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SYNOPSIS 

Pitting corrosion in a number of austenitic stainless steels and nickel-based alloys that differ wide!" 
in their resistance to corrosion was studied by electrochemical and electron-optical techniques. The effect 
of contamination of the sulphuric acid electrolyte by chloride ions was also investigated. 

Preliminary results for the si'iiace analysis of samples of 316 stainless steel by Auger electron 
spectroscopy are presented, and suggestions are included for further application of this technique to the 
examination of pitting corrosion. 

A comprehensive review of the literature concerning the initiation of pitting corrosion is included. 

SAMEVATTING 

Invreetkorrosie is in 'n aantal soorte oustenitiese staal en legerings met 'n nikkelbasis wat baie verskil 
wat hul bestandheid teen korrosie betref, bestudeer deur elektrochemiese en elektron optiese tegnieke. Die 
uitwerking van die kontaminasie van die swawelsuurelektroliet deur chloriedione is ook ondersoek. 

Voorlopige resul'ate vir die oppervlakontleding van monsters van vlekvrye staal 316 deur Auger-
elektronspektroskopie word aangebied en daar word voorsteiie ingesluit vir die verdere toepassing van hierdie 
tegniek op die ondersoek van invreetkorrosie. 

Daar word 'n omvattende oorsig oor die literatuur in verband met die aanvang van invreetkorrosie 
ingesluit. 
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1. INTRODUCTION 
The localized breakdown of passivity that leads to pitting corrosion is a phenomenon that has been 

studied extensively in recent years. The mechanisms of pit propagation or growth are fairly well understood, 
but there is a lack of agreement regarding the initial stage of pitting, i.e. the process of pit nucleation or 
initiation. 

The first part of this report is a review of previously published work on the initiation of pitting corrosion, 
particular emphasis being placed on five main areas: 

(i) the relation of electrochemical parameters, such as pitting potentials and induction time, to pit 
initiation, 

(ii) the effect of alloying elements, especially molybdenum, in providing resistance to pitting corrosion, 
(iii) the effect of different metallurgical phases, grain boundaries, and inclusions, 
(iv) the role of pre-existing flaws in the passive film, and 
(v) the part played by aggressive anions, such as the chloride ion, in providing pitting corrosion. 

The purpose of the review is the identification of areas for further work that will improve the 
understanding of the process involved in the initiation of pitting, with particular emphasis on the application 
of relatively new techniques of surface analysis such as Auger electron spectroscopy (AES) to the study 
of chemical reactions on the surface of stainless steels. 

The second part of this report describes a study by electrochemical and electron-optical techniques 
of the active-to-passive transition in five metals: three stainless steels that are available commercially and 
two nickel-based alloys. The metals chosen were 304, 316,904L, Incoloy 825, and Hastelloy C, which differ 
widely in their resistance to pitting corrosion. 

The purpose of this study was twofold. Firstly, the curves of current density versus potential had to 
be calibrated for each alloy so that localized corrosion could be produced for investigation by surface analysis 
in a reproducible manner. Secondly, variations in the critical potentials and critical currents with variations 
in the chemical composition of the electrolyte were of interest. The electrolyte chosen for this investigation 
consisted of 10 per cent sulphuric acid containing varying concentrations of chloride ions. The choice of 
electrolyte was based upon three main considerations: 

(1) a comparatively aggressive base electrolyte was necessary because of the high pitting resistance of 
some of the test alloys; 

(2) an electrolyte with sharply defined critical currents and critical potentials was needed; and 
(3) chloride-contaminated sulphuric acid of this strength is an electrolyte of some commercial importance 

in which little work of this nature has been done. 
The final part of this investigation was undertaken in conjunction with Dr J. Malherbe of the University 

of Pretoria. This was a study of the surface chemistry of samples of 316 stainless steel in various regions 
of potential by use of AES. These preliminary experiments were intended to show the capabilities of this 
technique in an investigation of the initiation of localized corrosion. 

2. LITERATURE SURVEY 
2.1. Transition from Active to Passive Potentials 

Figure 1 is a schematic diagram of the active-to-passive transition for a metal amenable to passivation. 
It was plotted as the logarithm of the modulus of the net current density against the potential. The diagram 
can be divided into four distinct regions of potential: the cathodic region, the active region, the passive 
region, and the pitting region. 

The cathodic region is that at potentials more negative than Ec„„, the corrosion potential. In this region, 
the net current is negative, the predominant reaction being the reduction of some species in solution (the 
hydrogen ion in acidic solutions). 

The active region is found between Ecnt, and £ f (the Flade potential), with a net positive current; the 
predominant reaction here is the dissolution of the metal. However, other film-forming oxidation reactions 
may also be taking place in this region of potential. The current generally reaches a maximum, iclil, in this 
region, and then falls rapidly to the passive current value, the transition being virtually complete at £ i . 

The range of passive potential is that between £Y and £ p . The latter is the pitting potential (sometimes 
known as the breakdown potential). The passive potential range is characterized by an extremely low current 
density, i p a v > , which implies the presence of a protective oxide film. 

The pitting region is that at potentiais more positive than Ep, and is characterized by a sudden sharp 
rise in current. This indicates that a localized breakdown of passivity has occurred, vith the pitting dissolution 
current being restricted to a relatively small total area on the surface of the metal. 

i 
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FIGURE 1. A schematic polarization curve for a stainless steel in a sulphuric acid solution 

2.2. Pitting Potentials 
Various techniques have been used to yield reliable values of the pitting potential, Ev, that correlate 

with susceptibility to pitting corrosion. These can involve measurement of the potential at which a 
mechanically induced scratch will repassivate', or use can be made of fast2 or slow5 potential scanning. 
Lizlovs and Bond5 evaluated these techniques for a group of ferritic stainless steels, and recommended the 
use of the scratching technique, which gave consistently less-positive values for E„ than the other two methods. 
Experimental difficulties are often encountered because of the initiation of crevice corrosion at less positive 
potentials than £ p . thus making ca-eful sample design necessary. However, while techniques of 
electrochemical scanning have been used extensively in studies of the variation of pitting resistance with 
alloy content4 in which successful correlations have been found between Ev and service life5 and between 
the data from ferric chloride exposure tests*, the fundamental nature of the characteristic pitting potentials 
is still a controversial subject. 

Figure 2 shows the variation ot pitting potential with molybdenum content for austenitic stainless steels 
in solutions of deoxygenated molar sodium chloride4. The beneficial effect on corrosion resistance of an 
increase in the concentration of molybdenum is shown by the increasingly positive values of the pitting 
potential. Extensive correlations have also been found between decreasing values of Ep and increasing 
logarithms of the concentration of aggressive anions7-*. Figure 3 shows results for the pitting potential of 
304 stainless steel as a function of chloride-ion concentration on a logarithmic scale. Janik-Czachor9 has 
shown that £ p shifts by approximately 0,1 V in the active direction for a tenfold change in the concentration 
of chloride ions for ultra-pure iron in borate buffer solutions. The variation of pitting potential with 
concentration also depends on the nature of the aggressive anion10, but is not strongly dependent on the 
bulk pH of the solution for pH values in the acid to neutral range. 

