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Abstract--The conditions for current oscillations in austenitic stainless steel (AISI Type 303) in 
1 M H~SO, containing CI- ions are given. The periodic oscillations are produced in a close potential 
range determined at the active-passive transition region. It requires a non-homogeneous distribution 
of inclusions and carbides at the metal surface and a concentration range of CI- ion where active 
and passive areas coexist on the metal surface. The constraints at the surface determining these two 
regions are related to the CI- ion competitive adsorption and the local accumulation of corrosion 
products. Electrochemical data and SEM observations are correlated. 

INTRODUCTION 

UNDER certain conditions the potential region associated with the active-passive 
transition of metals exhibits an instability which is manifested through periodic 
oscillations of  potential under galvanostatic conditions or of  current under potentio- 
static conditions.I, ~ These oscillatory effects have been particularly considered in 
relation to the anodic corrosion and passivation of pure polycrystalline metals in 
aqueous electrolytes. 3-s The same effects have been also reported in the pitting 
corrosion of different alloys, such as i ron-chromium alloys in Na~SO4 + NaCI 
solutions, 9 although in this case the phenomenology of the oscillatory effects has been 
considered without any further analysis of  the influence of the different promoting 
variables. 

The steady current oscillations observed in different stainless steels are closely 
correlated to the resistance of  the materials to pitting corrosion. The current oscilla- 
tions reflect the trend of  the corroding system to vary between the two situations 
kinetically stable, namely, either that corresponding to passivity or that of  anodic 
electrodissolution. The oscillatory phenomenon is strongly conditioned by variables 
linked to the corroding medium, to the electrical characteristics of  the overall system 
and to the intrinsic properties of  the metal. The latter appears through the influence 
of surface inhomogeneities on the type and kinetics of  metal attack. The corrosion 
resistance of  some impure metals and alloys may be appreciably changed through a 
controlled thermal treatment. I° The structure of  the alloy is important in defining the 
protective characteristics of  passive films. This is, for instance, true for austenitic 
structures of  ternary alloys which are related to prior passive film protection. H 

This report attempts to study the conditions for the oscillation of current in 
different austentic stainless-steels immersed in 1M H~SO 4 under controlled external 
potentials, and the influence of CI- ion additions on the characteristics of  the oscilla- 
tory phenomena. The electrical response of  the system is correlated to the SEM 
configuration of the corroding metal surface. 

*Manuscript received 2 March 1981 ; in amended form 24 June 1981. 
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E X P E R I M E N T A L  M E T H O D  
Runs were made in a conventional three-compartment pyrex glass c~ll. 6 The working electrode 

was a metal rod axially mounted in PTFE to serve as an active rotating disc of 0.385cm diameter. 
The composition of the different alloys is given in Table 1. The working el~'trode surfa~ was polished 
to a mirror finish with successive grades of emery paler. The potential of the working el~'trod¢ was 
measured against an SCE. The eounterlo~trode was a 25 cmg Pt sheet. The electrolyte oansisted of 
either 1M H2SO4 or 1M HaSO4 + x p.p.m. HCI (500 ~ x _~ 50,000). The eleetrolytic solutiona were 
prepared from AR chemicals and triply distilled water. Runs were made under N= gas saturation at 
25°C. 

The potentiostatic stationary Eli curves of the different systems were recorded in the - 0.50- 
1.0 V rang¢ to determine the potential range within which damped and undamped current oscillations 
are produced. They were obtained by stepwise changing the potential and making current readings 
5 min afterwards. Then the current change was less than 1%/h. 

The samples were examined by SEM using a Philips Model 500 EM and by electron microprobe 
analysis (CAMECA MS 46). 

TABLE 1. CHARACTERISTICS AND PRE'IREATMENT OF THE DIFFERENT STAINLESS-STEEL ALLOYS 

Composition (%) Thermal 
Standard C Mn S Cr Ni Me treatment Eco~(V, SCE) E~lt(V, SCE) 

AISI 303 0.12 0.9 0.01 18 10 0.5 - -  - 0.42 + 0.80 
AISI 304 0.05 1.3 0.03 18.5 9.5 - -  1000-1100°C - 0.39 + 0.70 

5-20 min 
quenched in water 

AISI 316L 0.03 1.7 0.03 17.5 13.5 2.7 1000-1100°C 
5-20 min 
quenched in water 

Eoor = corrosion potential. 
Epit = pitting potential. 

