rate of growth may be

different. Specimen 1 may have a few pits with a higher growth rate. Thus,

the overall anodic current will also be high. On the other hand, specimen 2

may have pits with a similar and lower growth rate resulting in a lower
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overall anodic current. In the long run, such a specimen will experience
failure by pitting more readily than the previous one. Since the pitting
susceptibility is related principally to the number of active sites for

21 to conclude that the first

pitting and not to the rate of pit growth,
specimen 1s‘more susceptible to pitting will be wrong. Thus, the relative
anodic current is not a proper measure of the pitting susceptibility. It
represents more adequately the 'intensity of attack' rather than the
'susceptibility of attack.'

As far as the second method is concerned, it would be believed that
the more susceptible specimen will exhibit a greater number and deeper pits.
So far, more susceptible specimens have, generally, exhibited more pits,

26

but they need not always be deep. The third method, namely, determination

the minimuimn C1° ion concentration required to initiate pitting, is a
suitable one, but it has not been widely used, probably because it is tedious
and time consuming.

The most commonly used measure of pitting susceptibility is the

relative critical breakdown potential, E This potential characterizes

c
the resistance of metals to pitting corrosion and, therefore, may be con-
sidered as a measure of the susceptibility of different metals and alloys

to pitting corrosion in aggressive environments. Below EC, at more negative
potentials, the metal is in the passive state, and above EC active and
passive states coexist on the metal surface and pitting corrosion occurs.
Thus, the more positive is Ec’ the more resistant is the metal to pitting
corrosion and lower is its pitting susceptibility. However, as has already

been pointed out, this may be so in less aggressive solutions, but a total

reliance on the electrochemical data only can lead to erroneous conclusions
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for highly aggressive solutions.

5.3.1 Effect of Gas Absorption

The extent of pitting depends upon the active anode/cathode site
ratio, being higher if this ratio is large and vice versa. The observations
of this study show that as the grain size decreases from 0.150 mm to 0.025 mm
the pitting susceptibility of nickel (as evident from the shift in Ec to
more active values, see Table 2, and the increase in the number of pits
formed per unit area of the specimen surface) increases. If the potential
anodic areas are taken to be distributed along the grain boundaries, with
the specimen size being the same in each case, this implies that a specimen
with a smaller grain size has a larger grain boundary area and consequently,
a higher anode/cathode site ratio. Thus, such a specimen will exhibit a
greater susceptibility for pitting (when compared with a specimen of a
larger grain size).

If the above proposition is to be generally valid, then every specimen
should exhibit an 'active-passive' transition and with increasing grain
size, EC should shift towards more noble values and fewer pits should be
formed, all along the grain boundaries. However, the results presented show
quite the contraiy. An air-annealed specimen with a grain size of 0.250 mm
does exhibit a 'passive' region, but pits are formed along the grain bound-
aries as well as within the grain interiors. When the grain size increases
to 0.330 mm, the specimen does not show a 'passive' region and a mixture of
attack comprizing general corrosion, pitting and grain boundary corrosion
is obtained. On the other hand, when the grain growth is carried out in

vacuum, specimen of both grain sizes (0.250 mm and 0.330 mm) show an 'active-

passive' transition. No change is observed in the value of EC and, in both
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cases, pits appear within the grains only. It is, therefore, evident that
the discrepancies mentioned above are not a consequence of the grain size
effect, but are due to something else.

It will be seen from Table 1 that the larger grain sizes were grown
by annealing at high temperatures for long periods of time. With regard
to air annealing, therefore, solubility (and diffusion) of nitrogen and
oxygen become an important factor and must be taken into consideration.

71 s 0.014 wt. % at 1000°C; the

72

The solubility of oxygen in nickel

solubility of nitrogen in nickel is extremely small. The value ™ at 1600°C

and 1 atm. pressure of nitrogen is 0.001 ¥ 0.001 wt. %, the limits of
experimental error being as much as the solubility itself. The solubility

of nitrogen in solid nickel has been estimated73 as <0.0004 wt %. There is
71 74 e —

at nitrogen s i

or Yk .,
IDUiu

ble in pure nickel even upto 1400°C.
Moreover, the heat of formation at 298°K of the oxide and nitride are found

to be:75

(AH298)N10 -57.5 ¥ 0.5 kcals/mole

(AH298 N N = +0.2 ¥ 1.0 kcals/mole

Thus, it is evident that the nitride of nickel is not stable and that the

solubility of nitrogen in nickel is negligible as compared to that of oxygen.