Many researchers make a clear distinction between the potential for pit initiation, £ p , and a critical 
potential, £ c p (less positive than £ p), at which existing pits can grow. At potentials smaller than £ c p , existing 
pits wo rid eventually be repassivated; hence £ c p is sometimes referred to as the protection potential. This 
potential can be obtained by a reversal in the direction of potential scanning from some arbitrary value 
for the current in the pitting region. The dependence of the protection potential on other quantities has 
not been as fully explored as that of the pitting potential, Ev. In general, the protection potential is not 
considered a unique property of the material, and has been shown to be strongly dependent upon prior 
pit growth and experimental conditions" 1 2. 
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Kruger" has listed various possible explanations for the origin of the pitting potential, £ p . These can 
be summarized as follows. 

(i) Ep is determined by the potential of zero charge, pzc. Most models require, as their first step, 
the adsorption of aggressive anions (which displace film-forming ions). The potential above which 
such adsorption takes place is the pzc. This suggestion is difficult to verify experimentally owing 
to difficulties in the measurement of the pzc on solid electrodes. However, pzc values measured 
on mercury are very similar for aggressive and non-aggressive anions. Hence the observed 
dependence of Ep on the concentration of aggressive anions is not easily explained, 

(ii) Ep is determined by repassivation kinetics. Competition betwcn repassivation and breakdown 
processes has been shown to take place within a narrow range of potential. Recent work' 4, in 
which a statistical approach was used to the problem of localized corrosion, has provided strong 
evidence in favour of this suggestion. 

(iii) Ep is determined by the film pressure needed to cause facture. Ep has been associated with the 
critical potential, above which the passive film pressure (from eleclrostriction and interfacial effects) 
exceeds the critical compressive stress for mechanical breakdown of the film. Again, this suggestion 
largely fails to account for the specific role of some anions in the promotion of pitting. 

(iv) Ep is determined by the potential at which an unprotective film is formed. This has been shown 
to be probable for iron in borate solutions. However, this seems unlikely to apply to all of the 
large variety of systems in which localized breakdown of passivity takes place. 

2.3. Induction Time 
Much credence in pitting research has been given to the concept of an induction time, r, during which 

conditions are established that are conducive to the localized breakdown of passivity. Many authors consider 
that, for pitting to occur, the conditions E > Ep, [CI"J > Ccrii, and / > T must all be satisfied' 5 1 6 , 
where 

E = measured potential, 
Cent = critical concentration, and 
/ = time. 

Figure 4 shows the dependence of induction time on potential for a sample of stainless steel in a molar 
solution of sodium chloride17, and Figure S the effect oi an addition of chloride ions on an austenitic stainless 
steel in sulphuric acid. It has been suggested that the induction time, r, is linked to the time taken for an 
aggre:;ive anion to penetrate the passive film 1 8 either through anion exchange or under the influence of 
an electric field. The possible occurrence of these processes is explored in Section 2.7 of this report. 

More recent work suggests that the induction time, r, has no fundamental significance because pitting 
takes place almost instantaneously at pre-existing flaws in the passive film upon immersion of the passive 
metal in an aggressive medium. This topic has been covered in detail in a review article19. According to 
the flaw model for pit initiation, r is merely the time required for the developing pit to enlarge to such 
a size that the pitting current exceeds the passive current on the rest of the surface and can therefore be 
detected. 

In other models, r is related to the time taken either for an increase in activity (caused u> local action 
at flaw bases) to reach a critical value or for a two-dimensional salt hyer to replace the passive film locally 
(at flaws or in a random fashion). Much more detailed mathematical models for pit initiation are needed 
so that clear distinctions can be detected experimentally between these various explanations. 

2.4. The Effect of Molybdenum 
The addition of molybdenum (generally at concentrations of a few per cent) to iron and stainless steel 

causes 
(i) an increase in the pitting potential, £ p , 

(ii) improved resistance to the initiation of crevice corrosion, 
(iii) a lower value for /<:„,, the critical current density needed to produce passivation, and 
(iv) a lower value for / p a „ , the passive current. 
These effects are far more pronounced in stainless steels, which conta..i chromium, than in iron-

molybdenum binary alloys. In general, the beneficial effect of molybdenum increases in the presence of 
increasing amounts of chromium. 

The use of surface-sensitive analytical techniques such as AES shows that chromium is significantly 
enriched (i.e. above its bulk metal concentration) in the passive film of stainless steels. However, AES of 
molybdenum-containing alloys has generally shown that there is a deficiency of molybdenum (compared 

4 
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to its bulk metal concentration) in the passive fi..u. For iron-chromium-molybdenum alloys in sodium 
chloride solutions20 the passive film formed was approximately ten atomic layers thick. Only in the innermost 
layer (nearest to the metal) did the concentration of molybdenum rise to a level equal to that of its bulk 
concentration. However, at relatively high concentrations of molybdenum (more than 6 per cent) and at 
high potentials of formation, a significant enrichment of molybdenum has been observed2 1. In that case, 
the molybdenum was oxidized to its highest valence state, Mo e *. It has been argued that the action of 
molybdenum in improving corrosion resistance is similar to that of chromium in that selective dissolution 
of iron occurs, leaving behind a more thermodynamically stable oxide. There is a lack of evidence of 
molybdenum enrichment in the passwe film over the wide range of alloys in which molybdenum is effective 
in improving resistance to localized corrosion, and this strongly suggests that some other mechanism is 
operative. 

There are three other main proposals to explain the effect of the addition of molybdenum, 
(i) An increased repassivation rate occur» at active sites formed at defects in the passive film. This 

suggestion has become increasingly favoured in recent years. It has be»n shown that adsorption 
of the molybdate ion (MoO2. ~) , which is formed from the transpassive dissolution of molybdenum, 
is probably responsible for this effect2 2, 

(ii) Molybdenum compounds act by altering the corrosion potential and hence prevent the occurrence 
of localized acidification in pits that are developing. According to the localized acidification model, 
for a pit to propagate, the potential must be high enough to generate a flux of ions that is sufficient 
to maintain the pH value in the region of metal-ion stability, 

(iii) Molybdenum improves the quality of the bonding at the metal-oxide interface, creating a barrier 
layer. 

In a recent review of the role played by molybdenum in crevice corrosion2', Wanklyn suggested that 
further studies should be made of the transpassive dissolution of molybdenum from the passive film at 
the high potentials associated with pitting corrosion. Suggestions have been made that this dissolution of 
molybdenum helps to stabilize a salt film (possibly containing chromium chloride) that lowers the rate of 
anodic dissolution and thus promotes repassivation. 

