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Abstract Recycled water in the paper industry acts as a
stronger electrolyte as its concentration and temperature
are quite high. The lower pH that exists in these solu-
tions enhances the corrosion and the high concentration
of solids leads to leaching of metal ions from surface.
Crevice corrosion is a form of localised attack, which
can quickly induce metal perforation even with high
grade stainless steels like 316L when the protective
chromium oxide ®lm is damaged. A specially designed
crevice cell assembly was used to study the electro-
chemical aspects of nickel-based alloys with the com-
monly used 316L SS. The mounted specimen with its
crevice was anodically polarised in a white water
medium, which is normally encountered in the paper
machine section. The nickel-based alloys show remark-
able crevice corrosion resistance. X-ray photoelectron
spectroscopy studies revealed that the enhanced corro-
sion resistance of these alloys is due to the contributing
nature of the individual elements Cr, Ni and Mo and
their presence in the form of various oxidised species on
the passive ®lms.
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Introduction

Corrosion problems in the pulp and paper industries
have caused huge losses in terms of repair and replace-

ment. Proper selection of material of construction is very
important and serious considerations have to be given in
selecting the materials [1]. Crevice corrosion has been
observed on a variety of passive ®lm-forming metals
exposed to a number of di�erent environments ranging
from high purity water to the human body [2]. Crevice
corrosion is considered by many to be the most delete-
rious form of corrosion as it occurs on the shielded areas
of a metal surface where it is di�cult to examine the
underlying metal visually and hence results in unpre-
dicted catastrophic failures [3]. It is the intense localised
attack frequency that occurs within crevices or other
shielded areas, associated with small volumes of stag-
nant solution caused by holes, gasket surfaces lap joints,
surface deposits and crevices under holes. The corrosion
at the wet metal interface is in¯uenced by a number of
factors like the composition of the backwater, surface
metal and stagnation time. Crevice corrosion is one of
the most detrimental forms for stainless steel corrosion
in a white water medium [4].

Chloride ions are the most aggressive anions com-
monly present in a white water system, which replaces
the oxygen associated with the passive surface [5]. The
concentration of chloride present in white water is also
important and varies considerably, depending upon the
location of the environment. The practice of closure of
the white water system [6, 7] and closed loop operation
conditions promotes the accumulation of chloride ions
in the suction press roll section and headbox section of
the paper mills to alarming proportions, which leads to
depletion of oxygen or a reduction in pH within the
corroding crevice. Hence, the present study was under-
taken to evaluate the crevice corrosion resistance of the
nickel-based alloys along with the reference type 316L
stainless steel. The nature and composition of the pas-
sive ®lms formed on the alloys, which contributed to the
enhanced corrosion resistance, were analysed by X-ray
photoelectron spectroscopy (XPS).
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Experimental

The chemical composition of the materials used for the present
study were the reference type 316L stainless steel (316L SS) and
nickel-based alloys, namely Inconel 825, alloy C-276 and alloy 59
(Table 1). All the specimens were cut into 1 ´ 1 ´ 0.3 cm in size
from the respective sheet materials. The specimens were soldered to
a copper rod for electrical contact and mounted on epoxy-based
resin to expose an area of 1 cm2, which formed the working elec-
trode. The mounted samples were polished using SiC paper up to
800 grit followed by micron diamond paste. The electrodes were
ultrasonically cleaned with acetone and rinsed with deionised water.

