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Cr, Mo and W alloying additions in Ni and their effect on passivity
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Abstract

The passive corrosion properties of a series of Ni–Cr–Mo alloys were investigated. The alloys studied were C22, C2000, C276, C4 and 625.
Potentiostatic experiments at potentials within the passive range were obtained as a function of temperature (25–85◦C) for each alloy. Each
specimen was subsequently analyzed by time-of-flight secondary ion mass spectrometry (TOF SIMS) and X-ray photoelectron spectroscopy
(XPS). Results indicated that much lower passive dissolution currents, and a much slower attainment of steady-state conditions, were observed
on those alloys with >20 wt.% Cr content. These alloys also consistently showed only a minor temperature dependence of the passive current.
The surface analyses showed that the high-Cr alloys were able to build thicker oxides with a layered structure consisting of an inner Cr–Ni
oxide layer and an outer Mo/Cr oxide. By contrast, such a high-Cr content inner layer and structured elemental distribution were not achieved
with alloys having a lower bulk Cr content.

For low potentials (200 mV), when Cr dissolution can only occur as Cr(III), additional alloying elements, specifically Mo and W, exert little
influence on passive current densities. At 500 mV, a potential at which Cr(VI) release appears to start, the presence of Mo, and especially W,
in the outer regions of the oxide suppresses passive dissolution. This may be due to the low dissolution rate of the W-containing surface oxide
layer, but some influence of W on the defect density within the oxide cannot be ruled out. The observed temperature dependence for high-Cr
alloys (C22, C2000) reflects the lack of steady state and cannot be interpreted as an accurate activation energy.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that the concentration and distribution of
solid-state alloying elements in Ni–Cr–Mo alloys influences
their ability to withstand corrosive environments. While the
passivation of these alloys is known to be responsible for this
corrosion resistance, our understanding of the phenomenon
is still incomplete. The goal of this research is to investigate
the effects of potential and temperature in an effort to im-
prove our understanding of the features that determine the
long-term corrosion durability of industrially manufactured
Ni–Cr–Mo alloys. This paper attempts to link the physical
and chemical processes occurring during passive corrosion
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to compositional and structural changes that occur within
the oxide film and alloy surface due to changes in parame-
ters such as temperature and redox condition.

Many studies of passivation and the compositions of pas-
sive oxide films have been reported for Ni–Cr and Ni–Cr–Mo
alloys [1–3]. These studies, based on results from surface
sensitive techniques such as XPS and AES, show that the
presence of an inner oxide layer rich in Cr (barrier layer) is a
primary factor in enforcing passivity. The exact mechanism
by which Mo enhances the corrosion resistance of stainless
steels and Ni alloys is less well understood, and a variety of
possible mechanisms have been suggested. It has been pos-
tulated that Mo on the alloy surface preferentially locates at
local defects, which otherwise would act as dissolution sites
[4–6], and slows anodic dissolution because of its higher
metal–metal bond strength[7,8]. An alternative hypothesis
is that MoO4

2− is formed in the solid state in the exterior re-
gions of the film. This MoO42− layer is cation selective, and
resists the incorporation of anions such as Cl− and OH−,
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allowing for the growth of a Cr oxide inner barrier layer.
The resulting bipolar film stabilizes the oxide phase[9].

This paper investigates the behaviour of Ni–Cr–Mo alloys
during potentiostatic polarization as a function of tempera-
ture. The first potential, 200 mVAg/AgCl, was chosen as a rep-
resentative value for passive conditions. A higher potential
of 500 mVAg/AgCl was chosen to represent the maximum ex-
pected extent of ennoblement of these alloys in the presence
of aggressive oxidants, e.g. acidic Fe(III) and/or H2O2. The
highest potential studied was 700 mVAg/AgCl, chosen as an
extreme passive condition just prior to the onset of transpas-
sivity. In a previous paper[10], we described the results for
two alloys, C22 and C276. In this work, we present the re-
sults for the same series of experiments for an expanded set
of alloys including C4, C2000, 625, C22 and C276.

2. Experimental

The alloys used in this study were donated by Haynes In-
ternational, Kokomo, Indiana. Their compositions are shown
in Table 1. Cylindrical samples of 1 cm diameter, with a
height of 0.5–1 cm, were cut. A connecting rod of the same
material was attached at the back of each sample to allow for
an external electrical connection. Each specimen was fixed
in an epoxy resin (Dexter Hysol, resin EE4183, hardener
HD3561) allowing only a circular face of 0.785 cm2 to be ex-
posed to the electrolyte. Each sample was then wet-polished
with silicon carbide paper from 180 to 1200 grit finish, ul-
trasonically cleaned in methanol, and rinsed in ultra-pure
deionized water. Samples were subsequently stored in a des-
iccator at room temperature for 2–3 days prior to experi-
mentation.

