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Passivity, pitting and corrosion of anodically 
polarized Fe-Ni alloys in 0.5M H2SO4 
containing CI- 

W. J. T O M L I N S O N ,  S. A. C A M P B E L L *  
Department of Applied Physical Sciences, Coventry (Lanchester) Polytechnic, Coventry, UK 

Iron-nickel alloys containing 0, 20, 40, 60, 80 and 100% Ni (wt%) have been anodically 
polarized in 0.5 M H2SO 4 containing CI-, and the conditions for passivity, pitting and corrosion 
with respect to alloy composition and CI- concentration broadly defined. Breaks occur in the 
values of the corrosion properties at about 30% and 70% Ni. It is considered that the corrosion 
properties of alloys containing up to 30% Ni are determined by the ferrite in the alloy and the 
low corrosion resistance of its surface film, that alloys containing 30 to 70% Ni have a 
corrosion resistant film probably similar to a nickel ferrite spinel, and that alloys containing 
over 70% Ni have properties similar to nickel and probably have a surface film based on a 
solid solution of iron in NiO. 

1. In t roduct ion 
Alloys, rather than pure metals, are mostly used in 
service and considerable effort is directed towards 
characterizing their corrosion behaviour, particularly 
with respect to the presence of chloride ions, which 
frequently initiates local attack. Both iron and nickel 
are of great industrial importance and corrosion 
studies on the Fe-Ni  system have attempted to relate 
changes in the corrosion behaviour to changes in the 
alloy composition, with particular interest in the com- 
position of the alloy which separates the alloys with 
iron-like behaviour from those with nickel-like behav- 
iour. Using various corrosion parameters changes 
have been observed at 50% and 30% Ni [t], between 
40 and 60% Ni [2], 40% Ni [3], and between 51 and 
70% Ni [4]. (All percentages, unless given otherwise, 
are in weight per cent.) No obvious relation to the 
crystal structure appears to exist in these and other [5, 
6] data, and the use of the Uhlig electronic configura- 
tion theory [7], which predicts nickel-like behaviour in 
alloys containing more than 34% Ni, appears to be 
indecisive [3]. Intergranular corrosion has been obser- 
ved in an Fe-31% Ni alloy [8] and localized attack 
may occur in the presence of chloride ions. Corrosion 
of an Fe-25% Ni alloy [9, 10] and of an Fe-36% Ni 
alloy [11] has been observed to be greatly affected by 
the presence of chloride ions and pitting, an increase 
in the passivation current, and eventually continuous 
dissolution, occurred as the concentration of chloride 
was increased [9-11]. 

Corrosion studies on a series of alloys have the 
additional advantage of showing the influence of the 
alloying elements on the corrosion processes, and the 
present work aims to eastablish the general pattern of 
passivity, pitting, and corrosion of iron-nickel alloys 
across the composition range, in 0.5 M H2SO 4 contain- 
ing various amounts of chloride ions. 
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2. Experimental procedure 
The composition of the alloys are shown in Table I, 
The iron and 20% Ni alloy were suppliecl by the 
British Steel Corporation, UK, and contained the 
following analysed residual impurities (wt%): Ni 
0.003 (for pure iron), C 0.0014,, N 0.0017, Si 0.01, 
S 0.005, P 0.002, Cr 0.02, Cu 0.011, A1 0.01. The 
higher nickel alloys were supplied by Inco Alloys 
International Ltd (Birmingham, UK) and the 
analysed residual impurities were less than (wt %): C 
0.005, Cr 0.05, Co 0.1, Mo 0.01, Ti 0.05, AI 0.1, Si 0.2, 
Mn 0.05, Zn 0.01, Cu 0.05. All the alloys were vacuum 
melted, forged, rolled, machined, annealed in H2 at 
1300~ for 2h, and then furnace cooled. Metatlo- 
graphic examination showed all the alloys to have an 
apparently single phase microstructure. Alloys con- 
taining 40 to 100% Ni consisted of large equiaxed 
grains containing annealing twins while the pure iron 
and the 20% Ni alloy consisted of more irregular 
outlined smaller grains. All the alloys were metallur- 
gically very clean except the 20% Ni alloy which con- 
tained a relatively large number of non-metallic 
inclusions. X-ray diffraction (XRD) showed the iron 
and 20% Ni alloy to be bcc and the higher nickel 
alloys to be fc c. In particular, there was no evidence 
of super-lattice lines in the 80% Ni alloy. The Fe-Ni 
alloys after annealing have been shown to be b c c up 
to 25% Ni [6] and c~ + 7 from 10 to 40% Ni [2]. In 
view of these differences the crystal structure of the 
20% Ni alloy was checked by XRD to be b c c and the 
composition analysed by X-ray fluorimetry (XRF) to 
be 19.5% Ni. This is close to the value of 19.34% Ni 
in Table I determined by the suppliers. Distilled water 
and Analar reagents were used to make the solutions. 