An electrochemical cell with a capacity of 1000 ml was adopted.
The working electrode consisted of stainless steel and nickel-based
alloys, with platinum as the counter electrode and SCE as the
reference electrode. The electrolyte used was a solution containing
chloride, sulfate and thiosulfate to simulate the white water envi-
ronment, whose composition and operating conditions are given in
Table 2. A glass cell assembly designed by Dayal et al. [8] was
adopted to determine the crevice corrosion resistance. The features
and details of the specially designed crevice cell assembly were as
follows. It consisted of a glass assembly to create a crevice on the
mounted specimens. The ¯at tip of the glass rod was brought into
close contact with the specimen surface using a nut and thread
arrangement. The angle between the glass and the specimen surface
was 1.2 � 0.2°. The bulk to crevice area ratio was 5.6 � 1.5:1.
This type of crevice assembly has been found to be very convenient
and the mounted specimen with the crevice can be directly used in a
standard polarisation cell. The working electrode was then intro-
duced into the cell and the potential was allowed to stabilise for
30 min. The mounted specimen with its crevice assembly was an-
odically polarised at a scan rate of 1 mV/s from the rest potential in
the anodic direction until Ecc (the critical crevice potential) was
attained where the alloy entered the transpassive region. The
specimen surfaces after each experiment were thoroughly examined
under an optical microscope, to check the possibility of edge and
pitting attack, and any specimens with edge attack and/or pitting
attack were rejected. This experimental procedure was followed
throughout our investigation.

X-ray photoelectron spectroscopic study

Surface analysis of the passive ®lms using the XPS technique was
carried out to understand the nature and composition of the pas-
sive ®lms developed on the 316L SS and alloy C-276 samples. The
specimens were anodically polarised at 200 mV in the white water
solution for a period of 1 h for the growth of the stable passive ®lm.
At the end of the experiment the specimens were quickly removed,
washed with double distilled water, dried using puri®ed argon and
stored in an air-tight desiccator until they were transferred to the
vacuum controlled sample chamber of the VG Scienti®c ESCA-
LAB Mark-II XPS unit for analysis.

The samples were irradiated with Al Ka radiation with a mean
energy of 1486.6 eV at a vacuum of 10)7±10)9 Torr. The output of
the photoelectron spectroscopic analysis was obtained as binding
energy versus intensity count plots through a data acquisition
system, which was directly interfaced to the XPS unit. For depth
pro®ling of the passive ®lm, an argon ion source attached to the

equipment was used at a current of 10±20 lA. The high resolution
photoelectron spectra (before and after sputtering) were taken for
the 2p3/2 levels of chromium and nickel and the 3d5/2 and 3d3/2
levels of molybdenum. The binding energies of the elements chro-
mium, nickel and molybdenum were measured from the spectra
obtained for the respective elements and then the value was cor-
rected with respect to the C 1s binding energy. The resolution of the
instrument for the Au 4f7/2 peak with Al Ka was 0.8 eV under the
experimental conditions. Data reduction was carried out by de-
convoluting the high resolution composite XPS peaks of the indi-
vidual species of di�erent oxidation states. This was done using
PEAKFIT software based on a non-linear regression analysis.
Regression models were constructed from the appropriate number
of Gaussian peaks with baseline quadratic correction to account
for the high binding energy which resulted from the inelastically
scattered photoelectrons. The peak position, its intensity and width
for each individual Gaussian peak were used as input parameters in
deconvoluting the measured spectra. The criteria for the best ®t
were the minimum chi-square. The ®nal results consisted of the
area under each of the resolved peaks for the individual oxidation
states, total area under the raw data and total area under the
convoluted curve, besides the parameters concerning the resolved
peaks. Since curve ®tting can provide several solutions to the same
spectrum, peak subtraction, double di�erentiation and measure-
ment of spin-orbit splitting were used to determine the best ®t.

Results and discussion

Electrochemical crevice corrosion studies

A series of potentiodynamic anodic polarisation exper-
iments were carried out to determine the crevice corro-
sion resistance of the nickel alloys compared with the
316L SS reference material in the white water solution
using the specially designed crevice assembly. Figure 1
shows the polarisation curve for 316L SS and the nickel
alloys in the white water solution. The critical crevice
potential (Ecc) for 316L SS was +185 mV. Inconel 825
showed a signi®cant improvement in Ecc values when
compared to the 316L SS. The values of the critical
crevice potential for alloy C-276 and alloy 59 are
+818 mV and +844 mV, respectively. Alloy C-276 and
alloy 59 showed almost immunity towards crevice cor-
rosion. A marginal di�erence in the Ecc was noticed for