2.5. The Effect of Various Metallurgical Phases 
The presence of various metallurgical phases has been shown to be detrimental to pitting resistance. 

Examples of this are delta ferrite in austenitic stainless steels 2 4, and the alpha prime phase 2 5, which is 
responsible for the phenomenon of embrittlement at 475 °C in ferritic stainless steels. Sensitized grain 
boundaries have ?lso been shown to act as preferred sites for pit initiation in a ferritic stainless steel in 
a chloride-containing solution 2 6. In that case it was not clear where initiation had occurred, owing to the 
presence of carbides or to physical defects at the grain boundaries. Intergranular precipitates of metal cai bides 
have been shown to produce an adjacent chromiu..i-depIeted zon" that is susceptible to pitting attack2 7. 

An investigation28 Unking the microstructure and corrosion resistance of a commercial ferritic stainless 
steel containing 12 per cent chromium and 1 per cent molybdenum showed that the tempered-martensite 
matrix was more susceptible to pitting than the retained delta-ferrite matrix. This was thought to be due 
to the higher level of carbon available in the martensite and the subsequent precipitation of carbide and 
reduction in chromium content of the martensite matrix. The technique of scanning transmission electron 
microscopy was recently applied to the study of pitting corrosion at the retained interface between delta 
ferrite and austenite in a duplex stainless steel2 9. That study suggests that the segregation of impurities such 
as sulphur and phosphorus, which causes local degradation of the passive film, rather than chromium 
depletion, is the cause of pit initiation. 

Surface preparation has also been found to play an important role in the resistance to pitting3 0, a range 
of pitting potentials as large as 0,4 V being i:xhib;'?d by the same metal with different surface finishes. 
It has been suggested31 that pit propagation (i.e. tne number of active pits), rather than the number of 
pits initiated, is strongly dependent upon surface preparation. 

That non-metallic inclusions may provide sites for the initiation of pitting corrosion was recently 
demonstrated for austenitic stainless steels 5 2 , 3 3 (with sulphide inclusions) and foi Fe-16 Cr single crystals3 4 

(with inclusions of chromium oxide). Sites particularly favourable to the initiation of pitting are mixed 
inclusions where sulphides (usually mixed sulphides of manganese and iron) occur together with oxide 
particles. The sulphides often form shells surrounding the oxide particles. 

The process of pit initiation in the presence of these mixed inclusions in weakly acidic solutions is thought 
to proceed first by the chemical dissolution of the sulphides. This produces narrow holes or microcrevices 
round the oxide particles. The formation of a microcrevice on a locally activated metal surface and the 

ft 
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presence of aggressive ions leads to the propagation of pits at the sites 01 the mixed inclusions. In neutral 
and oxidizing media, where the sulphides cannot dissolve chemiczUy, inclusions can influence the formation 
of pits by acting as local cathodes in a local cell. The observation of chromium oxide inclusions acting 
as sites for pit initiation has been explained on the basis of two mechanisms. The first mechanism is that 
there are primary microcrevices between the incVision and the matrix, and the second mechanism is that 
the presence of an inclusion causes a very irregular distribution of charge density over the whole surface 
that possibly causes pit initiation. 

Hence, in summary, sites for the initiation of pits have been definitely linked with surface heterogeneities 
having chemical properties different from those 01 the surrounding surface. The most common examples 
of this are precipitates at grain boundaries and sulphide inclusions. These sites tend 10 favou. selective 
dissolution. However, if the site is to develop into an active pit, geometrical factors are extremely important. 

2.6. The Role o* Flaws in the Passive Film 
Richardson and Wood 3 5 have proposed, mainly on the basis of scanning electron microscopy, that, 

when aluriinium is immersed in an aggressive medium, pitting occurs immediately at flaws in an otherwise 
inert oxide film. It was thought that, under conditions of natural immersion, the propagation of pits depended 
upon the relative cathode-to-anode areas on the surface, and upon the degree of polarization of the anodic 
and cathodic processes. At these low potentials, the overall rate of dissolution may be sufficiently lov for 
differences in the dissolution rates of various crystalline faces to become evident, resulting in crystallographic 
attack. For high applied potentials, the pits grow very rapidly, spreading from the flaw in the lateral direction 
and undermining the surface of the oxide film. 'Mechanical' flaws in the fi.m, rather than the smaller 
'residual' flaws associated with regions high in impurities in the underlying metal, were regarded as providing 
preferential sites for the initiation of pitting because of the more favourable ratio of cathode-to-anode areas. 

The flaw theory of pitting suggests that the concepts of an induction period prior to pitting or of a 
pitting potential have very little fundamental significance. Richardson and Wood 3 5 argued that the induction 
time represents only the period during which the developing pits are too small to provide a measurable 
total current owing to the initial large ratio of cat'*ode-to-anode areas. They also argued that pitting potentials 
measured under applied polarization were largely a function of local action at the metal surface. 

There is little direct observational evidence for the existence of flaws in the passive film of stainless 
steel compared with that for aluminium. Howeve-, the indirect evidence, particularly that regarding the 
effect of sulphide inclusions, suggests that localized breakdown of passivity occuis at defects in the passive 
film. The flaw theory of pitting has been criticized by Prior3 6, mainly on the basis that it does not include 
an explanation for the specific effect of the chloride ion in promoting pitting. This subject is dealt with 
in more detail in Section 2.7. 

Strong evidence in support of the flaw theory of pit initiation has been provided by Vijh 3 7 , 3 8 , who 
investigated the relationship between the pitting potentials for a series of metals and the solid-state properties 
of the oxide film and the base metal. Vijh found that pitting potentials were not related to solid-state 
properties of the oxide such as lattice energy per ion pair, bond energy, bond gap value, and heat of oxide 
formation. However, a strong correlation emerged (as shown in Figure 6) between pitting potential and 
metal-metal bond energy, 6(M-M). This latter quantity is given by 

where 4// 5 Ub is the heat of sublimation of the bulk metal and C„ is the bulk coordination number. This 
rHation of the pitting potential to a property of the bulk metal is consistent with pit initiation occurring 
primarily at flaws in an oxide film that reveal essentially base metal at their bases. 

Galvele39 has developed a model of pitting that emphasizes the important role of transport processes 
in the initiation of pitting. This model contains the concept of a critical value for xi (where x is the length 
of the flaw and / is current density) above which a surface flaw or fissure will develop into a pit. Hence, 
Tor a given current density, a critical fissure length can be defined above which the pH value of the solution 
can fall below the critical value for the occurrenrp of fissure propagation (i.e. pit initiation). In later work 4 0, 
Galvele took into account full hydrolysis of the metal ions and defined the critical x- i value for pit initiation 
on the basis of fhe relative proportion of the solid metal to the hydroxide formed, rather than on the basis 
of a rather arbitrary value for critical acidification. Figure 7, taken from the work of Galvele, shows that 
the possibility of fissure propagation in iron occurs for xi values greater than 10" 6 A c m " ' . 