A jacketed cell containing a three-electrode configuration
was connected to a water circulating thermostatic bath in
order to control the temperature of the electrolyte solution
to within 1◦C. The cell was placed in a Faraday cage to
reduce any outside sources of electrical noise. A 99.95%
pure platinum plate was used as the counter electrode, and
the reference electrode was an in-house fabricated Ag/AgCl
electrode in 0.1 mol L−1 KCl (288 mV versus NHE). All po-
tential values in this paper are reported versus Ag/AgCl un-
less stated otherwise. The solution used in all experiments
was 1.0 mol L−1 NaCl + 0.1 mol L−1 H2SO4 prepared us-

Table 1
Nominal chemical compositions of the alloys studied (wt.%)

Alloying
element

625
UNS
NO6625

C4
UNS
NO6455

C276
UNS
N10276

C22
UNS
NO6022

C2000
UNS
NO6200

Cr 21 16 16 22 23
Mo 9 16 16 13 16
W 4 3
Fe 5 3 5 3
Cu 1.6
Ni 62 65 57 56 60

ing reagent grade chemicals with ultra-pure deionized wa-
ter (resistivity of 18 M� cm). Solutions were deaerated with
ultra-high purity argon gas for 20 min prior to experimenta-
tion, and purged continuously throughout the experiment.

All electrochemical measurements were made with a So-
lartron 1287 potentiostat running Corrware software. Po-
tentiostatic polarization experiments were performed at po-
tentials of 200, 500 and 700 mV. Prior to polarization, the
corrosion potential was recorded at 25◦C for 1 h. During
polarization, the temperature was raised from 25 to 85◦C
in increments applied every 10–12 h. After completion of
the electrochemical experiment, each specimen was rinsed
in ultra-pure deionized water. The specimens were subse-
quently analyzed using XPS and TOF SIMS.

Polarization scans were run from−500 to 710 mV and
back at a scan rate of 0.02 mV s−1. This was to ensure
that the scan reached the highest potential applied during
the potentiostatic experiments without progressing into the
transpassive region. The potentiostatic polarization experi-
ments described above showed that localized corrosion could
occur at the resin–specimen interface. Thus, a resin was not
used when recording polarization curves. Instead, the top of
the cylindrical electrode and the connecting rod were painted
with a protective paint and the electrodes immersed such
that the painted portions were not exposed to the solution.
Prior to experimentation, the electrodes were prepared by
wet-polishing from 180 to 1200 grit with silicon carbide,
then with a 1�m alumina suspension. The electrodes were
immediately rinsed in methanol, ultrasonically cleaned in
deaerated ultra-pure deionized water for 10 s, then placed
into the preheated electrolyte.

All XPS spectra were obtained with a Surface Science
Laboratories SSX-100 ESCA spectrometer using monochro-
matic Al K� (1486.6 eV) radiation. The binding energy scale
was calibrated to give a Au 4f7/2 line position at 83.98 eV.
Survey spectra were recorded on all samples, followed by
high resolution spectra of the Cr 2p and Mo 3d regions.
Quantification of the XPS intensities for Cr, Mo and Ni was
carried out using Scofield cross-sections and corrections for
the inelastic mean free path of the Ni 3p, Cr 3p and Mo 3d
photoelectrons were used. Such analyses are believed to be
accurate to±20% [11]. All binding energies reported have
an error in the range of±0.1 eV.

An ION-TOF time-of-flight secondary ion mass spec-
trometer (TOF SIMS IV) was used to obtain the TOF SIMS
depth profiles. A 3 keV Cs+ ion beam was used to sputter
an area of 500�m × 500�m on the specimen and nega-
tive secondary ions were collected from a 200�m×200�m
area within the sputter crater using a 25 keV monoisotopic
69Ga primary beam. The depth scale was quantified using
a profilometer to measure the depth of craters through the
oxide and metal created by the primary beam. The sputter
rate was determined to be 3.2 nm min−1, and is a compos-
ite rate for both the oxide and metallic components. Each
TOF SIMS profile was calibrated using the exact mass val-
ues of at least six known species in a mass spectrum col-
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lected during profiling. The ION-TOF has a mass resolution
approaching 10,000/200 amu. Since standards to match the
complex matrix of an industrially made alloy cannot be ob-
tained, the secondary ion intensities could not be calibrated
with any oxide mixtures of known composition. Therefore,
the changes observed as a function of depth should be con-
sidered as qualitative. Details of the SIMS dual-beam depth
profiling method have been reported elsewhere[12].

3. Results

3.1. Electrochemical behaviour—polarization
experiments

Polarization curves were recorded at 25 and 60◦C. Those
for 60◦C are shown inFig. 1, and are similar in form to those
recorded at 25◦C. All alloys showed a significant suppres-
sion of current on the reverse scan from+710 mV, consis-
tent with improved passivity. On the forward scan all alloys
sustained cathodic currents until the potential became very
positive, i.e., for all alloys except C276, an anodic current
was not obtained until the potential equalled or exceeded
250 mV at 25◦C or 400 mV at 60◦C. None of the alloys
showed any sign of active behaviour. The more negative
corrosion potential (Ecorr) recorded on the return scan sug-
gests surface oxidation on the anodic scan led to a signifi-
cant suppression of the cathodic kinetics. Why such an effect
should be less marked for C276 than the other alloys is not
clear.

3.2. Electrochemical behaviour—potentiostatic
experiments

Fig. 2 shows the potentiostatic curves recorded at a po-
tential of 500 mV for all alloys. These plots are represen-
tative of the general features observed due to the influence
of increasing temperature on all five alloys investigated at
each of the three potentials. The current responses were sim-
ilar for all alloys, each increase in temperature stimulating
a rapid current increase followed by decay towards steady
state. The initial surge in current was much larger for the
low-Cr alloys than it was for the high-Cr alloys.