Table 2 Chemical composition and operating conditions of the
white water solution

Chloride 1000 ppm
Sulfate 1000 ppm
Thiosulfate 50 ppm
pH 3.5
Temperature 55 � 2 °C

Table 1 Chemical composition of the high performance alloys (wt%)

Material Cr Mo Ni Fe Mn Si C N S

316L 17.3 2.4 12.5 65.3 1.94 0.004 0.030 0.02 0.003
Inconel 825 21.8 3.1 41.7 31.3 0.46 0.200 0.030 ± 0.020
Alloy C-276 15.9 16.1 56.8 6.2 0.43 0.040 0.004 ± 0.003
Alloy 59 23.2 16.1 59.0 1.0 0.40 0.040 0.005 ± 0.003
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alloy C-276 and alloy 59, indicating that the passive
®lms formed on these alloys are stable even in the
presence of the crevice.

The mechanism of the crevice is its initiation by de-
aeration followed by acidi®cation within the crevice to
the point where breakdown of the passive ®lm occurs;
this is followed by propagation of the attack [9]. Initially
the anodic reaction of slow alloy dissolution and the
cathodic oxygen reduction reaction occur both inside
and outside the crevice. During this time the oxygen
within the crevice is depleted faster than it can be re-
plenished by di�usion and further, the cathodic reaction
moves outside the crevice where it can be supported by
the higher dissolved oxygen content of the bulk solution.
Slowly metal ions concentrate in the crevice and Cl) ions
migrate into the crevice to maintain charge neutrality.
Hydrolysis of the metal chloride complexes in the crevice
leads to the formation of H+ ions, lowering the pH of
the crevice solution. A point is eventually reached when
the metal in the crevice becomes active and the propa-
gation of attack within the crevice ensues. At this stage,
rapid dissolution of the metal inside the crevice is driven
by the reduction reactions outside the crevice and, if
thermodynamically possible, some hydrogen evolution
inside the crevice [10].

The build up of the aggressive solution is caused by
the passive current ¯owing within the crevice as the
anodic reaction, with oxygen reduction outside the cre-
vice supplying the cathodic reaction. Chromium ions

generated by the passive ®lm hydrolyse within the cre-
vice, thereby reducing the pH: mass transport between
the anode and the cathode results in ions being carried
into the crevice, in this case chloride ions resulting in a
fall in the pH and increase in the chloride ion concen-
tration. Eventually the solution becomes severe enough
to break down the passive ®lm, thus making 316L SS
more prone to crevice attack [10]. The stable passive
®lms formed by the contributing Cr, Ni and Mo alloying
elements aid in resisting the crevice attack of these nickel
alloys in comparison with 316L SS.

E�ect of pH

The pulp and paper industry uses both acid and alkaline
paper making processes, but the acidic process is more
widely adopted. Typical white water pH is in the range
of 4±6 [1, 11]. The pH is controlled on the acid side by
alum additions, souring with sulfur dioxide, sulfate or
sulfuric acid. As the pH of the white water ¯uctuates
from acidic to near neutral it is necessary to evaluate the
performance of the candidate materials in the acidic and
neutral (pH 7) conditions.

An improvement in the corrosion resistance was no-
ticed as the acidity of the environment changed to neu-
tral [12]. The crevice corrosion behaviour of 316L SS and
the nickel alloys in the white water solution as a function
of pH are given in Table 3. The increase in pH of the
white water solution (i.e., pH 5 and pH 7.0) resulted in
Ecc values higher than that at pH 3.5. At the neutral
condition there was lack of free H+ ions, which favours
the cathodic reaction corresponding to the reduction of
dissolved oxygen present in the environment [8, 13].