7 
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The model of Galvele is fairly successful in predicting the form taken by the variation in the pitting 
potential of iron with variation in pH, and with changes in the concentration of aggressive anions. It was 
recognized in this model that processes such as competitive adsorption, salt formation, and film penetration 
may take place, but it was considered that they have no major effect on the initiation of pitting. On the 
assumption of a current density of lO'A'm"' for the initiation of pitting, values of approximately 10 nm 
were found for the critical length in aluminium, iron, and nickel. The length is of the right order for flaws 
in oxide films on surfaces. Such flaws could possibly be formed on a transient basis by crack-heal events. 

2.7. The Effect of Aggressive Anions 
Among the mechanisms for pitting proposed in early work were the penetration theory of Evans and 

the acid theory of Hoar. The former proposed localized breakdown of the passive film on metals by the 
passage of aggressive anions through the film; the latter suggested that breakdown occurred as a result 
of localized lowering of pH caused by the current-induced migration of anions and conjugate acids to local 
anodes on the surface of the metal. 

More recent adsorption theories41 maintained that the corrosive nature of the chloride ion was due 
to its ability to displace water in the passive film, or to prevent the adsorption of oxygen onto the surface 
of the metal. Whatever the model for the entry of chloride ions into the passive film, such a phenomenon 
would presumably be associated with a change in the electrical conductivity of the film. However, it is 
generally accepted that no such change occurs, either on aluminium or on iron 4 2. On the question of the 
entry of chloride ions into the passive film, evidence obtained by means of the surface-analysis techniques 
of X-ray photoelectron spectroscopy (XPS) and AES tends to be contradictory. Painot and Augustynski 4 5 , 4 4, 
using electron spectroscopy for chemical analysis (ESCA) on aluminium, observed that there was a progressive 
and potential-dependent penetration of chloride ions into the passive film. The concentration of chloride 
increased from 3 per cent (of aluminium atoms) at the corrosion potential to 16 per cent at a high anodic 
potential. However, AES studies45 showed that, under anodic polarization, there was no detectable 
incorporation of chlorides into the passive film on iron of high purity in potassium chloride solution. The 
detection limit in that case was thought to be better than 1 per cent of a monolayer. 

Strong arguments agaii.st the concept of the migration of aggressive anions rhrough an undamaged 
passive film have been summarized in a recent review46. The migration process occurs only under a high 
electric field (approximately 10 s V-m "'). For a penetration mechanism involving anion exchange (i.e. CI" 
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with 0 2 ~ ions), the O 2 ' ions must therefore migrate against this high electric field, which is difficult to 
visualize. Also, it is difficult to visualize that other, larger ions (such as the sulphate ion), which can promote 
pitting in the absence of CI", would migrate through a passive film lattice. 

A recent suggestion47 has been made that the formation of a pitting nucleus results from a process 
of protonization in damaged parts of the passive layer. This process causes a loosely packed water structure 
in these regions, enabling the chloride ion to migrate to the metal surface, where it is adsorbed. This model 
satisfactorily explains the specific effects of various anions in promoting pitting in terms of their specific 
electric-field strength. This local eiectric field at the periphery of the ion chiefly governs the capacity of 
the ion to transfer protons to hydroxy! groups. 

The possibility of salt formation occurring at the very early stages of pit growth has been recognized48, 
and this concept has been used to explain localized thinning of the passive film 4 9. It is not yet clear whether 
these salt layers occur preferentially at flaws and heterogeneities in the passive film. Some evidence has 
been presented that confirms the presence of salt deposits 5 0, but it is possible that these deposits are a 
byp'oduct of pit propagation rather than a prerequisite for pit initiation. 

Another category of models for the initiation of pitting has been classed as chemimechanical breakdown 
models in a recent review13. Sato" proposed that strong electric fields could lead to the mechanical rupture 
of thin films by producing electrostriction pressures that exceed the compressive fracture strength of the 
fihi! The film pressure, p, that is generated, is given by 

j . < < < - ' > * * y 
P = Po + z • -., 

8ir / 
where po = atmospheric pressure, 

f = film dielectric constant, 
e = electric field, 
7 = surface tension, and 
/ = film thickness. 

Aggressive ions that promote localized corrosion could increase the film pressure by decreasing the surface-
tension term in the above equation by adsorption. The specific role of the chloride ion is, however, difficult 
to explain in terms of this model. 

A variation of this type of model52 proposes that breakdown starts by partial penetration of the aggressive 
anion to near the metal-film interface. Localized film rupture occurs at this location on low-density material 
(identified as y FeOOH for iron-based alloys). Aggressive ions interact in this model by influencing the 
rate of repassivation. 

2.8. Summary of the Literature 
The literature review revealed that two important problems regarding the initiation of pitting corrosion 

are sutl to be resolved satisfactorily. These problems concern the following: 
(i) the composition of the passive film (if any exists at all) over and around surface heterogeneities 

that have been shown to act as sites for the initiation of pitting, and 
(ii) the mechanism of the process by which aggressive anions, such as chloride ions, interact with the 

passive film in these regions. 
An investigation aimed at these two main problems would give a much better understanding of secondary 

problems, such as the fundamental significance of the pit'ing potential and the induction time. 
Recent work has shown a growing realization of the importance of the statistical nature of the pitting 

process. The action of molybdenum as an alloying element in preventing pitting corrosion has tentatively 
been explained in terms of its influence in promoting repassivation in a dynamic breakdown-repair system. 
This promises to be a very productive area of research. The flaw theory needs to be substantiated with 
more-direct observational evidence of the existence and behaviour of these flaws, especially on stainless 
steels. Techniques of surface analysis such as AES and XPS (especially the former when employed with 
high lateral resolution and composition-depth profiling) show great promise in this area of research into 
pitting corrosion. 

3. EXPERIMENTAL PROCEDURES 
3.1. Measurement of Polarization Curves 

The Princeton 350A Corrosion Measurement Console was used in the measurement of polarization 
curves for each of the five alloys tested in sulphuric acid solutions. Samples of each alloy used were cut 
from commercially available bar stock and mounted in an inert plastic material. The samples were polished 
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to a 1 Jim finish, degreased in methanol, and allowed to dry in air before being fitted into the sample-holder 
of the corrosion-measurement cell and being immersed in the electrolyte. Solutions were prepared from 
chemically pure reagent-grade sulphuric acid, with the addition of general-purpose reagent-grade sodium 
chloride for the chloride-containing solutions. All the solutions had been saturated with high-purity nitrogen 
at 25 °C prior to the immersion of the alloy sample, and the gas was bubbled in slowly throughout the 
course of the experiment. A diagram of the corrosion-measurement cell is shown in Figure 8. 