E X P E R I M E N T A L  RESU L T S 

The AISI  Type  303 stainless steel, wi thout  any  thermal  t reatment ,  exhibits a non-  
homogeneous  d is t r ibut ion  o f  carbide  componen t s  as repor ted  in the  l i terature.  12 
Unde r  these condi t ions  the largest current  osci l lat ion effect is ob ta ined  when the 
potent ia l  is fixed at  a definite potent ia l  (Eos). The  same mate r ia l  af ter  thermal  t reat-  
ment  shows a par t ia l  dissolut ion o f  carbides  in the austeni t ic  phase and  s imul taneously  
the magni tude  o f  the oscil lat ing current  effect decreases to  a great  extent. The  A I S I  
Type  304 and 316 stainless steels thermal ly  t reated for 5 min at  1000-1100°C and  
immediate ly  quenched in water  show no potent ia l  range associated with the current  
oscil lat ion even in electrolyte solut ions conta in ing 50,000 p.p.m.  C l -  ion. These 
results show a clear corre la t ion between the surface inhomogenei t ies  due to  the minor  
componen t s  of  the al loy and the oscil lat ing current  effect. F r o m  the pseudo-poten t io -  
static Eli curves (Fig. 1), the corros ion  potent ia l  and  the potent ia l  range o f  the 
d a m p e d  and  undamped  oscil lat ing current  were determined.  The  Eli plane exhibits 
the usual  active (I), passive (III)  and  t ranspassive (IV) regions.  The ac t ive-pass ive  
t ransi t ion region (II)  is also indicated because it is closely related to the  es tabl ishment  
o f  the osci l lat ing current.  A t  C l -  ion concentra t ions  > 3000 p.p.m, the rest potent ia l  
becomes increasingly more  negative as the C l -  ion concent ra t ion  increases. Region  I 
covers near ly  a 0.2 V range and it is character ized by  an  initial Tafel  line re la t ionship  
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FIG. 1. Semilogarithmic plot of the potentiostatic Eli curves, at 25°C, (o)  HsSO2 1 M, 
(×) H2SO~ 1M + 3,000 ppm HCI. AISI Type 303 stainless steel without any thermal 

treatment. 

whose slope decreases as the CI- ion concentration increases. Likewise, the maximal 
electrodissolution current also increases with the CI- ion concentration. 

The active-passive transition potential and the transpassive region appears practic- 
ally independent of the electrolyte composition. The pitting potential as determined 
in the conventional way decreases as the CI- ion concentration increases, which is in 
agreement with data reported by other authors.13,14 

The following description of the oscillating current is based on the behaviour of  
the AISI Type 303 stainless-steel without any thermal treatment (Fig. 2). The un- 
damped current oscillations are associated with the critical potential value (Eo~) which 
depends on the CI- ion concentration in 1M H2SO4 (when the CI- ion concentration 
exceeds 250 p.p.m.). At any C1- ion concentration associated with the establishment 
of the oscillating current the range of Eo, is relatively small, covering approx. 0.010 V. 
Its value is always located at the initiation of  the negative resistance portion of  the 
Eli diagram and it becomes more positive as the CI- ion concentration increases. 
The average value of  Eo, increases with log Ccl_ (Fig. 3), and the corresponding plot 
presents two linear portions, one at low concentration ( <  6000 p.p.m.) with the slope 
approaching the 2.3 (RT/2F) ratio and another one at large concentrations ( >  6000 
p.p.m.) with a slope equal to the 2.3(RT/F) ratio. When Eos is shifted towards the 
negative potential values damped current oscillations are recorded (Fig. 4). The 
greater the damping, the larger the Eo~ shift exceeds the ± 0.010 V range. 