O2 � 2H2O� 4eÿ ! 4OHÿ

The presence of OH) ions released by the reduction of
oxygen prevents the adsorption of halide ions within the
crevice and decreases the propagation by reducing the
rate of hydrolysis of MCl [13, 14]. 316L SS exhibited an
anodic shift of +63 mV in Ecc from the white water
solution. Alloy C-276 and alloy 59 showed more positive
Ecc values of +852 mV and +878 mV, respectively. The
breakdown potential becomes more positive as the pH
increases, i.e. breakdown is unlikely unless the solution
has a very high redox potential. Nickel alloys normally
form a protective oxide ®lm in neutral and alkaline so-
lutions, and this is of particular signi®cance for their
corrosion resistance.

E�ect of temperature

The data on the comparative e�ect of temperature (28±
75 � 2 °C) over the crevice corrosion resistance of 316L
SS and the nickel alloys in the white water solution are
given in Table 4. The results show that at higher tem-
perature an apparent decrease in the crevice corrosion

Fig. 1 Potentiodynamic anodic cyclic polarisation curves for 316L SS
and nickel-based alloys in the white water medium
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resistance was noticed for all the alloys. 316L SS ex-
hibited +122 mV active shift in Ecc value with a corre-
sponding increase in temperature from 28 to 75 � 2 °C.
The Ecc values in the white water solution at 75 � 2 °C
were 802 mV and 825 mV, respectively, for alloy C-276
and alloy 59.

It is reported [15] that crevice corrosion increases
with an increase in the temperature of the solution.
Moreover, the presence of halide ions in the bulk of the
solution gives access to the crevice area, which results in
a higher concentration of halide ions within the crevice
and acceleration of crevice corrosion, but the nickel al-
loys o�er good resistance even under these conditions.
The performance of the nickel alloys is attributed to the
stable nature of the passive ®lms formed on the surface
and hence the ®lms formed on alloy C-276 and 316L SS
were characterised by XPS.

XPS analysis of the passive ®lms of the nickel alloys

XPS analysis was carried out to understand the com-
position and contributing nature of the individual ele-
ments and their presence in the form of various oxidised
species on the passive ®lm of the alloys, which revealed
relatively better and superior corrosion resistance. The
passive ®lm consists of mainly oxides and hydroxides,
and its thickness in many cases is only a few atomic
layers. The corrosion behaviour of stainless steel is de-
pendent on the properties of the passive ®lm. The
composition of these passive ®lms is determined by the
composition of the alloy as well as by the environment
to which the alloy is exposed. The main elements that
contribute towards the formation of such barriers are
chromium, molybdenum, nickel, nitrogen, etc. In order
to ascertain the factors controlling the chemical com-
position and the stability of these metallic oxides in the
passive ®lm, it is essential to discuss the role played by
these elements. By using surface sensitive techniques like
XPS, also known by the corresponding acronym

``ESCA'', it is possible to obtain information about the
composition of very thin reaction products formed on
the surfaces.

Cr 2p3/2 spectra

The high-resolution XPS spectra of the Cr 2p3/2 energy
level was recorded in the binding energy window 560±
600 eV for 316L SS and alloy C-276 passive ®lms and is
shown in Fig. 2. Deconvolution of the Cr 2p3/2 energy
level for 316L SS yielded four peaks. The peaks at
binding energy values of 576.1, 577.1 and 579.2 eV
correspond to Cr2O3, CrOOH/Cr(OH)3 and CrO4

2),
respectively. The metal peak at a binding energy value of
574.4 eV is almost negligible in comparison with the
amplitudes of the other peaks (Table 5). The intensity of
these components are in the order of Cr(OOH)/
Cr(OH)3 > CrO4

2) > Cr2O3 � Cr. This indicates that
the outermost layer of the passive ®lm contains Cr(OH)3
as the major constituent. The intensities of the Cr 2p3/2
levels were nearly doubled on sputtering with argon. The
feature change is the enrichment of the Cr2O3 phase at
the inner layer and the complete vanishing of the CrO4

2)

peak. The intensity of the Cr2O3 peak increases from
0.25 (25% of Cr2O3 in the outermost layer) to 0.46 (46%
of Cr2O3 in the innermost layers) on sputtering, indi-
cating that Cr2O3 is present in the inner layer of the
passive ®lms, i.e. at the metal oxide interface.