Therefore, only oxygen diffusion will be considered in the present analysis.
Deépite the fact that oxygen diffuses easily into‘f.c.c. metals,

quantitative data on the diffusion of oxygen in nickel does not exist. The

only work found in the 1iterature76 deals with the diffusion of oxygen in

(110) single crystals. The temperature dependence of the diffusion coefficient

has been derived as:

Do = 2.3 x 10 p(—l%éggo, cm / sec
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On the basis of this equation, the diffusion coefficient of oxygen in nickel
and the distance to which it can penetrate the metal surface at the temper-

atures and times of annealing can be calculated (Table 7):

Table 7
Distance to which
Temperature Diffusion Coefficient Time oxygen can diffuse
of Annealing of Oxygen, D x = VDot
b cmz/sec hrs. um
500 8.5 x 10712 4 3.5
775 4.0 x 10710 5 26.9
950 1.9 x 107 72 220.0
1000 2.8 x 107 77 280.0
1000 2.8 x 1077 100 320.0

it can be seen from Tabie 7 that the ditfusion coefiicient of oxygen at the
temperatures of annealing is appreciable and that for the durations of
annealing, oxygen diffuses to substantial depths. In the last case, this
depth is slightly less than half-thickness of the specimen used.

The oxygen diffusion results in the formation of a main scale and
an oxygen-rich region where the concentration is not high enough for the
formation of the oxide. The main scale is completely removed in polishing
and despite repeated polishing a substantial thickness of the region with
dissolved oxygen remains. It is the presence of this region that exhibits
enhanced reactivity and prevents the metal from being passivated (Figure 14,
lower curve). Thus, depending upon the distribution of oxygen; the nature
of attack on the specimen surface will vary. Areas which have a uniform

concentration of oxygen will show general corrosion; areas where the con-

centration varies drastically (or where the oxygen is present in discrete



1M

areas) will exhibit pitting, while the grain boundaries will always show
deep corrosion.

5.3.2 Effect of Site Distribution

The distribution of anodic and cathodic sites is initially random
over the entire specimen surface and both types of sites are present along
the grain boundaries as well as within the grains. Which of these sites
become activated depends upon the conditions existing at the metal/solution
interface during polarization.

An explanation must now be sought for the shift in the pitting
susceptibility from the grain boundary (for specimens upto grain size of
0.150 mm) to the grain interior (for specimens with grain size greater than
0.250 mm). It is assumed here that specimens which show enhanced reactivity
along the grain boundary when annealed in air will continue to do so even
when annealed in vacuum.

To start with, it is assumed that a certain concentration of active
anodic sites exists per unit area of the grain interior and per unit length
of the grain boundary, and that this concentration is independent of the
grain size. Then, by virtue of the presence of these sites, a certain chemical
potential or reactivity will be associated with the grain interior as well
as the grain boundary. In the case of a specimen with small grains, the
total length of the grain boundary is high. Thus, on the average, the total
grain boundary reactivitv exceeds the total grain reactivity. If the passive
film is taken to form according to the 'dissolution-precipitation mecham‘sm',77
then areas which are more active will passivate more readily. However, since
these areas exhibit a greater reactivity, the current required to maintain

passivity at them will be high, and once the conditions for breakdown are

achieved, chlorine will adsorb more readily at these areas than elsewhere.
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Thus, areas which are first to be passivated will also be the first to be
activated. Thus, in a small grain size specimen, the grain boundaries are
more readily passivated and once the conditions for breakdown of passivity
are established, the passive film breaks preferentially along the grain
boundaries and pits are formed (Figure 10, 11 and 12). On the other hand,
when the grains of the specimen are large, the total grain boundary length is
smaller and fewer anodic sites are present along it. Thus, the total grain
reactivity exceeds the total grain boundary reactivity. For such a specimen,
therefore, the grain interiors are not only the first to be passivated but
also the first to be activated. This activation results in film breakdown
in the grain interiors. Large grain size specimens thus show pits only within
the grains (Figure 15).