Fig. 3shows the current values recorded at the end of the
10–12 h period at each temperature for all alloys. At 200 mV
(Fig. 3(a)), all alloys proved immune to localized corrosion
throughout the temperature range investigated. For temper-
atures≤45◦C, the passive current densities for all alloys
were very similar, suggesting that the differences in alloy
composition are of little significance in determining pas-
sive behaviour. With increasing temperature above 45◦C, a
clear separation between the high-Cr alloys (>20% Cr; C22,
C2000, 625;Table 1) and the low-Cr alloys (14–18% Cr;
C276, C4;Table 1) was observed (Fig. 3(a)). The observa-
tion of enhanced passivity as Cr content increases is con-
sistent with studies of passivity on Ni–Cr and Ni–Cr–Mo

Fig. 1. Polarization scans recorded at 60◦C and 0.02 mV s−1 for (a) C22,
(b) C2000, (c) 625, (d) C4 and (e) C276.

alloys [1,3]. The similarities in passive currents for alloys
with similar Cr, but various Mo and W, contents indicates
that at 200 mV, it is the Cr content that is controlling passive
behaviour with the other alloying elements exerting little in-
fluence.

At 200 mV, cathodic currents (∼−6 nA cm−2) were even-
tually established on C22 and C2000 at the lower temper-
atures (Fig. 3(a)). However, caution should be exercised in
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Fig. 2. Current transients recorded on all alloys during polarization at 500 mV for (a) C22, (b) C2000, (c) C276, (d) C4 and (e) 625.

Fig. 3. Current values recorded at the end of each temperature period for
all alloys during polarization at (a) 200 mV, (b) 500 mV and (c) 700 mV.

interpreting such small currents. We previously attributed
this negative current to the reduction of residual traces of
oxygen[13]. While this remains a possibility, the positive
Ecorr values observed in polarization curves suggest that it
is also possible that the oxidized surface may have sustained
a low rate of proton reduction at 200 mV (Fig. 1).

At 500 mV (Figs. 2 and 3(b)), the passive currents for all
alloys exhibited a temperature dependence, although a clear
difference between low- and high-Cr alloys remained. The
high-Cr alloys exhibited lower currents, a lower dependence
of passive current on temperature, and a slower decay in
current towards steady state (Fig. 2). A separation in passive
currents between C22 and C2000 was observed at 85◦C sug-
gesting an influence of W, present in C22 but not in C2000,
on the passive current. At this potential, localized corrosion
initiated on C4 and 625 at 75 and 85◦C, respectively. The
corrosion was limited to the region of the resin–specimen
contact. It is likely that the expansion of the resin with tem-
perature led to its separation from the specimen and the cre-
ation of an occluded site, within which a susceptible alloy
could initiate crevice corrosion. The tendency to achieve a
steady-state passive current over the 10–12 h polarization
period can be illustrated with logi–logt plots at each tem-
perature (see example,Fig. 4(a)). A value near zero for the
slope of such a plot indicates the attainment of a steady-state
passive dissolution current. The values recorded at 200 mV
were complicated by the switch to cathodic currents, making
the slopes of little significance. However, with the exception
of the current for 625, those measured at 500 mV are free of
such interference and more accurately reflect the film growth
and dissolution processes occurring in the passive region.
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Fig. 4. (a) Representative log–log plot of current transient at 85◦C on
C22 during 500 mV polarization and (b) slopes for all alloys at 500 mV
as a function of temperature.

As illustrated in Fig. 4(b), the general trend was the
same for all alloys; a decreasing slope indicating an in-
creasing trend towards steady state with increasing temper-
ature. Jallerat and Vu Quang[14] observed a similar trend
on Ni–Cr–Mo alloys, where, during their first period of po-
larization, slope values near to or greater than−0.5, char-
acteristic of a film growth process, were observed. With in-
creasingly aggressive conditions (in their case, more anodic
potentials), the slopes tended to zero.

Inspection of the current transients at 500 mV (Fig. 2)
shows that an increase in temperature from 45 to 65◦C pro-
moted a more pronounced increase in current than that ob-
served at lower temperatures, and this was followed by a
rapid subsequent decay with time. The most likely cause of
this behaviour is that the increase in temperature caused a
separation of the electrode from the insulating resin. The in-
creased current decay would then have been due to a rapid
reaction of the previously unexposed alloy surface. For sus-
ceptible alloys, e.g. C4 and 625, this may have led to the on-
set of crevice corrosion. For those alloys which did not initi-
ate crevice corrosion, this separation led to a slight increase
in exposed specimen surface area. While this may have influ-
enced the absolute value of the passive currents somewhat,
it does not nullify the differences in observed behaviour be-
tween the alloys. What is clear fromFig. 4(b)is that, at the
highest temperature achieved, only C22 exhibited a signifi-

cant slope, suggesting that the achievement of steady state
would have required a considerable further decrease in the
current density. Consequently, the final steady-state passive
current for C22 would have been lower than the value plot-
ted in Fig. 3(b), making the difference between this alloy
and C2000 even more marked.