XPS analysis of Cr 2p3/2 for alloy C-276 alloy di�ers
from 316L SS. The Cr 2p3/2 binding energy and com-
position are illustrated in Table 6. In alloy C-276 the
Cr2O3 composition in the passive ®lm is 46% while the
ion sputtered surface showed only 34%. For the sput-
tered surface the composition of Cr(OH)3 also decreases
from 35% to 30% for the sputtered surface. This illus-
trates that Cr2O3 is mainly present in the outermost
layer and Cr(OH)3 is present in the inner layers for the
nickel alloy. In all the above cases, chromium was found
as Cr3+ and Cr6+ in various forms of oxides and hy-

Table 3 E�ect of pH on the
crevice corrosion behaviour of
modi®ed stainless steels and
nickel alloys

Material pH 3.5 pH 5.0 pH 7.0

Ec (mV) Ecc (mV) Ec (mV) Ecc (mV) Ec (mV) Ecc (mV)

316L SS )365 +185 )351 +219 )326 +248
Inconel 825 )322 +556 )332 +595 )329 +620
Alloy C-276 )316 +814 )318 +832 )305 +852
Alloy 59 )310 +840 )304 +860 )294 +878

Table 4 E�ect of temperature
on the crevice corrosion beha-
viour of modi®ed stainless steels
and nickel alloys

Material 28 � 2 °C 55 � 2 °C 75 � 2 °C

Ec (mV) Ecc (mV) Ec (mV) Ecc (mV) Ec (mV) Ecc (mV)

316L SS )334 +252 )365 +185 )325 +130
Inconel 825 )285 +597 )345 +556 )334 +504
Alloy C-276 )278 +835 )332 +814 )326 +802
Alloy 59 )272 +860 )320 +840 )318 +825
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droxides at their respective binding energy values, which
are in agreement with earlier reports [16±18].

Ni 2p3/2 spectra

The specimens were scanned between 850.0 eV and
865.0 eV to study the 2p3/2 energy levels of nickel and its
oxidation states in the passive ®lm. The deconvoluted
high-resolution spectra are illustrated in Fig. 3. A very
weak signal for Ni 2p3/2 with a count rate of less than
400 counts s)1 was observed for the 316L SS sample.

This is obviously due to the small amount of nickel
present in the chemical composition of the bulk sample.
However, this envelope could be deconvoluted into three
contributions at binding energies 852.8, 854.4 and
855.4 eV for the passive ®lms. The intensity of the peaks
was doubled on sputtering for 10 min with argon ions
(Fig. 3). The peak at 852.8 eV is reported to be due to
metallic nickel present underneath the passive ®lm [19±
21]. The other two contributions at 854.4 eV and
855.4 eV are reported to be due to the nickel species NiO
and Ni(OH)2. The metal ion contribution is increased
from 52% to 58% on sputtering with argon ions. On the

Table 5 Binding energy (eV), intensity values (counts s)1) and re-
lative quantities of various chromium species for 316L SS

Sample BE (eV) Intensity
(counts/s)

Proposed
species

Passivated surface
574.4 455.5 Cr
576.1 2512.6 Cr2O3

577.1 3786.2 Cr(OH)3
579.2 3118.5 CrO2ÿ

4
Cr/(total intensity) 0.0461
Cr2O3/(total intensity) 0.2545
Cr(OH)3/(total intensity) 0.3835
CrO2ÿ

4 /(total intensity) 0.3159
Sputtered surface

574.4 4266.9 Cr
576.2 10883.7 Cr2O3

577.8 7060.1 Cr(OH)3
579.6 1215.8 CrO2ÿ

4
Cr/(total intensity) 0.1821
Cr2O3/(total intensity) 0.4646
Cr(OH)3/(total intensity) 0.3014
CrO2ÿ

4 /(total intensity) 0.0519

Table 6 Binding energy (eV), intensity values (counts s)1) and re-
lative quantities of various chromium species for Alloy C-276

Sample BE (eV) Intensity
(counts/s)