If the critical breakdown potential, EC, is taken as a measure of
the nitting susceptibility, the results presented show that ne change is
observed in the value of EC with increasing cold work, regardless of whether
the annealing is performed in air or in vacuum. From the anodic Tafel slopes
(Table 4) it is evident that for air annealed specimen an increase in cold
work tends to slightly increase the reactivity of the metal. However, this
increase is significant only in the earlier stages of cold working and no
change in By is observed beyond 10% cold work. For vacuum annealed specimens,
the Tafel slopes are higher (which means that the metal is less reactive)
and in this case very Tittle difference exists in the slopes over the entire
range of cold working. Electrochemically, these facts may be taken to mean
that despite cold working, the primary dissolution mechanism and the char-
acteristics of the passive film are similar in each case. It may, therefore,

be concluded that cold working upto 40% does not significantly alter the

anodic-cathodic site distribution over the specimen surface and, consequently,
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has no effect on the pit nucleation characteristics of nickel. That cold
working upto a certain stage does not alter the site distribution has
also been found for a-brass.78*

It wil] be noted from Tables 3 and 5 that the value of the primary
passivation potential, Epp, is higher for vacuum annealed specimens. This
is in support of the dissolution-precipitation mechanism of passivity77.
Since the vacuum annealed specimens show lower reactivity, they need to be
po]afized to higher potentials before the passive state can set in.

The slopes in the transpassive region do not provide any specific
information. They cannot be regarded as a measure of the growth rate of

the pits because of the multiple events occurring on the surface. Pits that

had nucleated grow, new ones nucleate and some of the older ones passivate.

However, the transnascsive slopes, 2y do provide ar idea of the cverall
corrosion of the specimen in that potential region. Within limits of
experimental error, it may be seen that By does not significantly change
with cold work. This is consistent with the earlier conclusion that cold
working does not affect the pitting corrosion characteristics of nickel.

The formation of pits in the active region is consistent with the
concept of a 'balance' between film formation and solution discussed earlier,
but is in direct conflict with the idea that pitting cannot occur at potentials

23,45

more active than some critical potential. However, as the results show,

pitting can and does occur79 at potentials lower than the critical potential.

*In this case, it was found that cold working upto 26.5% did not at all
change the cathodic/anodic site distribution and only beyond 32% cold
work did an observable change occur. Thus, if this Timit were 32% for an
alloy, it could be expected to be higher for a pure metal.
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The critical potential thus does not entirely describe the electrochemical
conditions required for pitting corrosion. Therefore, considerable caution
must be exercized in interpreting data based on critical potentials to
assess the pitting susceptibility of metals and alloys.

5.4 Corrosion Morphology

The destruction of passivity at discrete points on a metal surface
gives rise to enhanced dissolution, resulting in the formation of pits.
On single crystal faces of metals, these pits have shapes which are charact-
eristic of the atomic arrangement of that surface and where the facets of
the pits are composed of the most stable planes, normally those of high
atomic density. The s]owest dissolving crystallographic orientations are
maintained in the dissolution shape.

Owing tn the small size of the grains and, consequently

uently, the pits

themselves, no determination of the grain or pit facet orientations have
been done. Instead, these have been obtained by comparison with previous
worksl}g’59 It is assumed that the facets of the pit formed on {100} grains
(Figure 27) as well as that on the {111} grains (Figure 32) comprize the
{111} planes.

Often pits have sides which are composed of low-index facets, and
their prof‘les reflect the crystallography and orientation of the surface
in which they lie. The most probable mechanism governing the development
of such pits is one involving orientation-dependent dissoiution. The
kinematic theory of crystal growth and dissolution as outlined by Frank80
is capable of predicting the pit shape provided the orientation dependence

of dissolution rate is known. The reciprocal of the normal dissolution rate

as a function of orientation can be plotted on a polar diagram yielding a
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polar 'reluctance' diagram. From this polar reluctance diagram, the pit
shape can be predicted using the method outlined by Frank and Ives.8]

The changes in pit morphology with cold work will now be discussed
on the basis of Frank's theory.80 Since no dissolution rate data was
obtained, afbitrary values will be assumed. Since the facets of the pit
maintained in the dissolution shape in a {100} grain are {111}, they are
the slowest to dissolve. Hence, their 'reluctance' will be the highest.
Let us assume that this reluctance is 3 (arbitrary units, TL']), while that
of the {hhO} planes in 2.5 units. Let us assume that the polar reluctance
diagram for a <100> zone has the shape shown in Figure 55(a) (though maximas
will be present as shown, the exact shape of the curve will depend upon
the relative dissolution rates of the various planes). Then, by the method
of Fraink aid Ives.O' Lhe pit shape can be siown to be the outer curve in
Figure 55(a).