At the most noble potential employed (700 mV), the
distinction between individual alloys was further blurred,
Fig. 3(c), with all alloys showing a substantial increase in
current with temperature. Only the two high-Cr and -Mo
alloys, C22 and C2000, did not undergo crevice corrosion
at the specimen–resin gap. The passive current for C22 was
lower than that for C2000 at both 500 and 700 mV, suggest-
ing an influence on the passive current of the 2–4% W, the
only significant difference in composition between these
alloys. The data for alloy C4 are not shown, as this alloy
was not stable above 25◦C, and initiated crevice corrosion
at only 45◦C.

3.3. Surface analyses—XPS results

XPS survey spectra detected Ni, Cr, Mo, W, C and O
peaks. The air-grown films and those grown at 200 mV on
all alloys exhibited strong Ni 2p and Ni 3p lines, indicating
the presence of Ni throughout the oxide films. After oxida-
tion at 500 and 700 mV, the Ni 2p peaks were no longer de-
tectable above the background in the survey spectra, while
Ni 3p peaks were still observed. This is consistent with the
depletion of nickel in the outer regions of the oxide, but
its retention within the inner regions of the oxide at these
higher potentials. A similar effect was observed by Marcus
and co-workers[15,16] on Ni–Cr–Fe alloys in acidic sul-
phate solutions after polarization at potentials >300 mV ver-
sus SHE. High-resolution XPS scans showed that the Cr 2p
and Mo 3d peaks were made up of both metallic and oxide
components. An example of the fitting performed on the XPS
spectra obtained for a sample of C2000 is shown inFig. 5.
All spectra were deconvoluted after a Shirley background
correction[17]. The presence of Cr in the 0 and 3+ states
is consistent with published literature[16,18]. A metallic
Cr peak and the characteristic multiplet splitting for Cr in
the 3+ oxidation state (peaks 1–4,Fig. 5(a)) were detected
for all alloys. The Cr 2p spectra (Fig. 5(a)) were fit with
fixed parameters according to Pratt and McIntyre[19] and
recent work by Davidson and Beisinger[20]. Most of the
spectra had a characteristic peak for Cr(III) in pure Cr2O3
near 577.0 eV; however, for several spectra, this peak was
shifted to higher values, between 577.8 and 578.3 eV, sug-
gesting the presence of a hydroxide species. Cr hydroxides
have not been as well characterized in the literature, and so,
it is difficult to positively assign this peak. In general, all
alloys showed an increase in the ratio of Cr(III) to Cr metal
with increasing applied potential, andFig. 6summarizes the
fractions of Cr(III) found on the surface of each alloy as a
function of applied potential. The absence of Cr(VI) within
the spectra show that any Cr(VI) that may have been pro-
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Fig. 5. High resolution scans on C2000 after polarization at 500 mV (a)
Cr 2p line and (b) Mo 3d line.

duced at 500 mV and, especially 700 mV, was released to
solution.

The Mo 3d spectra were fitted with spin–orbit pair inter-
vals set at 3.1 eV and the parameters outlined by Spevack
and McIntyre[21], Fig. 5b. While Mo was present in the
oxide in a range of oxidation states (see examples,Fig. 5b
and Fig. 7a), the percentage in the Mo(VI) increased sub-
stantially with increasing potential for all alloys (Fig. 7b).
Alloy C22 appeared to have a lower Mo(VI) content than
the other alloys.

Fig. 6. The percentage of Cr(III) in the Cr 2p spectral line found by
deconvolution of the high-resolution scans for all alloys as a function of
potential.

Fig. 7. (a) The distribution of Mo oxides in the Mo 3d line for alloy C22
as a function of potential and (b) the percentage of Mo(VI) in the Mo
3d spectral line as found by deconvolution of the high-resolution scans
for all alloys as a function of potential.

The inelastic mean free path for the Ni 3p, Cr 3p and
Mo 3d photoelectrons is about 2 nm, and because this was
the approximate thickness of the oxide films, quantification
of the XPS intensities for Cr, Mo and Ni was carried out
using the survey spectra. The oxide layer composition was
estimated by considering the ratio of oxidized to unoxidized
metal from the high-resolution spectra for each peak (Figs. 6
and 7). As the oxide films on W-containing alloys had less
than 1% W at all potentials, W was not included in the
estimation of oxide film composition for C22 and C276.