Specimens of known cross-section and approxi- 
mately 20mm 2 were set in a polytetrafluoroethylene 
PTFE holder with epoxy resin, polished to a 600 grit 
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Figure 1 Anodic polarization behaviour of representative Fe Ni alloys in deoxygenated 0.5 M H2SO 4 containing C1 . The curve numbers 
refer to the concentration of C1- in moldm -3. (a) iron; (b) 20% Ni; (c) 40% Ni; (d) 60% Ni; (e) 80% Ni; (f) nickel. 

finish and degreased in ethanol. A standardized poten- 
tiodynamic polarization procedure was used. Nitro- 
gen was bubbled through the solution for 30 min and 
throughout the test. The rest potential was taken after 
10min, and then the specimen was cathodically 
cleaned at - 1.5 V (SCE) for 10 rain before anodically 
ramping at 1 mVsec  -1 from - 1.3V (SCE). I f  the 
surface was passive the run was terminated when 
oxygen was evolved. I f  pitting was observed the ramp 
was reversed when the current density reached 
approximately 103A m -2 and was continued until the 
current began to rise again near the active peak. On 
completion of  the run the specimen was washed and 
dried. A limited survey of  pit morphology was under- 
taken using optical microscopy. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
Some results of  the anodic polarization behaviour of  
iron nickel alloys in 0.5 M H2SO 4 containing different 
amounts  of  C1- are shown in Fig. 1, and various 
derived corrosion parameters  f rom all the results are 
presented in Table II. For  clarity some results are 

TABLE I Alloy compositions 

wt % : 0 (pure Fe) 

Actual nickei 19.34 40.5 59.9 79.9 100 
Nominal nickel 20 40 60 80 100 

omitted from Fig. l, but in all cases the omitted 
results follow the pattern of  behaviour. This is shown 
by the corrosion parameters  from the collected data in 
Table II  and Figs 2 -4 .  The focus of  the present work 
is the pattern of  anodic characteristics of  the F e - N i  
alloy series in 0.5 M H2SO4/C1- , and the pure iron and 
pure nickel end-members are considered only briefly 
with respect to the large body of  literature on these 
metals. 

The free corrosion potential (Eoorr) is shown in 
Fig. 2 as a function of  the alloy composition and 
chloride concentration of the solution, The values of  
- 4 7 7  and - 2 6 5  mV for pure iron and pure nickel, 
respectively, in chloride-free solutions compare favour- 
ably with the values - 4 7 0  to - 5 1 7 m V  and - 2 6 2  
and - 323 for iron and nickel, respectively, obtained 
by previous workers [2, 3, 5, 10]. Chloride ions have 
only a small effect on Eoor, (Fig. 2); this is consistent 
with results obtained on nickel [12] and on an 
F e - 2 5 %  Ni alloy [10]. While the open circuit poten- 
tials of  a metal are a useful means of indicating the 
reproducibility of  surface preparation,  their diag- 
nostic value is limited unless the formation and 
breakdown of  the surface compounds are studied [13]. 
However, the trend in Ecorr with alloy composition is 
clear (Fig. 2). Austenitic alloys (40 to 100% Ni) 
behave similarly to the electrochemically less active 
nickel. The 20% Ni alloy has an c~ structure and it is 

2591 



T A B L E  I I  C o r r o s i o n  

Al loy  

pa rame te r s  of  the anod ic  po la r i za t ion  of  F e - N i  a l loys in deoxygena ted  0.5 M H 2 SO 4 con ta in ing  C1- 

[C1-1 Er Ep.~(SCE) ip,mi" 
( m o l d m - 3 )  (mY) (mV) (A m -2) 

/max 
( A m  2) 