Proposed
species

Passivated surface
574.1 2603.3 Cr
576.1 11326.9 Cr2O3

577.6 8642.2 Cr(OH)3
579.6 1586.9 CrO2ÿ

4
Cr/(total intensity) 0.1078
Cr2O3/(total intensity) 0.4688
Cr(OH)3/(total intensity) 0.3577
CrO2ÿ

4 /(total intensity) 0.0657
Sputtered surface

574.1 7989.2 Cr
575.7 11052.0 Cr2O3

577.2 10008.4 Cr(OH)3
579.0 3739.7 CrO2ÿ

4
Cr/(total intensity) 0.2437
Cr2O3/(total intensity) 0.3371
Cr(OH)3/(total intensity) 0.3052
CrO2ÿ

4 /(total intensity) 0.1141

Fig. 2 High resolution XPS
spectra of chromium in the
passive ®lm of a the passivated
surface and b the sputtered
surface for 1 316L SS and 2
alloy C-276
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other hand, the NiO contribution increases from 26% to
34% while the hydroxide component drastically de-
creases from 22% to 8%.

Alloy C-276 showed prominent Ni 2p3/2 signals with
high intensity due to the very high percentage of nickel
in the alloy. The envelope could be deconvoluted into
three components at binding energy values of 852.8,
854.3 and 856.3 eV for Ni metal, NiO and Ni(OH)2,
respectively. After sputtering the peak due to the metal
increases while the peak due to the Ni(OH)2 constituent
decreases.

Mo 3d spectra

Molybdenum, as an alloying element, is known for its
role in improving the passivation properties and corro-
sion resistance of stainless steels [22, 24]. The Mo 3d
energy levels were analysed in the binding energy region
between 235 and 240 eV to identify the presence of
molybdenum and its oxides in the passive ®lms. The
molybdenum 3d spectra are very complex owing to the
fact that the signal is a doublet, Mo 3d5/2 and Mo 3d3/2,
and that various oxidation states exist in the oxide
products. Deconvolution of the spectrum for di�erent
oxidation states was made with the imposed condition
that the Mo 3d5/2 and Mo 3d3/2 energy levels are sepa-
rated by 3.1 eV and their intensity ratio is 3:2, respec-
tively, according to the theoretical predictions [25]. The
deconvoluted high-resolution spectra of Mo 3d are
illustrated in Fig. 4.

A very weak signal with a count rate around
600 counts s)1 was observed for the passive ®lms of the
316L SS specimen. The Mo 3d spectrum was deconvo-
luted into two components for Mo and Mo4+ at re-

spective binding energies of 227.7, 228.7 and 230.5 for
the presence of Mo, MoO2 and MoO2ÿ

4 species. After
argon sputtering the intensity of the metallic peak in-
creases drastically compared to its Mo4+ oxide.

Mo 3d peaks with very high oxide intensities were
observed for alloy C-276. The 3d envelope was de-
convoluted for four contributions. Apart from Mo,
Mo4+ and Mo6+, another set of peaks at 233.0 and
236.0 eV were observed. These peaks may be due to
some intermetallic molybdenum species, as proposed
earlier [26]. After sputtering, the oxides were almost
removed and the Mo4+ oxide remains separate from
the metal.

XPS studies of passive ®lms formed on Fe-Cr alloys
and stainless steels have indicated that a chromium-rich
®lm is responsible for maintaining passivity [16]. Fur-
thermore, it was also suggested that the Cr-rich ®lm
consists of the hydrated form of CrOOH [17, 27].
Studies by Olefjord and Marcus [20], however, suggest
that Cr2O3 is the main passivity compound. The pres-
ence of the chromium-rich phase suggests the direct re-
action of chromium with water to form Cr2O3 and
perhaps some CrO3, followed by formation of Cr(OH)3
at the oxide-solution interface. These reactions consti-
tute the initial passivation process. Brooks et al. [16]
reported that the passive ®lm consists of a Cr-rich inner
layer. The Cr-rich ®lm contains a non-crystalline Cr2O3

®lm and traces of CrO3. Highly hydrated amorphous
Cr(OH)3 in water is also formed. This phase deproton-
ates and recrystallises during passivation.