To potentiostat 

Saturated 
calomel 
reference 
electrode 

Capillary probe 

To potentiostat 

Graphite 
counter-
electrode 

Sample-
holder 

Gas bubbler 

Sulphuric acid 

Sample surface 

FIGURE 8 Schematic diagram ot the cell in which corrosion rate was measured 

The potentiostatic system imposes the desired voltage between the sample and the reference electrode, 
and measures the current that results between the sample and the graphite counter-electrodes. Each 
polarization curve was measured at a positive voltage sweep rate of 0,1 m V s ~ ' , starting from a voltage 
of 0,1 V negative (i.e. cathodic) of the corrosion potential after an equilibration time of 30 minutes. The 
sweep rate of 0,1 mV-s"', is generally considered to be low enough for the recording of qwoH-steady-state 
polarization curves. The polarization run was stopped once an anodic current density of 10mA cm " ' in 
the pitting region had been reached. Polarization curves were recorded in triplicate under identical 
experimental conditions. 

3.2. Scanning Electron Micrographs 
Scanning electron micrographs of the surface of the samples after polarization were produced by the 

Mineral and Process Chemistry Division of Mintek. 
Micrographs were produced for samples of each alloy, polarized to an anodic current density of 

l O m A c m ' 2 in the pitting region, in sulphuric acid solutions with and without the addition of 5 per cent 
chloride ions. 

3.3. Auger Electron Spectroscopy 
Dr J. Mai her be (Physics Department, University of Pretoria) conducted the surface analyses of the 

samples of 316 stainless steel by means of a Physical Electronics Industries AES system. Figure V includes 
a schematic representation of the Auger process53. A core-level electron can be removed either by protons 
or electrons. In conventional AES, the primary excitation is produced with energetic electrons (I to 30keV), 
When a core-level electron (K shell) i« removed, an outer-shell electron (L shell) will probably fill the core-
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FIGURE 9. Energy-level diagrams of photoelectron (top) and Augei electron (bottom) excitation 
'after Davis53) 

l̂ vel vacancy. This leaves the atom in an excited state with a gain in energy given by EK - E\2r De-excitation 
occurs with the emission of an Auger electron with kinetic energy £KE, given b" 

£KE = EK - 2 £ L 2 j - <t>, 

where <t> is the work function of the spectrometer. One of the main advantages of the technique of AES 
is its extreme surface sensitivity. 

4. RESULTS AND DISCUSSION 
4.1. Analysis of Alloys Used 

Table 1 gives the analyses of the five alloys used in this study. Type 304 is the general-purpose grade 
of austenitic stainless steel and is widely used in applications requiring a good combination of corrosion 
resistance and formability. Type 316 is a development of the basic austenitic grade, and contains molybdenum, 
vhich gives it a greater resistance to pitting corrosion in marine and chemical-industry environments. The 
1,6 per cent molybdenum found in this analysis is appreciably lower than the usual specification for 316, 
which is 2 to 3 per cent. Type 904L has a high nickel content (approximately 25 per cent) and was originally 
developed for applications involving sulphuric acid. However, in recent years, it has found increasing 
application in chloride-containing environments. Incoloy 825 is a nickel-based alloy that contains chromium, 
iron, molybdenum, and copper. It is used in applications requiring corrosion resistance to non-oxidizing 
acids. Hastelloy C276 is a nickel-based alloy with a high molybdenum content. It has exceptional corrosion 
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TABLE 1 

Analysis of alloys 
(All the values are expressed as percentages) 

Alloy Cr Ni Mn Si Mo Ti Co C 
304 18,0 8,2 0,73 0,24 - Balance - 0,08 
316 16,8 10,7 1,2 0,49 1.63 Balance - 0,06 
904L 20,0 24,6 1,63 0,41 4,18 Balance - 0,05 
Incoloy 825 20,1 40,0 0,8 0,2 2,17 32,9 - 0,03 
Hastelloy C276 14,8 57,0 0,44 0,17 14,2 6,23 1,38 0,02 

resistance in a wide variety of chemical-processing environments (oxidizing and reducing), and is especially 
useful in chloride-contaminated aggressive media. 

4.2. Polarization Curves 
Figures 10 to 14 show polarization curves for 304, 316, 904L, Incoloy 825, and Hastelloy C276 

respectively in 10 per cent sulphuric acid at chloride concentrations of 0 per cent, 0,1 per cent, I per cent, 
and 5 per cent. Table 2 gives the values for the average elecrochemical parameters (relating to the active-
passive transition) for all five alloys at all chloride concentrations. No values are given for / lr,i, Q (the total 
charge density needed to produce passivation), and £F for Hastelloy C276 since this alloy does not display 
an active range. This means essentially that Ef is more negative than the corrosion potential Eco„, and is 
therefore obscured by the cathodic process of hydrogen evolution. 

Although there are sn-v anomalies, the parameters in Table 2 generally show the following trends, 
(i) The corrosion potential, £ c o rr, generally becomes more noble (i.e. positive) with increasing alloy 

content (i.e. in the order 304, 316, 904L, Incoloy 825, and Hastelloy C276). For all the illoys, 
fcotr is more active (i.e. negative) in a solution with a chloride addition of 5 per cent than in a 
solution containing no chloride. Eco„ is determined by the relative magnitudes of the rates of 
the anodic and cathodic processes. However, the addition of chloride to sulphuric acid generally 
has very little influence on the rate of the cathodic reaction, as can be seen from Figures 10 to 14. 

(ii) The corrosion current, /COrr (determined by Tafel line extrapolation to Eco„), decreases with 
increasing alloy content, as would be expected. For Hastelloy C276 a definite trend emerges between 
icorr values and chloride concentration. A very low / c o r r occurs for the solutim containing no 
chloride, and the /«m increases steadily with increasing chloride concentration, 

(iii) The values of I(„I decrease with increasing alloy content. For all alloys except Hastelloy C276 
(where no /cr„ values are available since the alloy is already passive at the corrosion potential), 
there is a good correlation between increasing ;c,„ values and increasing chloride concentration. 
For 304, 904L, and 825, this relationship can be expressed approximately in linear equations of 
the type 

log / c r i I = a log [CL ] + b, 

where a and b are constants. Values for a, b, and the correlation coefficients are given in Table 3. 
(iv) Q is defined as the total charge density passed in the active range, i.e. in the passage from £ c n r , 

to Ef. The variation of Q with chloride concentration is similar to that shown by i,M in that there 
is a good correlation between increasing Q values and increasing concentrations of chloride ions. 
For 316 and 825, the relationship is described approximately by an equation of the type 

log Q = a log (CI"] + b. 