These compositions are noted inTables 2 and 3and clearly
show the dominant influence of Cr in the oxide. These com-
positions were used with the oxide film thicknesses, obtained
by TOF SIMS, and the bulk densities of the oxides[22] to
estimate the approximate charge density associated with the
formation of the film (Qfilm in Tables 2 and 3). The values of
the charge passed during anodic oxidation (Qexp) are shown
for each alloy and applied potential inFig. 8. Comparison of
these values showsQfilm 	 Qexp, i.e., the currents observed
are attributable to anodic film dissolution, not film growth.
This conclusion agrees with the results of Krichheim and
co-workers[23], who observed that, under stationary condi-
tions, film growth was negligible, and thus the measured cur-
rent density was equivalent to the dissolution current density.
These data also show the much more extensive overall dis-
solution that occurred on the low-Cr, compared to high-Cr,
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Table 2
XPS compositions and calculated charge going to film growth (Qfilm ) for
the high-Cr alloys

E (mV) Oxide layer composition
from XPS (at.%)

Qfilm
‡

(mC cm−2)

NiO Cr2O3 MoO3

C22
Air 18.6 66.1 15.3 –
200 21.5 68.1 10.4 0.382
500 16.3 70.7 13.0 0.959
700 11.7 70.7 17.6 3.47

C2000
Air 38.9 47.5 13.6 –
200∗ 10.0 70.0 20.0 0.386
500 34.3 53.4 12.3 0.750
700 15.9 70.5 13.6 3.26

625
Air 60.5 30.9 8.60 –
200 23.7 62.1 14.2 0.00
500∗∗ 19.0 51.0 30.0 0.00
700∗∗∗ 0 0 100 NA

Where there are values of 0 forQfilm , the film was the same thickness
or thinner than an air-grown film.

∗ Note, only taken to 75◦C.
∗∗ Corroded at 85◦C.
∗∗∗ Corroded at 75◦C.
‡ Corrected for the presence of the air-grown film.

alloys and the widening gap in the extent of dissolution be-
tween the W-containing C22 and the W-free C2000 as the
applied potential was increased (Fig. 8).

3.4. Surface analyses—TOF SIMS results

TOF SIMS profiles were recorded for all alloys after 2
days of air exposure and on completion of every experiment

Table 3
XPS compositions and calculated charge going to film growth (Qfilm ) for
the low-Cr alloys

E (mV) Oxide layer composition
from XPS (at.%)

Qfilm
‡

(mC cm−2)

NiO Cr2O3 MoO3

C276
Air 31.3 59.0 9.70 –
200 36.3 39.8 23.9 0.186
500 23.8 48.9 27.3 0.378
700∗ 9.70 70.0 20.3 1.93

C4
Air 22.8 65.6 11.6 –
200 12.2 74.0 13.8 0.00
500∗∗ 12.8 66.7 20.5 0.00
700∗∗∗ 9.60 71.1 19.3 3.86

Where there are values of 0 forQfilm , the film was the same thickness
or thinner than an air-grown film.

∗ Corroded at 85◦C.
∗∗ Corroded at 75◦C.
∗∗∗ Corroded at 65◦C.
‡ Corrected for the presence of the air-grown film.
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Fig. 8. Calculated values of charge passed during polarization (Qexp) at
each potential for all alloys.

at each of the three potentials studied.Figs. 9 and 10show
the profiles obtained at 200 and 500 mV, respectively. While
an absolute quantification of elemental composition may be
unachievable by this technique, the relative concentrations
of various elements can be determined providing it is as-
sumed that the sputtering efficiencies of the various oxide
components are the same from alloy to alloy. Such a com-
parative analysis is made inFigs. 11 and 12, which show
the Cr/Mo ratios throughout the oxides for each alloy after
each treatment. The ratios are grouped according to poten-
tial (Fig. 11) and for each alloy (Fig. 12). The plots for each
alloy in these figures extend to the thickness of the oxide
layer, estimated by measuring from 0 nm to the inner edge of
the deepest peak at half the height. Also, the data recorded
for the outer 0.1–0.2 nm of the surface were not included
since ratios were not necessarily accurate due to the small
measured intensities. The oxide film thicknesses are sum-
marized inFig. 13.

Based on the Cr/Mo ratios, there is a clear difference
in air-oxidation behaviour between the three high-Cr alloys
(625, C22 and C2000) and the two low-Cr alloys (Fig. 11(a)).
The increasing Cr/Mo ratio from the outer to the inner re-
gions of the film for the high-Cr alloys indicates the ten-
dency for these alloys to form a Cr-rich inner layer, a feature
not observed for the low-Cr alloys, which show an almost
negligible tendency to segregate Cr and Mo. The larger ratio
obtained for 625 compared to C22 and C2000 reflects the
larger Cr/Mo ratio in the bulk of this alloy (Table 1). Also,
the TOF SIMS signal for Ni in the oxide and the Ni content
of the oxide measured by XPS;Table 2shows the air-grown
oxide on this alloy to be dominated by its Ni content.

The TOF SIMS profiles taken after treatment at 200 mV
(Fig. 9) were not substantially different to those recorded
after air oxidation, showing the minimal effect of anodic
polarization at this potential. The Cr/Mo ratios inFig. 12
show a measurable but minor increase in Cr/Mo segrega-
tion at 200 mV from the air-grown films for the high-Cr
alloys. This increase is exaggerated for 625, but again, it
is likely only a result of the low bulk Mo content, which
becomes emphasized under polarization conditions. For the



3022 A.C. Lloyd et al. / Electrochimica Acta 49 (2004) 3015–3027

Fig. 9. TOF SIMS depth profiles after treatment at 200 mV for (a) C22, (b) C2000, (c) 625, (d) C276 and (e) C4.

high-Cr-containing alloys, it was observed (Fig. 9(a–c)), that
there was also a significant signal for Cr at the outer edges
of the film. Fig. 8 shows that the extent of dissolution at
200 mV is the same for these three alloys. This is consis-
tent with Cr, as opposed to other alloying elements, being
the dominant cation influencing passive dissolution at this
potential.