The introduction of cold work increases the reactivity owing to
the increase in the dislocation density. The effect of an increase in the
dislocation density on a high-index plane is not so significant. Its
reactivity is not increased as it already has enough steps which act as
sites for removal of atoms. But on a Tow-index plane, where very few such
sites are present, the increase in dislocation density drastically increases
its reactivity and thus its dissolution rate. Hence, its dissolution reluct-
ance decreases. In the present case, the reluctance may decrease to 2.5
units, so that it now equals that of the {hhO} planes. Thus, this time the
dissolution shape will have eight facets as shown in Figure 55(b). This
process continues, so that with increase in cold work the dislocation density

increases. This increases the dissolution rate of different planes, so that
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their reluctance decreases. More and more planes are thus revealed in the
dissolution shape. In other words, as the cold work increases, the dis-
solution within the pif which was initially anisotropic, tends to become
isotropic. This isotropy in dissolution manifests itself in two ways -
first, the exterior shape of the pit becomes circular and secondly, the
regular crystallographic facets within the pits tend to disappear (Figure 30
and 31). It would, therefore, be expected that when the cold work is very
high, the polar reluctance diagram will be circular, so that the pit shape
will be spherical and have no distinct crystallographic facets. This has
been found to be experimentally true (Figure 26 and 40). The changes in

pit morphology at the grain boundary (Figure 36 and 37) also serve to illus-
trate that isotropy in disgolution sets in with cold work and is independent
of the localion of the pit.

On the basis of the transpassive slopes, it was concluded in the
last section that cold working does not significantly affect the pitting
corrosion characteristics of nickel. On the other hand, it is assumed here
that cold working‘increases the reactivity (and thereby the dissolution rate)
of the Tow-index planes within a pit. It must be pointed out, however, that
since the polarization curve is plotted on a semi-logarithmic scale, it
tends to visually compress the anodic current density values thereby increasing
the slope and showing a lower overall reactivity. Moreover, a phenomenon
which is present on a microscopic scale may not be observéb]e on a macro-
scopic scale,so that even though the reactivity of the low-index surfaces
increases due to increase in cold work, the effect is small and unnoticeable

in an overall current measurement.
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A possible explanation for the appearance of steps within pits may
be based on surface effects. The formation of a stepped or faceted surface
is known to be a common surface phenomenon. The effect is believed to be
a consequence of kinetic as well as thermodynamic factors. The kinetic
argument states that a high-index surface has kinks and ledges which act
as active sites for selective adsorption and removal of atoms. An adsorbed
foreign atom tends to anchor the motion of the ledges, while the removal of
atoms from kinks results in the formation of terraces. In the steady state,
the surface consists of terraces and ledges. The thermodynamic viewpoint
embraces the fact that a high-index plane is also one of high energy. 1It,
therefore, breaks down intq facets minimizing the total surface energy.
Thus, cold working may mis-orient the pit facets from their normal {111}
orientation to a high-index plane, so that the final dissolution shape chows
the presence of facets or steps (Figures 33 to 35). With regard to the
absence of steps in the pits on the {100} grains, it must be pointed out
that the absence of steps on a macroscopic scale does not, necessarily,
imply their absence on a microscopic (atomistic) scale too.

The difference in pit deepening between the annealed and cold worked
material gives rise to the differing size of pits in the two materials.
Since the attack tends to be directed along the grain boundaries, it is
evident thét with the grain boundaries being almost parallel to the surface
in the cold worked material, a shallower pit will resu]t.‘ On the other hand,
the equiaxed grain structure in the annealed material permits corrosion to
proceed isotropically so that much deéper pits are formed.