Table 3 gives Q values for the constants a and b and for the correlation coefficients. 
£F values are very similar for alloys 304, 316, and Incoloy 825 but are more positive for 904L, 
as is its corrosion potential in chloride-containing solutions. This means that the width (in potential) 
of the active range is surprisingly similar over a fairly wide range of alloy content. 
It is relatively difficult for reproducible values of / p a„ to be obtained. This is probably because 
this parameter is very sensitive to the exact structure of the passive oxide film. Table 2 shows 
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FIGURE 10. Polarization curves for 304 in 10 per cent sulphuric acid 

that the addition of 5 per cent chloride to 10 per cent sulphuric acid generally causes an increase 
in /p», of at least two orders of magnitude. This increase virtually destroys the passivity of all 
the alloys except Hastelloy C276. However, the reason for the frequent occurrence of anomalously 
high values of / p a „ at a chloride concentration of 0,1 per cent is not clear. This may indicate that, 
even at low bulk concentrations, chloride ions can concentrate at critical points and impair passivity, 

(vii) The variation of the pitting potential, E p , does not snow any definite correlation either between 
the various alloys or with increasing chloride concentration for the more corrosion-resistant alloys. 
Only for 304 and 316 does the high chloride concentration of 5 per cent drastically reduce the 
breakdown potential and clearly destroy passivity. In neutral solutions, £ p is generally found to 
decrease linearly with the logarithm of increasing chloride concentration. However, there are few 
comparable data for strong sulphuric acid with chloride additions. In neutral solutions, hydrolysis 
reactions occur within a developing pit to produce a solution with a pH value and composition 
that are totally unrepresentative of the bulk solution. This is unlikely to be so strong a factor 
for an aggressive bulk solution such as 10 per cent sulphuric acid. Competitive adsorption effects 
would probably also play a much greater role in the pitting process in strong solutions. 

Measurement of the active-to-passive transition for these alloys was a valuable exercise for two main 
reasons. Firstly, it enabled samples for surface analysis to be produced reliably in potential regions 
corresponding to active dissolution, passivity, and pitting. Secondly, it generated a reliable set of data (in 
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FIGURE 11. Polarization curves for 316 in 10 per cent sulphuric acid 

an electrolyte of some commercial importance) that will act as a standard against which the performance 
of alloys produced in the alloy-development programme at Mintek can be measured. 

However, it is clear that there is a complex variation of many of the electrochemical parameters defining 
the active-to-passive transition with increasing alloy content and chloride concentration. For example, only 
the parameters /'cm and Q display a monotonic increase with increasing chloride concentration. It is becoming 
recognized increasingly that the pitting process involves continual breakdown-repair events, and that the 
kinetic reactions involved in the repassivation process are important. Recent fundamental work on the pitting 
of 304 stainless steel54 has shown that the number density of pits can be related to the high-frequency slope 
of Bode curves for current oscillations linked to breakdown-repair events. (Bode curves are plots of the 
logarithm of the magnitude of the impedance versus the logarithm of the frequency.) It is possible that 
electrochemical parameters associated with the a.c. impedance of the active-to-passivc transition are of far 
greater fundamental significance than those associated with the d.c. characteristics. 
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FIGURE 12. Polarization curves for 904L in 10 per cent sulphuric acid 

4.3. Scanning Electron Micrographs 
The micrographs given in Figures 15 to 19 show that the alloys can be divided into three groups, 

(i) The less corrosion-resistant alloys 304 and 316. Here the metal dissolution occurs mainly through 
the fairly high number density of pits. The effect of the chloride ion is to concentrate the dissolution 
at a few very active deep pits with crystallographic shapes, 

(ii) The moderately corrosion-resistant alloys 825 and 904L. Here the dissolution occurs mainly at 
the grain boundaries. The pits are mainly round, as opposed to crystallographic shapes. The effect 
of the chloride ion is to concentrate the dissolution more at the pits than at the grain boundaries, 

(iii) The highly corrosion-resistant alloy Hastelloy C276. Here dissolution occurs almost exclusively 
at a few small round pits. The presence of the chloride ion causes an increase in the number of 
pits that are nucleated. 
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FIGURE 13. Polarization curves for Incofoy 825 in 10 per cent sulphuric acid 

All the above trends are consistent with the chloride ion having impeded the repassivation process in 
a dynamic breakdown-repair situation. This suggestion could be investigated by the use of AES for the 
production of concentration-depth profiles of elements such as chromium and molybdenum for different 
pits on the same alloy. An investigation of the differences in these profiles between deep (highly active) 
pits and shallow pits (where there is some evidence of a repassivation process having taken place) would 
be interesting. The micrographs of Figures 16 and 19 show that this would be possible for 316 and Hastelloy 
C276 respectively, which have a wide variaïion in pit size. 

4.4. Auger Electron Spectroscopy of 316 Stainless Steel 
Figure 20(a) shows an AES spectrum for a polished sample of 316 stainless steel. The spectrum is plotted 

as AN(E)/dE versus E, where N(E) is the number of Auger electrons, and £ is the Auger-electron energy 
in electron volts. Characteristic peaks are identified by the shape and the energy value at which they occur. 
Figure 20(h) shows the spectrum for the same sample after sputtering through the oxide film into the bulk 
metal by use of an argon-ion beam at an energy of 0,5 keV. 

The measured peak heights and known sensitivity factors wire used for the calculation of the 
concentrations of the various elements before and after sputtering. These concentrations for the polished 
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FIGURE 14. Polarization curves for Hastelloy C276 in 10 per cent sulphuric acid 

surface of tne 316 sample are shown in Table 4. A similar exercise was conducted for other samples of 
316 stainless steel held in potential regions of the polarization curve (Figure II) corresponding to active 
dissolution, passivity, and pitting. The final potentials used were -0,3 V (active), +0,5 V (passive), and 
+ 1,0 V (pitting). The concentrations of elements in these samples before and after sputtering are given 
in Tables 5 (active), 6 (passive), and 7 (pitting). In addition, concentration-depth profiles were produced 
for each sample. These are plotted as concentration versus sputtering time in Figures 21 to 24 for the polished, 
active, passive, and pitting samples respectively. 

A consideration of the AES results given in Figures 21 to 24 and Tables 4 to 7 leads to the following 
conclusions. 