The TOF SIMS profiles for the lower Cr alloys do not
show an enhancement of Cr at the oxide–solution interface
(Fig. 9(d) and (e)) and no tendency to segregate Cr and

Fig. 10. TOF SIMS depth profiles after treatment at 500 mV for (a) C22, (b) C2000, (c) 625, (d) C276 and (e) C4.

Mo to the inner and outer regions of the film, respectively,
as observed for the high-Cr alloys. This inability to form
a Cr-enriched inner layer correlates with the much higher
extents of anodic dissolution observed for the low-Cr alloys
(C4 and C276) (Fig. 8).

Compared to the low-Cr alloys, there was a noticeable
enrichment of Ni in the outer surface of the high-Cr alloys
(Fig. 9). The observation of both Ni 2p and Ni 3p signals
in the XPS spectra confirms that a general distribution of
Ni persisted in the oxide. Such an increased Ni content in
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Fig. 11. Cr/Mo intensity ratios from TOF SIMS depth profiles for all alloys for (a) air-grown films, (b) after treatment at 200 mV, (c) at 500 mV and
(d) at 700 mV. The data are terminated at the thickness of the oxide for each alloy.

the surface of the alloy was reported by Maurice et al.[16]
for Fe–Cr–Ni alloys (Cr 18–22%) and by Jabs et al.[2] for
Ni–Cr alloys with either 20% or 34% Cr. According to Mau-
rice et al.[16], this enrichment slows down the formation
of the Cr oxide inner layer. This would be consistent with
our observation of very low, and even negative, passive cur-
rent densities and very lowQexp values (Fig. 8) measured
on these alloys at 200 mV.

No similar enrichment was observed for the low-Cr-
containing alloys (C276 and C4) (Fig. 9). Much larger
passive currents (Fig. 3(a)) and dissolution charges (Qexp)
(Fig. 8) were observed for these two alloys at 200 mV. This
suggests that a more extensive dissolution of Ni occurred.

The disappearance of the Ni 2p peak from the XPS spec-
tra, but the survival of the Ni 3p peak, after polarization at
500 mV, suggests the leaching of Ni from the outer regions
of the oxide but its retention in the inner regions. This is con-
sistent with TOF SIMS profiles at 500 mV (Fig. 10), which
show the persistence of Ni only within the inner regions of
the film. These TOF SIMS profiles also show that, for al-
loys C22 and C2000, there was an enhanced relative segre-
gation of Cr to the inner film region and of Mo to the outer
film region compared to electrodes polarized to 200 mV.
This is most clearly shown in the Cr/Mo ratios (plotted in
Figs. 11(c),12(a) and (b)). Also, any Cr signal observed in
the outermost regions of the oxide films at 200 mV was no
longer present at 500 mV, suggesting some minor dissolution
of Cr, as Cr(VI), may have been possible at this potential.

Considering the anticipated rapid leaching of the Ni
under anodic conditions, its retention along with Cr, in
the inner regions of the oxide suggests the presence of
a stable nickel chromite layer. Nickel chromium ferrites

(Ni0.6CrxFe2.4−xO4) with a high value ofx (>1.0) have
been shown to have extremely low dissolution rates even in
aggressive chelating solutions at temperatures up to 140◦C
[24]. By analogy, similarly low dissolution rates would be
expected for nickel chromites. Also, Schmuki et al.[25]
have shown that the incorporation of Fe into chromium
oxide suppresses the anodic dissolution current for these
oxides, and we would expect a similar, or even enhanced,
suppression for Ni substitution in chromium oxides. The
XPS data inTables 2 and 3suggest that the Ni content of
this layer could have been in the 16–35% range.

By contrast, the low-Cr alloys showed a much less pro-
nounced retention of Cr and Ni together (without the pres-
ence of Mo) in the inner oxide layer (Figs. 9 and 10). Some
degree of Cr/Mo segregation was observed for C276, which
remained passive at 500 mV, but not for C4, which suf-
fered crevice corrosion. The TOF SIMS profiles inFigs. 9
and 10, also clearly show that W segregated to the outer re-
gions of the film with Mo. A close inspection ofFigs. 11
and 12shows that the Cr/Mo ratios for C22 and C2000
were effectively equal at equivalent depths within the oxide
and the primary difference was that the oxide on C22 grew
thicker at all potentials than that on C2000. For the high-Cr
alloys in general, not only was segregation of Cr to the inner
regions of the oxide more marked, but the films achieved a
greater overall thickness (Fig. 13).