Pure  i ron  nil - 4 7 7  320 0.33 

0.005 - 4 8 2  440 3.85 

0.01 - 4 9 0  450 44 

0.02 - 500 - 825 

0.05 - 4 9 3  - 3400 

0.10 - 4 3 7  - ~ 5000 

20% Ni  0.004 - 403 350 11.7 

0.006 - 380 420 14.3 

0.008 - 4 1 0  - 52.9 

0.013 - 390 - 201 

0.020 - 397 103 

40% Ni  0.016 - 2 9 5  530 0.91 

0.030 - 2 9 3  - 200 

0.050 - 2 8 2  - 3610 

50% Ni  0.005 - 3 0 0  150 0.14 

0.010 - 3 0 0  500 0.41 

0.025 - 270 500 28.6 

0.05 - 288 2720 

0.07 - 282 4800 

6 0 % N i  0.010 - 2 5 0  500 0.44 

0.016 - 250 480 0.75 

0.03 - 267 - 377 

0.04 - -240  - 992 

80% Ni  0.008 - 2 7 5  550 0.30 

0.013 - 250 450 0.81 

0.02 - 245 450 0.74 

0.05 - -240  - 2650 

Pure  nickel  nil  -- 265 350 0.15 

0.01 - -295  500 0.46 

0.05 - 338 400 0.97 

0.07 - 315 250 3.11 

0.10 - 330 400 2.65 
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Figure 2 C o r r o s i o n  po ten t i a l  o f  F e - N i  a l loys  in 0.5 M I-I2SO 4 con ta in ing  C1 (Curve labels  refer to wt  % Ni.) 
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Figure 3 The min imum passivating current density as a function of  [CI-] of  Fe Ni alloys anodically polarized in 0.5 M H2SO 4. 

clear the raised Eoorr reflects the high concentration of 
nickel dissolved in the ferrite. The reasons why Ecorr 
for nickel decreases with increase in C1- while for 
alloys it increases with increase in C1 are not clear. It 
may be associated with the properties of nickel- 
chloro complexes assumed to exist [12], or with the 
higher catalytic activity of an F e - N i  surface com- 
pared with that of the pure metals [14]. These same 
factors may also be responsible for the raised value of 
Ecorr for the 60 and 80% Ni alloys (Fig. 2) instead of 
the monotonically increasing values previously found 
in chloride-free solutions [2, 3, 5, 6]. This point is 
considered further below. 

Alloys containing up to and including 60% Ni have 
similar large active loops, are little affected by CI-, 
and have an im~x of about 3000 to 4000Am -2. In 
contrast, the 80% Ni alloy and pure nickel have 
similar but much smaller active loops with a double 
peak, are affected by CI-, and have a much lower/max 
(Fig. 1 and Table II). The double passivation peak 
observed in pure nickel, and also in the 80% Ni 
alloy (Fig. 1), is due to the formation of [Ni(OH)2" 
NiOOH] and its subsequent electro-oxidation to NiO 
at higher potentials [15]. Chloride is stated to be 
specifically adsorbed on a metal surface [16-18] and 
this would lower the potential of the inner Helmholtz 
plane and so alter the dissolution rate. However, it 
had been observed that the active loop is relatively 
unaffected by the presence of C1- with pure iron [19] 
and an Fe-25% Ni alloy [10], and these are in agree- 
ment with the present results on alloys containing up 
to 60% Ni. The manner by which the iron-chloro 
complexes leave the dissolution processes relatively 
unaffected, while the nickel-chloro complexes pro- 
gressively increase i~,ax as the C1- is increased, is not 
known. The present results on active dissolution 
indicate that the active anodic behaviour is controlled 
by iron in alloys containing up to 60% Ni and by 
nickel in alloys containing 80% Ni and above. Other 
workers have considered iron-like behaviour to extend 

to 50% Ni [6], and nickel-like behaviour above 
70% Ni [4]. 

As the concentration of C1- increases the current 
density in the passive state (ip) increases, and the 
minimum current density in the passive state as a 
function of C1- concentration is shown in Fig. 3. It is 
emphasized that the plot is for convenience in compar- 
ing the data and does not necessarily imply a log- 
linear function. The scatter is large, and the highest 
current densities clearly relate to continuous dissolu- 
tion. Using the lower current densities, and their 
extrapolated values, the alloys appear to fall into three 
groups. For alloys containing up to 60% Ni the rates 
(of ip with respect to [C1- ]) are high compared to those 
of the 80% Ni and pure nickel. Within the alloys with 
a high rate there is a division based on the value of ip 
(measured or extrapolated) when the concentration of 
C1- is zero; the austenitic alloys (40 to 60% Ni) have 
a much lower value of ip than the ferritic alloys. 