The undamped current oscillations are relatively simple, the maximum and 
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FIG. 2. Curren t / t ime displays at  different HCI  concent ra t ions  in 1M HaSO4 solut ion 
at  25°C. (a) 500 p p m  HCI,  Eo, = - 0.115 V;  (b) 4000 p p m  HCI,  Eo, = - 0.085 V; (e) 

8000 p p m  HCI,  Eo, = - 0.0825 V;  (d) 15,000 p p m  HC1, Eo, = - 0.055 V. 

minimum current values and oscillating frequency depend on both the electrolyte 
composition and the hydrodynamic conditions prevailing in the system. Linear 
relationships result between either the maximum current (/max) and the charge QT 
taking part in each oscillating current cycle, with the logarithm of the CI- ion con- 
centration (Figs. 5 and 6). The slope x of the Ima x vs log Cc]- plot is 0.25 < x < 0.33. 
The oscillating current frequency ( f )  vs Ccr z/4 also approaches a linear relationship 
(Fig. 7). The minimum current read of each undamped oscillation is practically 
independent of the C1- ion concentration. The frequency of the undamped oscillating 
current increases with the rotation speed of the working electrode (w), but no simple 
relationship is found (Fig. 8). Thus, at low CI- ion concentration the f vs wXP plot 
exhibits a break. There are two reasonable linear portions, the lower one approaching 
a straight line which goes through the origin of coordinates, and the upper one which 
gives a finite f a t  w = 0. The value of f a t  w = 0 decreases as the CI- ion concentration 
increases. 

Microscopic observations 
The as-received samples show the presence of Si, S, Mn and A1 inclusions in a 
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longitudinal observationlS, 16 by electron probe. These results coincided with those 
given in the l i teratureJ 5 Both the longitudinal and transverse metallographic observa- 
tions by optical microscopy show a clear c o m m o n  localization o f  carbides and 
inclusions. 

The SEM observations (Fig. 9) show a drastic localized metal corrosion in Region 
I giving an island-type surface image probably  related to the non-uniform distribution 
o f  surface inclusions in preferential sites,17, is A large density o f  secondary crystal is 
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also distinguished. Region II is characterized by the formation of large and deep pits. 
Apparently the corrosion products produce a constraint on the surface, separating 
active from passive areas at the metal surface through the formation of cavern-type 
structures. This peculiar distribution of the surface area is linked to the oscillating 
current effect. In Region III the metal is completely covered by a film of corrosion 
products. It comprises a low density of pits of small circular section surrounded by a 
relatively large amount of secondary crystals. 

D I S C U S S I O N  

The results confirmed that pits in commercial austenitic stainless steels are 
initiated at mixed sulphide inclusions 1~ since sulphide ions are thermodynamically 
unstable in those materials yielding, in the 1 M H2SO 4, micro areas of acid solution which 
assist pitting formation.l~, is The oscillation of the current requires certain well 
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defined conditions, namely, (i) a definite applied potential, (ii) a concentration of C1- 
ion exceeding a threshold value and (iii) a certain non-homogeneity of inclusions and 
carbides at the metal surface. The response is, then, sensitive to the hydrodynamic 
conditions, solution composition and characteristics of the electrical circuitry. These 
facts indicate that various processes are simultaneously involved in defining the 
conditions for the occurrence of the current oscillations. 

In principle, periodic oscillations of  any variable in chemical and electrochemical 
systems can be described in a relatively simple way by the Lotka-Volterra model 
corresponding to a generalized two body oscillatory mechanism,19, 2° where the two 
competing variables in the present case can be ascribed to the covered metal (passive 
area, Av) and to the uncovered metal area (active area, Ac). These areas are deter- 
mined by physical constraints resulting either from a partial coverage produced by 
C1- ion adsorption or by the proper corrosion products. In this way, the correspond- 
ing differential equations can be written as 

and 

dAc 
dt -- FI(A¢' Ap) (1) 

dAp 
dt = F~ (Ac, Ap) (2) 

The current fluctuations under controlled potential conditions are proportional to 
the fluctuations of  the active and passive areas, respectively. Both the CI- ion and 
the corrosion products play a definite competing role in establishing the Ac/A p ratio. 
Thus, the CI- ion threshold should be related to the minimum CI- ion concentration 
required for the anion nucleation at a metal active centre to initiate the metal electro- 
dissolution. On the other hand, at a very large concentration of CI- ion, generalized 
attack of the metal occurs. Then, values of the A¢/Ap ratio which are compatible with 
the simultaneous validity of equations (1) and (2) should be achieved between the two 
above mentioned limiting situations. When the average A¢/Ap value is maintained, 
undamped current oscillations result. Otherwise, the oscillatory effect is damped 
when A¢/Ap changes with time so that either dAp/dt or dA¢/dt approaches zero. 
On the basis of this general model different types of  oscillations, either damped or 
undamped, or non-linear, can be computed, as reported in the literature. 21 