Shown inFig. 14(a) and (b), is the relationship between
passive current densities at 500 mV for the C-series alloys
(all alloys except 625) and the Cr/Mo ratio at the oxide
film/alloy boundary and the oxide film thickness, respec-
tively. The relationship between oxide thickness and Cr/Mo
ratio clearly indicates the interdependence of these two fea-
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Fig. 12. Cr/Mo intensity ratios from TOF SIMS depth profiles after treatment at each potential for (a) C22, (b) C2000, (c) 625, (d) C276 and (e) C4.

tures,Fig. 15. While there were effectively no differences in
passive current densities at 200 mV between alloys whose
compositions differ only in W content (i.e., C276 and C4 or
C22 and C2000),Figs. 3b and 14show that there is an obvi-
ous effect of W at 500 mV. The presence of W in C276 and
C22 appears to have suppressed the passive current, and to
have enhanced the film thickness and degree of Cr/Mo seg-
regation compared to their counterparts, C4 and C2000. It
should be noted that the oxide film thickness, and possibly
also the Cr/Mo ratio for C22, were underestimated in this
comparison, since the passive current value was not recorded
under steady-state conditions (Fig. 4), and would eventually
have achieved a lower value.

Although the TOF SIMS profiles for the alloys treated at
700 mV are not shown, the Cr/Mo ratios for those alloys that
remained passive at this potential are shown inFig. 11(d).

Fig. 13. Oxide thickness for all alloys as a function of potential.

Fig. 14. (a) The effect of the Cr barrier layer on the final current density
measured at 500 mV, 85◦C and (b) the effect of oxide thickness on current
density measured at 500 mV, 85◦C.
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Fig. 15. The relationship between the oxide thickness and the Cr inner
barrier layer.

This figure clearly shows that the Cr/Mo segregation was
lost, even though the absolute Cr content of the oxide re-
mained high, or even increased (Tables 2 and 3). Compari-
son of the behaviours of C22 and C2000 (Fig. 3(c)) shows
that, at this more noble potential, the differences in passive
current density became apparent at temperatures as low as
45◦C. This suggests that once Cr oxidation and release be-
comes possible, the W content of the alloy plays a more
significant role in suppressing passive dissolution. A simi-
lar comparison between C276 and C4 was not possible at
this potential since C4 underwent crevice corrosion at only
45◦C.

4. Discussion

The point defect model (PDM)[26] can provide a frame-
work for the interpretation of these results. This model was
developed to describe the processes involved in the growth
and dissolution of bilayer passive films consisting of a com-
pact inner (barrier) layer at the oxide–alloy interface covered
by an outer (porous) layer at the oxide–solution interface.
Fig. 16 shows a schematic representation of the physico-
chemical processes that occur during film growth and disso-
lution according to this model. During film growth, cation
vacancies (Vm) are generated at the barrier layer–outer layer
interface (4 inFig. 16) and consumed at the alloy–barrier
layer interface (1 inFig. 16). Likewise, anion vacancies
(Vo

••) are formed at the alloy–barrier layer interface (2 in
Fig. 16) and consumed at the barrier layer–outer layer in-
terface (5 inFig. 16). The fluxes of cation and anion vacan-
cies are in the directions indicated (8 and 9, respectively, in
Fig. 16), and although the transfer of cations from the oxide
to the solution is shown as an electrochemical process (4
and 6 inFig. 16), it could also be a chemical dissolution in-
volving the transfer to solution of a cation without a change
in oxidation state (7 inFig. 16).

A key feature of the PDM is that the field within the
growing oxide does not change with oxide thickness. The
current decays with time as the potential drop across the
alloy–barrier layer interface decreases. This leads to a de-

Fig. 16. Description of the point defect model: (1) injection of lattice
cation with elimination of a cation vacancy, (2) injection of lattice cation
accompanied by creation of an oxygen vacancy, (3) creation of an inter-
stitial cation, (4) oxidative dissolution and creation of a cation vacancy,
(5) elimination of an oxygen vacancy, (6) oxidative dissolution of an in-
terstitial cation, (7) chemical oxide dissolution, (8) transport of cation
vacancies and (9) transport of anion vacancies.

crease in the rate of injection of cations from the metal into
the film, and in the rate of generation of oxygen vacancies.
The rate controlling process during film growth is charge
injection into the film at the alloy–film interface, and film
growth continues until the rate of growth equals the rate of
film dissolution. Thus, once steady state is achieved, rate
control must be via the rate of the dissolution process, and
we would expect the temperature dependence of the current
to reflect the activated state of the oxide dissolution step. By
contrast, if steady state is not achieved, then the temperature
dependence of the current would be determined by the rate
of defect injection and how it was changing as the oxide
thickened. The number density of defects in the oxide would
then determine the oxide dissolution rate. This is consistent
with studies on the dissolution kinetics of oxide powders,
which show a clear correlation between dissolution rate and
defect density[27].

Our observation that the Cr content is the key feature caus-
ing the differences in passive currents between the alloys is
consistent with the available data on the Cr content of ox-
ides on Fe–Cr alloys[28,29], which show that the cationic
fraction of Cr in the passive layer increases dramatically
with alloy Cr content in the range 13–20%. Since consider-
able published evidence exists to show that passive currents
decrease with an increase in alloy Cr content[30], our ob-
servations of lower passive currents for the high-Cr (C22,
C2000, 625) as opposed to low-Cr (C276, C4), alloys are
not unexpected.