(i) The high carbon levels of all the samples (approximately 50 per cent before sputter ing) are due 
to contamination from carbon compounds in the atmosphere. This contamination is unavoidable 
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TABLE 2 

Average electrochemical parameters for alloys in 10 per cent sulphuric acid 

IC1] £cOfT 'corr 'cril Q Ef 'pass £P 
Alloy % V (vs SCE) A-cm~ 2 A-cm"2 C a n " 2 V (vs SCE) A-cm" 2 V (vs SCE) 

304 0 -0,401 8.75x10"* 5,26x10"* 0.734 -0.098 2,79x10"' + 0,912 
0,1 -0,427 1,69x10* 1,1x10"' 3,98 + 0,036 4,86x 1 0 * + 0,982 
1.0 -0 .426 9,48x10"' 1,61 x 10"' 2.54 -0,009 5 , 0 5 x 1 0 ' + 0,914 
5,0 -0.422 8,75x10"' 2,52x10"' 4.31 -0.082 2,06x10"' -0,082 

316 0 -0 ,33 2,39x10"' 4,62x10"' 0,076 -o.i 1,34x10"' + 0.927 
0,1 -0,321 6,78x10"' 6,33x10"' 0,085 + 0,009 1 , 3 x 1 0 ' + 0,907 
1.0 0,343 1.62x10"' 3,26x10* 0.429 -0,066 3,49x10"' + 0,941 
5.0 -0.354 1.19x10"' 4,14x10"' 5.936 -0,052 3 ,05x10* + 0,223 

904L 0 -0,256 1,17x10"' 1,51 xlO" 5 0,0167 + 0,094 5,5x10"' + 0.918 
0,1 -0,272 9,57x10"' 2,71x10"' 0.0368 f 0,148 1,59x10"' + 0.918 
1.0 -0 ,26 8,46x10"' 7,21x10"' 0,044 + 0,085 8,76x10"' + 0,914 
5.0 -0.282 1,38x10"' 4 ,72x10* 0,705 + 0,214 2,44x10* + 0,982 

Incoloy 825 0 -0,239 9,94x10"' 7,63x10"' 0,013 + 0.048 1 ,03x10' + 0.907 
0,1 -0,381 2,57x10 ' 2 ,8x10* 0,456 -0 ,046 5,06x10* + 1,019 
1,0 - 0 , 4 4,77x10"' 6,84x10* 1,052 -0 ,084 4 , 2 x 1 0 * + 1,036 
5.0 -0,358 4,39x10"' 1,55x10"' 1,409 -0,065 3,05x10* + 1,009 

Hastelloy 0 -0,157 8,3x10"* n.a. n.a. n.a. 2,27x10"' + 0,905 
C276 0,1 -0.332 4,72x10"' n.a. n.a. n.a. 3 ,96x10* + 0,943 

1.0 -0,268 1,79x10"' n.a. n.a. n.a. 3,74x10"' + 0,914 
5.0 -0 ,279 2,89x10"' n.a. n.a. n.a. 1,98x10* + 0,919 

n.a. - not applicable 
SCE = saturated calomel electrode 

TABLE 3 

Values of constants a and b, and of correlation coefficients 

For equations of the form: 
log A" = a l o g [ C l " ] + b, 

where X is /mi or Q [CI" ] is chloride concentration in per 
cent by mass, iCni is in A-cm" 2 , and Q is in C-cm " 2 

Alloy X a b Corr. coeff. 
304 'cril 0,209 - 2 , 7 6 0,99 
316 Q 1,06 -0,116 0,97 
Incoloy 825 'cril 0,434 -3 ,13 0,99 
Incoloy 825 Q 0,294 -0,027 0,98 
904L 'cril 0,709 -3 ,94 0,95 

unless samples are produced and then analysed in situ. This is not possible by this AliS system. 
However, the level of contamination by carbon drops very rapidly with sputtering time. Usually, 
the residual concentration of carbon is reached after a depth of approximately 8nm. 

(ii) The concentrations of iron, chromium, nickel, and molybdenum after sputtering on all four 
samples agree well with the bulk concentrations determined by conventional analysis. The results 
for molybdenum are particularly good since its bulk concentration is approximately 2 per cent, 
which is near to its limits of detection by this technique. Also, the principal Auger peak for 
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FIGURE 15(a). 304 after anodic polari (300x) 
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FIGURE 15(b). 304 after anodic polarization in 10 per cent sulphuric acid and 5 per cent chloride 
ions (300 x) 
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FIGURE 15(c). 304 after anodic polarization in 10 per cent sulphuric acid (2500 x) 

FIGURE 15(d). 304 after anodic polarization in 10 per cent sulphuric acid and 5 per cent chloride 
ions (2500 x) 
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FIGURE 16(a). 316 after anodic polarization in 10 per cent sulphuric acid (300 x) 
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FIGURE 16(b). 316 after anodic polarization in 10 per ce.t sulphuric acid and 5 per cent chloride 
ions (300 x) 
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FIGURE 16(c). 316 after anodic polarization in 10 per cent sulphuric acid (2500 x) 

FIGURE 16(d). 316 after anodic polarization in 10 per cent sulphuric acid and 5 per cent chloride 
ions (2500 x ) 
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FIGURE 17(a). 904L after anodic polarization in 10 per cent sulphuric acid (300 x) 
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FIGURE 17(b). 004L after anodic polarization in 10 per cent sulphuric acid and 5 pei cent chloride 
ions (300 x) 
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FIGURE 17(c). 904L after anodic polarization in 10 per cent sulphuric acid (2500 x) 

FIGURE 17(d). 904L after anodic polarization in 10 per cent sulphuric acid and 5 per cent chloride 
ions (2500 x ) 
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FIGURE 18(a). Incoloy 825 after anodic priarization in 10 per cent sulphuric acid (300 x) 
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FIGURE 18(b). Incoloy 825 after anodic polarization in 10 per cent sulphuric acid and 5 per cent 
chloride ions (300 x) 
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FIGURE 18(c). Incoloy 825 after anodic polarization in 10 per cent sulphuric acid (2500 x) 

FIGURE 18(d). Incofoy 825 after anodic polarization in 10 per cent sulphuric acid and 5 per cent 
chloride ions (2500 x) 
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FIGURE 19(a). Hastelloy C276 after anodic polarization in 10 per cent sulphuric acid (300 x ) 
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FIGURE 19(b). Hastelloy C276 after anodic polarization in 10 per cent sulphuric acid and 5 per 
cent chloride ions (300 x) 
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FIGURE 19(c). Hastelloy C276 after anodic polarization in 10 per cent sulphuric acid (2500 x) 
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FIGURE 19(d). Hastelloy C276 after anodic polarization in 10 per cent sulphuric acid and 5 per 
cent chloride ions (2500 x) 
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FIGURE 20(a). AES spectrum for 316 stainless sieel before sputtering 
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FIGURE 20(b). AES spectrum for 316 stainless steel after sputtering 
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TABLE 4 