The distribution of the Ap and the A c microscopic sites localized at the electrode 
surface as it is shown through the SEM observations correlate with the oscillatory 
response of the electrochemical system. The same conclusion is arrived at from the 
rotating disc electrode experiments. If the transport of CI- ion is rate-controlling in 
the oscillatory effect at a constant w, a linear relationship between/max and the CI- 
ion concentration would be expected. The fact that this is not observed (Fig. 10), 
except as a limiting situation when C o_ --~ c~, namely, in the absence of current 
oscillations, the latter must be ascribed to a change of  the A¢/Ap ratio as the C1- ion 
concentration changes. The complex dependence of the current oscillation frequency 
on w (Fig. 8) also points out the participation of partial electrode blockage, as this 
plot can be correlated with the electrochemical behaviour of a partially blocked 



FIG. 9. Scanning electron micrographs showing the attack of the AISI Type 303 
electrode in 1M H,SO4 ÷ 3000 ppm HCI, 25°C in Region I ([ A and I B), Region II 
(II A and il B) and Region III ( I I IA and l lI  B) of the potentiostaticstationary El1 

curve. (A) corresponds to x8333 and (B) corresponds to xl 6,666. 
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rotating disc electrode. 22 The overall process generating the conditions required at 
Eos for the periodic oscillation of the current in the alloy/1M H2SOa + x M HCI 
interphase can be put forward through the following physical picture. The initial 
stage involves the adsorption competition between water, C1- and HSO4- ions 

S (H20) + HSO,- = S (HSO4-) + H~O, (3) 

S (HSO4-) + CI- = S (CI-) + HSO4- (4) 

where the parentheses denote adsorbed species, S refers to an active site on the alloy 
such as those either in boundaries between austenitic (T-phase) matrix and carbide 
particles 11 or involving sulphide inclusions ts where pits are preferentially nucleated. 
The nucleation of C1- ions at S initiates pitting and defines the particular AJAp 
ratio resulting at each CI- ion concentration. During current oscillation, when the 
current increases, Ac increases, and the number and size of pits tend to increase, but 
this produces a local accumulation of corrosion products which systematically 
inhibits the corrosion process. The accumulation of corrosion products acts as a 
negative feedback for the forward reaction. 23 Consequently, the current decreases 
since there is a tendency for the pits to repassivate. In reaction (3) the excess of 
HSO4- ion in solution probably produces an inhibiting action while in reaction (4) 
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the excess o f  CI -  ion in solut ion p romotes  the active dissolut ion o f  the metal  t h rough  
pit t ing.  

When  pi t t ing  corros ion occurs under  potent ios ta t ic  condi t ions  any tendency to 
increase in the current  should  be au tomat ica l ly  compensa ted  th rough  the repassiva-  
t ion o f  freshly p roduced  pits. Thus,  the osci l lat ion o f  the current  a t  Eos tends to keep 
the average Ac/A p area  cons tant  with time. The current  oscillates between two l imit ing 
si tuations,  one in which there is for  a shor t  t ime a tendency for pi t  nuclea t ion  and  
another  in which pit  repass ivat ion predominates .  The  former  s i tuat ion implies  the 
t rend  o f  the Ac/A p ra t io  to  increase, while the la t ter  cor responds  to  the decrease o f  
the  Ac/A p rat io.  Unde r  the poten t ia l -cont ro l led  condi t ions  these changes o f  the 
A J A p  ra t io  back  and  for th  between the l imit ing values are  repeated  dur ing  the 
current  osci l lat ing cycles. This descr ip t ion  o f  the  per iodic  current  phenomena  is 
mutatis mutandis equivalent  to  tha t  theoret ical ly  descr ibed by Schwenk for  the 
potent ia l  osci l lat ions when pi t t ing corros ion  occurs under  certain well-defined galvano-  
static condi t ions,  u 
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