It has been reported that CrO2ÿ
4 anions may be

formed in the solid state by reaction of Cr(OH)3 with
OH) in the lattice [16]. Hence

Cr(OH)3 � 5OHÿ ! CrO2ÿ
4 � 4H2O� 3eÿ

Fig. 3 High-resolution XPS
spectra of nickel in the passive
®lm of a the passivated surface
and b the sputtered surface for 1
316L SS and 2 alloy C-276
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It is possible that CrO2ÿ
4 species form insoluble salts in

the Cr(OH)3 layers. The presence of CrO
2ÿ
4 and MoO2ÿ

4
is not expected since both the ions are unstable at lower
pH. However, it is reported in the literature that they are
formed in the solid state by reaction of lower-valent
metallic ions with lattice-trapped water in the gel-like
disordered state at the onset of passivity and Brooks
et al. [16] clearly discuss the formation of CrO2ÿ

4 . The
solid state environment of Cr3+ in the gel would be
suitably enriched with OH) anions and lattice water to
enable the formation of CrO2ÿ

4 . It is also suggested that
the solid state environment of Cr3+ ions in the gel would
be suitably enriched with OH) ions and lattice water to
enable the formation of CrO2ÿ

4 .
It has been pointed out [28] that anions of the type

MOnÿ
4 which inhibit corrosion may act as electron ac-

ceptors, resulting in the reduction in electrical conduc-
tivity and increase in M-O bond strengths of the ®lm in
which they are incorporated. The report also reveals that
CrO2ÿ

4 ions are able to operate at full capacity as anodic
inhibitors at a surface coverage as low as 4%, which is
just above the detection limit of XPS. The formation of
Cr-O bonds leads to a stronger passive ®lm. The de-
protonation reaction may take the following course [29]:

Cr(OH)3 ÿ!ÿH2O
CrOOH ÿ!ÿH2O

Cr2O3

The growth of the Cr2O3 layer at the passive ®lm is
accomplished by the above transformation. Thus,
Cr2O3 is formed at the metal-®lm interface by oxygen
anion migration to the metal surface. The presence of
chromium oxide barrier layers is the primary means of
passivation and the incorporation of CrO4

2) bipolarises
the passive ®lm and thus enhances the deprotonation
process, leading to further growth in the barrier layer

as well as impeding the ingress of OH) and Cl) ions
[16].

The presence of Cr3+ at the binding energy value of
576 eV in the form of Cr2O3 was identi®ed in the out-
ermost layer and also on the sputtered surface. In the
case of alloy C-276 the peak intensities for Cr2O3 were
found to be higher. Previous reports suggested that the
presence of Cr2O3 is bene®cial in increasing the localised
corrosion resistance, as the hydroxide ions reduce the
defects in the passive ®lm [30]. Therefore the presence of
Cr2O3 with higher magnitude could have enhanced the
corrosion resistance of the alloys whereas the magnitude
of Cr2O3 was found to be lower in reference material
316L SS, thus accounting for the lower corrosion resis-
tance.

For 316L SS the signal emitted by metallic nickel is
intense, which ultimately shows that the hydroxide or
oxide of the nickel ®lm on the surface is extremely thin.
No signi®cant peak for Ni2+ oxide is detected. However,
intense peaks for Ni2+ oxide and hydroxide were ob-
served for C-276.