AES aiudysis for polished 316 stainless steel 

Concentration Concentration 
before sputtering after sputtering 

Element % % 
C 41 3 
O 32 2 
Fe IS 69 
N 3 -
Na 3 -
Ni 2 7 
Cr 1 17 

a 0,5 -
Mo - 2 

TABLE 5 

AES analysis of 316 sta'niess steel in the region of 
active potentials 

Concentration Concentration 
before sputtering after sputtering 

Element % % 
C 63 2.5 
0 20 -
Fe 6 66,6 
Cr 5 17,2 
S 3 -
Ni 1 7,5 
Mo 1 1.7 
N 1 3.7 
Mn <0,5 0,8 

TABLE 6 

AE.i analysis of 316 stainless steel in the region of 
passive potentials 

Concentration Concentration 
before sputtering after sputtering 

Element % % 
C 47 -
O 30 -
Fe 8 68,8 
Cr 8 19,6 
Ni 3 7.3 
S 3 -
Mo 1 1.4 
Si 1 -
N <1 1.5 
Mn <0,5 1.3 
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TABLE 7 

AES analysis of 316 stainless steel in the potential 
region where pitting occurs 

Concentration Concentration 
before sputtering after sputtering 

Element % % 
C 39 1.4 
O 28 -
Fe 10 67,8 
Cr 6 19,7 
Ni 2 8,4 
N 2 -
Mo 1 1.4 
Cu 1 -
Zn 1 -
S 1 -
Mn - 1,1 

0 10 20 30 40 50 

i lime, min 

FIGURE 21. Concentration-depth profiles for polished surface of 316 stainless steel 
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FIGURE 22. Concentration-depth profiles for active region of 316 stainless steel 

molybdenum (at 220eV) is too close to the peak for argon (2l4eV), which is the sputtering 
material, 

(iii) For 0,5 keV argon, it is known that a sputtering time of I minute is roughly equivalent to a depth 
of 0,4nm. By this approximation, the following values for the thickness of the oxide film for 
the four samples were calculated: 

polished sample film * 8nm 
active sample film » 12nm 
passive sample film > 12nm 
pitting sample film » 24 nm. 

A more quantitative estimate of the film thickness for the passive sample was not possible because 
of experimental difficulties that necessitated the use of a sputtering energy of I keV, for which 
no thickness calibration data were available. These thicknesses indicate that substantial thickening 
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FIGURE 23. Concentration-depth profiles for passive region of 316 stainless steel 

of the passive film, over and above the Thickness of the air-formed film, occurs during the active-
to-passive transition. 

(iv) All the samples show high concentrations of oxygen, which peak at a depth of a few tenths of 
a nanometre, and then decrease with increasing distance into the film. The peak concentration 
of oxygen probably corresponds to the true surface of the oxide film, rather than to the top 
layer of contamination. No abrupt changes in oxygen concentration (which could correspond 

) the presence of a duplex mixed-oxide film) occur for any of the samples. The concentrations 
of oxygen in the passive sample and the pitting sample are higher than those for the active and 
polished samples. This indicates that part of the current for active and passive regions goes towards 
an oxidation that leads to the formation of film, rather than to dissolution. 

(v) For all tiie samples, the concentration of iron rises sharply from its low initial value with increasing 
distance into the oxide film until it reaches its bulk value. For the air-formed film, there is an 
enrichment of iron (over the bulk value) near the metal-film interface. This is not so for the 
three samples formed in solutions of sulpiride acid. 

(vi) For all the samples, the concentration of chromium rises sharply from a low initial value to its 
bulk value with increasing distance into the film. There is no evidence of the slight chromium 
enrichment (over its bulk value) that is often found in passive films formed in soln'-^n. This 
may indicate that this phenomenon depends on the aggressiveness of the environment in which 
the passive film is formed. 
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FIGURE 24. Concentration-depth profiles for pitting region of 316 stainless steel 

(vii) The concentration of nickel in the passive sample displays a marked enrichment over the bulk 
concentration near to the solution-film interface. This is probably due to the selective dissolution 
of the other components of the alloy during the formation of film. 

(viii) For all the samples, the concentrations of molybdenum in the film are very near to the limits 
of detection. However, molybdenum is depleted from its bulk concentration in all the samples. 
This effect is especially marked in the passive sample. These results art consistent with recent 
suggestions22 that the role of molybdenum in preventing pitting is to help in the repassivation 
of pits that are developing, rather than to improve the protective qualities of the passive film. 

CONCLUSIONS 
1. The polarization curves showing the active-to-passive transition for 304, 316, 904L, Incoloy 825, 

and Hastelloy C276 in 10 per cent sulphi'ic acid with varying concentrations of chloride were 
reproducible. Samples of the five al'oys for surface analysis can therefore be reliably produced in 
regions of potential corresponding to active dissolution, passivity, and pitting. 

2. The parameters ic,„ and Q for each alloy increase steadily with alloy content and with chloride 
concentration, often obeying relationships of the type 

log 
f/ 

= a log [Cl~) + b. 
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where a and b are constants. The variation of the parameters Ep and /p.,, with increasing chloride 
concentration is more complex, definite trends (i.e. of a lower Ev and a higher ( p a u ) being observed 
at high concentrations of chloride. 

3. Scanning electron microscopy showed that dissolution occurs mainly through pitting for 304 and 
316, the alloys with relatively low corrosion resistance. For the materials with intermediate corrosic 
resistance (82S and 904L), dissolution occurs mainly through attack at grain boundaries. The effect 
of the addition of chloride ions to the solution for these alloys is the concentration of dissolution 
at a few, highly active pits. Only for the highly corrosion-resistant alloy, C276, where dissolution 
is concentrated almost exclusively at pits, does the presence of the chloride ion have a significant 
effect in increasing the number density of the pits. 

4. AES was shown to be a very promising technique in the investigation of the composition of passive 
film on stainless steels. AES analysis of samples of 316 stainless steel showed that molybdenum 
is depleted in the oxide film (with regard to its bulk concentration) formed in the active, passive, 
and pitting regions. 

6. LIST OF SYMBOLS USED 
e = electric field 
E = Auger electron energy 
*-corr = corrosion potential 
Ccp = repassivation potential/protection potential 
Ef = Flade potential 
EK/EL = electron energy 
£KE = kinetic energy of Auger electron 
£P = pitting potential/breakdown potential 
i = current density 
'corr = corrosion current 
'crit = critical current density needed for passivation 
'pass = passive current density 
pzc = potential of zero charge 
t-crit = critical concentration 
c„ = bulk coordination number 
A// s u b = heat of sublimation of bulk metal 
X = length of flaw 
b(M-M) = metal-metal bond energy values 
Q = total charge density needed to produce passivation 
p = film pressure 
Po = atmospheric pressure 
t = film dielectric constant 
7 = surface tension 
/ = film thickness 
NfE) = number of Auger electrons 
<t> = work function of Auger electron spectrometer 
t = time 
T = induction time 
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