Clearly the three groups reflect the type and nature 
of the passivating film on the different alloys and the 
influence of C1- on the film structure and properties. 
A recent analysis of passive films on individual c~ and 
7 grains of an austeno-ferritic stainless steel using 
microscopic ellipsometry [20] have established that the 
passive films on ~/-grains are thinner but more cor- 
rosion resistant than those on c~-grains. This is con- 
sistent with the present grouping of alloys containing 
up to 60% Ni into those with an austenitic structure 
(40 to 60% Ni) and a low ip, and into those with a 
ferritic structure (up to 20% Ni) and a high i v (Fig. 3). 

The nature of the structure and nonstoichiometry of 
passivating layers is complex and unresolved [21]. 
Some of the many structures formed on pure iron have 
recently been reviewed [22], but for simplicity we may 
consider the film as a complex oxide, perhaps poly- 
meric [21, 23], approximating to F e 3 O  4 and F%03 at 
its inner and outer surfaces with the whole being 
stabilized by an adsorbed layer of oxygen molecules 
[24, 25]. Surface films on nickel consist essentially of 
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Figure 4 The passivation, pitting and general dissolution 
behaviour of  F e - N i  alloys anodically polarized in 0.5 M 
HzSO 4 as a function of  [C1-]. O, passive; [3, pitted; I ,  
pitted/dissolution; zx, general dissolution. 

NiOl+x and a highly nonstoichiometric form written 
[Ni203] [15]. Such oxides are similar to those thermally 
formed on iron [26] and nickel [27], and in the absence 
of data on the anodically formed films on F e - N i  
alloys, we may consider the thermodynamics of the 
F e - N i - O  system [28] and the oxides thermally 
formed on Fe Ni alloys. The oxides FeO, Fe304, 
Fe203 thermally formed on pure iron are progressively 
replaced by Fe304, Fe203, NixFe 3 xO4 spinel, 
Nil xFex O solid solutions, and Ni~ xO, sometimes as 
duplex layers, as the nickel composition of the alloy is 
increased [27, 29-31]. On this basis it is possible that 
the austenitic alloys containing more than 80% Ni 
exhibit nickel-like behaviour (Fig. 3) because the pass- 
ive film consists of NiO~_x or Ni~_xFexO, and the 
austenitic alloys containing 40 to 60% Ni exhibit iron- 
like behaviour because the passive film consists of the 
iron-based spinel Ni~Fe3_xO4. On iron and iron-rich 
alloys the surface film is known to be based on Fe304/ 
Fe203 [25]. The diffusion rate of iron in nickel ferrite 
spinel is much lower than in Fe304 [32], and also lower 

�9 than the diffusion of cations in iron doped NiO [29]. 
Thus the low ip values (when the concentration of C1 
is zero) of alloys containing 40 to 60% Ni (Fig. 3) is 
consistent with the presence of a spinel type passi- 
vating surface layer. 

According to Galvele [33] no pitting potential is 
found with iron, nickel and an Fe-25% Ni alloy in 
sulphuric acid solution as the C1 content of the solu- 

2594 

tion is increased. Instead, over a range of potentials, 
pitting is induced as a process of chemical depassi- 
vation along with the continuous increase in the 
current density of the passive zone. This has been 
observed with all alloys in the F e - N i  series (Figs 1 and 
3). For pitting to occur a minimum concentration of 
C1- is required. This is 0.0003 M for pure iron [34]. 
Data for the Fe Ni system from the present work are 
shown in Fig. 4. It is seen that the minimum con- 
centration of C1- to cause pitting increases sharply as 
the composition of the alloy increases to about 25 to 
30% Ni and then the change is more gradual up to 
100% Ni. The value of 25 to 30% Ni occurs with the 
elimination of the ferrite phase in the alloys and hence 
the less corrosion resistant surface layer [20]. The dip 
in the curve at 80% Ni is considered anomalous and 
this point is discussed below. 

Pitting morphologies were studied to only a limited 
extent and representative features are shown in Fig. 5. 
Morphologically there are two types of pits; etching 
pits with more or less crystallographically defined 
surface segments and brightening pits with more or 
less hemispherical form suggesting a degree of electro- 
brightening [35]. Pits in iron (Fig. 5a) were brighten- 
ing pits and pits in nickel (Fig. 5g) were etching pits. 
Pits in the 40 and 60% Ni alloys (Figs 5c and d, 
respectively) tended towards an incomplete brighten- 
ing pit hence showing iron-like behaviour. In the 
20% Ni alloy the pits were brightening pits but were 