Apart from the presence of crysta]]ographic pits, non-crystallo-

graphic pits, such as saucer or conical ones, were also observed. The
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formation of non-crystallographic pits indicates that the dissolution is
tending to be isotropic. when hemispherical pits afe formed, it may be
assumed that dissolution is completely isotropic. Whatever be the cause

of this isotropy in dissolution, it is obvious that it is a result of the
situations existing at the metal/solution interface which tend to maintain
the current density within the pit the same at every point. In the cold
worked material, this situation is caused by the condition of the metal and
the appearance of multiple facets in the dissolution shape, whereas in the
annealed material the equiaxed grain structure permits isotropic dissolution
so that the pit grows into many grains and on a macroscopic section it

82

appears to be hemispherical. Hoar "~ believes that in some cases pits that

begin as approximately hemispherical expand to a 'saucer' form or to an

+ £ il & P R TS P TIRETu 0 ik
i the mode of growth being evidently influenced by

the ease with which the local metal dissolution undermines the still passive
surface. If, for some reason, the upper inside periphery of the hemispherical
pit is rendered inactive, then the local metal dissolution will be confined
to the bottom part of the pit and eventually result in the formation of a
conical pit. Since such conditions would be difficult to achieve, it is
evident that very few conical pits will be formed. Sectioning experiments
have shown this to be true.

| A correlation will now be sought between the nature of film breakdown
and the type of pits produced. It is suggested that humps in the passive
film with breaks around the edges are associated with hemispherical pits
while those with breaks across them are associated with conical pits. This

statement receives support from the fact that there are very few instances

of both conical pits and the incidence of films with breaks across their hump.
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At the present stage, it is not clear whether thevnature of film breakdown
leads to the formation of a particular shape of pit or whether the type

of film breakdown is avconsequence of the particular pit shape. Probably
the latter is correct. For, assuming that before a break occurs in the
passive film, the pit has achieved its shape (either hemispherical or
conical), then due to the growth of the pit, a flow of corrosion products
will be set up within the pit (Figures 56(a) and 57(a)). As a result of
this, in a hemispherical pit, the points of maximum tension will be the edges
of the hump (thick arrow in Figure 56(a)) while in a conical pit they will
be across the hump (thick arrow in Figure 57(a)). The tension experienced
by the film will eventually result in its rupture as shown in Figure 56(b)

and 57(b).

-
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A11 studies on the pitting susceptibility of nickel were performed
by the 'potentiostatic polarization' technique and the reason why this
technique was considered more appropriate for susceptibility studies has
already been mentioned. It may be pointed out that although this technique
has been widely used for material evaluation, the situation more commonly
encountered in industrial practice is closer to the 'potentiostatic activation'
technique. In any industrial situation, pit nucleation is no doubt important,
but once the pits have nucleated, their growth kinetics become more important
than the nucleation of fresh pits. The kinetics of pit gfowth can well be

studied by the 'potentiostatic activation' technique.

dI
If the change in the anodic current density/unit time, i.e. Hfi ,
be taken to represent the pit growth kinetics, then in combination with

the critical potential, Ec’ four situations can arise:
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Figure 56 Figure 57

(a) Flow of corrosion products within the pit.
(b) Hature of film breakdown

Note: The thick arrows designate points of maximum
tension.
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Critical Potential Pit Growth Kinetics Acceptability Index

E dla/dt
High Low 1
Low Low 2
High High 3
Low High 4

The practically most acceptable or desirable situation (expressed as an
'acceptability index'; most acceptable-1, least acceptable-4) clearly will
be the one where the critical potential is high (more positive or noble)
while the pit growth is slow.

The nucleation of pits prior to the onset of passivity and the
significant variation in the distribution of pits (and also the intensity
of attack) of two differently treated pieces of the same material even when
there is no change in the critical potential suggests that the interpretation
of the cfitica] potential must be done with extreme caution and with certain
reservations. |

43.

A very thin oxide film is known to be present on most metals. = The

. y : : 8
two stages involved in corrosion fatigue are 3

- (i) film breakdown, and
(i) conjoint fatigue and corrosion. The breakdown of the film gives rise
to pits and cracks generally start at sharp pits (or crevices) in the sur-

face.84’85

In view of the above facts, the consequences of the variation

in the shape of pits needs to be emphasized. Conical pits, wherever they

may be present, will act as stress-raisers. Thus, from the corrosion fatigue
viewpoint, a material with more flat bottomed pits is likely to perform

better than one with fewer conical pits. It may, however, be pointed out
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that in many cases84 during the initial stages of corrosion fatigue, pits
tend to be hemispherical, but they then change to saucer-Tlike depressions.
With time, a sharp root-like projection forms at the bottom of the pits,
and eventually fissures develop leading to failure.