In recent studies it was reported that metallic nickel
underneath the passive ®lm was enriched during anodic
polarisation [31, 32] and it was speculated that nickel
may contribute to passivation and improved pitting re-
sistance through the formation of intermetallic bonds
with Cr and Mo and that this reduces anodic dissolu-
tion. Halada et al. [33] explained the enrichment of Cr
and retention of Ni in the alloy surface layer just be-
neath the passive ®lm. It was reported that the forma-
tion of a molybdenum-nickel intermetallic phase of the
type MoNi4 and its strong Mo-Ni intermetallic bond
was the driving force for the enrichment of Mo and Ni
during polarisation. The intermetallic layer along with
the passive ®lm enriched the source of the oxide-forming

Fig. 4 High-resolution XPS
spectra of molybdenum in the
passive ®lm of a the passivated
surface and b the sputtered
surface for 1 316L SS and 2
alloy C-276. The deconvoluted
peaks are 1 MO, 2 MoO2, 3
MoO2ÿ

4 and 4 MoNi4
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metallic species directly beneath the passive ®lm and
hence may be responsible for the outstanding stability
against localised corrosion attack of the nickel alloys
[21].

Enrichment of nickel and molybdenum amounting to
19.4±27% of Ni and 3.5±6% of Mo beneath the passive
®lm is noted for Fe-20% Cr-20% Ni-6% Mo alloys.
Such an enrichment accounts for a compositional ratio
of nickel to molybdenum of 4.7. The Engel-Brewer [26]
theory of intermetallic bonding supports the occurrence
of such enrichment as a result of the formation of an
intermetallic compound of the type MoNi4. In our
study, the Ni and Mo content of the nickel alloys are
considerably higher. Hence, according to the Engel-
Brewer theory, the possibility of formation of MoNi4 is
very high. XPS results proved the formation of this in-
termetallic compound. The anodic segregation of nickel
and molybdenum may be driven by the energy state of
the intermetallic phase formed by selective dissolution.
The stability of these surface phases for a given envi-
ronment and the role of alloying elements on the sta-
bility of passive ®lms needs further study.

Lu et al. [34] pointed out that Mo could form Mo6+

oxide in the passive ®lm, thereby blocking the penetra-
tion of Cl). An almost defect-free oxide layer is formed
in which ionic conductivity is low. At higher anodic
potentials, insoluble MoO2ÿ

4 that blocks active dissolu-
tion may form, as long as stable metal species are
available to bind to the MoO2ÿ

4 [35]. The enhanced
production of MoO2ÿ

4 may be a result of an increase in
pH at the passive ®lm-solution interface. XPS analysis,
however, indicated that the addition of Mo to the alloy
tended to increase the proportion of Cr2O3 compared to
Cr(OH)3 and Mo4+ with Cr2O3 being enriched at the
metal-®lm interface. Thus, Mo tends to promote the
formation of an oxide rather than hydroxide based ®lm.
MoO2ÿ

4 was found by XPS to be enriched in the outer
layer with CrO2ÿ

4 . The higher content of nickel and
molybdenum strongly shifts the anodic polarisation
curve towards the more noble direction and reduces the
(local) dissolution current, the acidi®cation of the pit
embryo and thus facilitates repassivation. The combi-
nation of these facts explains the outstanding resistance
against localised corrosion of the nickel alloys compared
to the reference type 316L SS.

Conclusions

The reference material 316L SS was found to be highly
susceptible to crevice attack in the paper machine white
water environment. A remarkable crevice corrosion
resistance was observed for nickel-based alloys. Alloy
C-276 and alloy 59 exhibit superior performance in this
medium. With the increase in pH and temperature, the
crevice corrosion resistance was found to be improved
on comparison with 316L SS. The increased resistance to
crevice attack exerted by nickel alloys can be attributed

to the stabilisation of the passive ®lms formed on the
surface by the speci®c alloying elements Cr, Ni and Mo,
as revealed by XPS results. The passive layer contains
Cr2O3 in the inner layers and Cr(OH)3 as the major
constituent in the outermost layer. The presence of Mo
and its oxides further establishes its role in increasing the
corrosion resistance. The nickel concentration beneath
the passive layer was also found to be increased due to
anodic segregation, which can aid intermetallic com-
pound formation. This intermetallic layer, along with
the passive ®lm enriched with stable MoO4

2) species,
resulted in reduced anodic dissolution, providing an
enriched source of oxide-forming metallic species di-
rectly beneath the passive ®lm and hence improvement
in the corrosion resistance of the nickel alloys.
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