Figure 5 The characteristic features of pits formed on Fe-Ni alloys anodically polarized in 0.5 MH2SO 4 containing C1-. (a) iron, (b) 20% Ni, 
(c) 40% Ni, (d) 60% Ni, (e) 80% Ni, (f) 80% Ni, (g) nickel. All are surface views except (f) which shows the cross-section of a tunnelling 
pit in the 80% Ni alloy. 

unusually small and numerous (Fig. 5b) due, most 
probably, to the high inclusion content of the 20% Ni 
alloy. Of particular interest is the morphology of  the 
pits in the 80% Ni alloy. Here it is seen that a certain 
amount  of tunnelling has occurred as the pit grew into 
the metal (Fig. 5f). This is only observed with the 
80% Ni alloy and we note that an order/disorder 
transformation of  FeNi 3 occurs in the composition 
range from about 50 to 80at  % Ni centred on the 
composition 75at  % Ni [36]. Although there is no 
indication in the present work of  superlattice FeNi 3 
formation it is possible that some segregation towards 
the superlattice arrangement may have occurred. In 
this case selective dissolution of iron is possible along 
channels as suggested by Tammann in his theory of  
parting limits [37], or by Forty and co-workers [38, 39] 
who propose a corrosion pitting and tunnelling 
process involving selective dissolution and surface 
reordering. A more general viewpoint considers the 
selective dissolution of  the more electronegative 
element with causes the collapse of  the remaining 
lattice to form channels for solution intrusion [40]. 

Since a limited amount of  tunnelling is observed 
(Fig. 5f), it may be that selective dissolution of  iron is 
occurring by one of  the above processes. This idea is 
supported by the data of  Fig. 4 which shows the 
80% Ni alloy to pit at low chloride concentrations 
characteristic of  iron-rich alloys. In addition the dis- 
solution of  the 80% Ni alloy in solutions of a high CI- 
concentration adopts the very high ip and ima~ values 
again characteristic of the iron-rich alloys (Table II). 

Overall, the main results of the present work are 
summarized and compared in Table III. Breaks in the 
corrosion properties occur between 20 and 40% Ni 
and between 60 and 80% Ni; say nominally at 30 and 
70% Ni, respectively. The presence of ferrite deter- 
mines the corrosion properties up to 30% Ni. The 
Fe Ni system is thermodynamically not too far away 
from an ideal solid solution [41] and the thermo- 
dynamic activity in the austenite will decrease con- 
tinuously with increase in nickel content of the alloy. 
Presumably, the break at 70% Ni is where the activity 
of  the iron in the alloy falls below the activity of  the 
nickel. That  the change occurs in a relatively nickel- 
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T A B L E  I I I  The alloy composit ion ranges of the corrosion 
properties of  iron nickel alloys anodically polarized in deoxy- 
genated 0.5 M H z SO4 containing CI-  ; ----~, ~ , and - - -  show the 
range of the iron-like property, nickel-like property, and possible 
range of  the property, respectively 

Alloy composit ion (% Ni) 

0 20 40 60 80 100 

Crystal structure 

Ecorr 
Active loop 
ip ([CI-I = 0) 
ip (slope) 
min C1- for pitting 
Pitting morphology 

b c c  b c c  f c c  f c c  f c c  f c c  

) ( 

) ( 

"---Y ( 

* §  . . . . . .  

*Indicates an anomalous  result. 

rich solid solution is consistent with the iron being 
more chemically active than the nickel. 

4. Conclusions 
From the present work on the anodic polarization of 
Fe-Ni alloys in de-oxygenated 0.5 M H 2 S O  4 contain- 
ing C1 we conclude: 

1. Breaks occur in the value of the corrosion 
properties at 30 and 70% Ni. 

2. The corrosion properties up to 30% Ni are deter- 
mined by the presence of ferrite, and the low corrosion 
resistance of its surface film. 

3. Iron-like behaviour extends to 70% Ni for some 
properties. 

4. Austenitic alloys have a corrosion potential 
similar to the corrosion potential of nickel. 

5. The change at 70% Ni is probably due to the 
thermodynamic activity of the iron in this and higher 
nickel alloys falling below that of the nickel. 

6. Nickel-like behaviour occurs in alloys containing 
upwards of 70% Ni. 

7. It is considered that a corrosion resistant nickel 
ferrite spinel type passivating layer exists on alloys 
containing 30 to 70% Ni. 

8. Anomalous results occur with the 80% Ni alloy. 
These are considered to be due to the segregation 
tendency in the alloy to form the compound FeNi 3. 
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