It is, therefore, emphasized that the evaluation of a material for
an application where pitting corrosion may be incurred should take into
consideration the value of the critical potential, the pit growth kinetics
and the morphology of attack.

On the basis of the above criteria, suitable materials will be those
with a high breakdown potential, Tow pit growth rate and flat bottomed
(hemispherical or saucer) pits. Many elements are known to have a beneficial

22

effect on the breakdown potential. Thus, alloying nickel with elements

such as chromium, molybdenum, iron etc, will increase the value of the break-

down potential. However, the pit growth kinetics and pit morphology needs

to be studied before any firm recommendations can be made.



| CHAPTER VI
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

i) The nature of the passive film formed under "potentiostatic activation”
and "potentiostatic polarization" is quite different. The film is thicker

in the former case. ,

ii) Passage of the chlorine ions from the bulk of the solution to the passive
film, followed by complete penetration through it to the metal surface is
required to initiate pitting corrosion.

iii) The concentration of chlorine jons present in solution must be small
for a localized breakdown of the passive film and for pitting corrosion

to occur. High chlorine ion concentrations lead to general corrosion.

iv) Cold working upto 40% does not affect the critical breakdown potential

of nickel, though the distribution of pits varies. |

v) In the latter stages of growth, the shape of corrosion pits is mostly
hemispherical or saucer type in annealed as well as cold worked nickel. Few
conical pits are formed. Hence, nickel may perform well in corrosion fatigue.
vi) Electrochemical data must be supplemented by metallographic observations
for a complete appreciation of the pitting phenomenon.

vii) The critical potential does not entirely describe the conditions required
for pitting corrosion. Hence, considerable caution has to be exercized in
interpreting data based on critical potentials to assess the pitting suscept-

ibility of metals and alloys.

124
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6.2 Suggestions for Future Work

At the outset only, one immediately asks the question - "Why at all
is mdre work necessary on the corrosion behaviour of nickel and/or its
alloys?" The answer is rather straightforward. Ever since their discovery,
stainless steels have been regarded as alloys with excellent corrosion res-
istance and, therefore, have been used quite extensively for applications
where corrosion can be encountered. However, even with all their assets,
their performance in sea water can at best be rated satisfactory. On the
other hand, cupro-nickel* and Hastelloys** have excellent resistance to cor-
rosion in marine atmospheres.5 This is also true for underground corrosion
where either the soil is poorly aerated or has dissolved salts containing
chloride. In both the above cases, the material fails by pitting corrosion.

+ L

3 4 2 A ke dbha Al + + 3 a
Even though pitting corrosion may be suppressed by cathodic protection, the

(@}

hydrogen produced by the cathodic reaction can be harmful in the case of
stainless steels (hydrogen embrittlement) in applications where stress is
also a factor. Such a problem will not arise with nickel or its alloys.
Hence, for applications in sea water, underground, fluid compressor tubes,
centrifugal pump parts etc. nickel alloys hold a promising future.

On the basis of the results reported in this investigation, the
following aspects of the localized corrosion of nickel may be studied:
i) The effect of various alloying elements, such as copper, molybdenum,
~ chromium, iron, silicon etc. on -
a) the critical potential for the breakdown of passivity, EC.

dI
b) the pit growth kinetics, HEE

* 70% Cu, 0.45% Fe, balance Ni.

**Trademark of the International Nickel Company for alloys containing Ni, Mo,
Cr with small additions of Cb, Fe etc.
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c) the corrosion morphology
Material evaluation may be made using the suggested.criteria.

An interesting and rewarding investigation will be the study of various
heat treatments to obtain different metallurgical structures (and consequently,
higher strength) and their effect on the subsequent corrosion behaviour of
the alloys.

ii) Test of the alloys found suitable using the suggested criteria in corrosion
fatigue.
iii) Studies on thelinhibition of pitting corrosion.

A suitable inhibitor may be determined by analyzing the role played
by the inhibitor jon during pitting inhibition. This may be done by obtaining
anodic and cathodic galvanostatic polarization curves under the conditions
Of avpiicatlion

a) without inhibitor

b) with inhibitor
and comparing the values of the anodic and cathodic Tafel slopes, By and B

Finally, a study may be performed on the effect of the inhibitor on

the pit initiation and growth kinetics and subsequent corrosion morphology.
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