At 200 mV, the dominance of the influence of Cr is ex-
pected since Cr(III) should be stable at this potential, and
the steady-state current should be determined by the bal-
ance between defect creation at the alloy-oxide interface
(determined by the rate of reaction 2,Fig. 16) and chem-
ical oxide dissolution (determined by the rate of reaction
7, Fig. 16). An important difference between the high- and
low-Cr oxides is the ability of the high-Cr alloys to segregate
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Cr to the alloy–oxide interface on air exposure. This means
that, on immersion, the concentration of Cr (and Ni) at the
alloy–oxide interface, which appears to be a critical feature
in achieving low passive current densities, is already es-
tablished. Subsequent polarization at 200 mV enhances this
segregation process (Cr and Ni to the inner oxide region,
Mo (and W) to the outer oxide region) and a very large dif-
ference in passive current densities between the high- and
low-Cr alloys ensues (Fig. 3(a)).

An increase in applied potential to 500 mV increases
the passive current densities on all alloys, and enhances
the Cr–Ni, Mo–W segregation in the oxide. This segre-
gation process, which yields a bipolar film structure, is
consistent with observations made on Mo-containing stain-
less steels[31,32]. It has been claimed that the Mo(VI)
in the outer layers of the oxide is stabilized as MoO4

2−
by the high electric field, a process that leads to the de-
protonation of OH− within the film. This supplies O2−,
which enhances the formation of a protective Cr2O3 inner
layer.

Of key importance at this potential is the observation that
effectively all the current is going to dissolution processes
and that those alloys which achieve a low passive current
density (C22 and C2000) not only have an increase in the ex-
tent of Cr–Ni, Mo–W segregation, but also thicken, whereas
the oxide films on lower Cr alloys which, have either a
higher passive current (C276) or undergo crevice corrosion
(C4) neither significantly improve the extent of segregation
nor thicken substantially.

An increase in oxide thickness leading to a decrease in
passive current density is expected, based on the PDM. How-
ever, since the composition and structure of the passive film
also change considerably from 200 to 500 mV, it is likely
that the field in the oxide also changes with potential, and
also with time at a constant potential. These claims are sup-
ported by the observations that Cr–Ni, Mo–W segregation
and oxide thickening occur simultaneously on alloys with
low passive currents (C2000, C22) and a slow approach to
steady state (C22), but not on the others. Presently, this is
not a feature in the PDM.

Such a claim is consistent with the observations of Bo-
jinov et al. [33,34] who showed that the resistance of the
oxide (on Ni–20Cr, Ni–15Cr; alloy 600 and C276) in-
creased by many orders of magnitude over the potential
range 200–500 mV versus SHE (on our Ag/AgCl potential
scale), as expected for a combination of oxide thickening
and a decrease in defect density in the oxide as the inner
Cr–Ni layer forms and anneals. A similar defect anneal-
ing process has been demonstrated by Yang et al.[18] for
prolonged potentiostatic treatment of Fe–17Cr. A similar
defect annealing process, without an accompanying change
in oxide composition, has been observed for titanium
[35].

At potentials of 200 mV, there appears to be no influence
of the alloying elements Mo and W on the passive cur-
rent densities. However, at 500 mV, the influence of W in

suppressing the passive current density of C22 to a lower
value than that of C2000 is apparent. Bojinov et al.[34] also
showed a decrease in passive current in the W-containing
C276 compared to alloys of otherwise similar composition,
Alloy 600 and Ni–15Cr. Although not discussed in their pa-
per, the differences in alloy behaviour at the two potentials
appears to be in the nature of the dissolution process that
balances the rate of defect injection at the alloy–oxide in-
terface. At 500 mV, the anodic dissolution of Cr as CrO4

2−,
while only a minor process, appears possible, whereas at
200 mV, only chemical dissolution is feasible. Oxidative dis-
solution would lead to the introduction of a metal vacancy
(4 in Fig. 16) and an increase in passive current. Once the
Cr stability within the film becomes threatened, e.g. by a
higher potential or temperature, then the influence of Mo
and, especially, W in suppressing the passive current appears
to increase.

In its segregation behaviour within the oxide film, W be-
haves identically to Mo and is predominantly located in the
outer regions of the film. This suggests a common role for
both elements. However, the solubility of W in acidic so-
lutions is 2–3 orders of magnitude lower than that for Mo
[36] and the dissolution rate of a W-enriched oxide surface
would be expected to be lower than one simply enriched
in Mo. As a consequence, the steady-state passive dissolu-
tion condition would be expected to occur at a lower cur-
rent density when W is present. A suppression of film dis-
solution rate would lead also to a greater steady-state oxide
film thickness, as observed for C22 compared to the W-free
C2000.

This straightforward effect on oxide dissolution rate may
not be sufficient to explain totally influence of W (and, by
inference, the influence of the similar Mo) on passive disso-
lution. Our XPS analyses show the W content of the oxide
to be<1%, making it difficult to imagine that it could sup-
press dissolution so markedly. An influence on the mobil-
ity of cation defects in the oxide film, as proposed for Mo
by Macdonald and Urquidi-Macdonald[26,37], may also be
important. That such a mechanism may be operative is sug-
gested by our observation that an influence of W is only
observed once the injection of cation vacancies into the ox-
ide, as a consequence of Cr(III) to Cr(VI) oxidation, occurs
at 500 mV.

Although the primary focus of this study has not been
localized corrosion, a few comments are merited. Besides
reinforcing the protectiveness of the high-Cr-containing bar-
rier layer, it is claimed that MoO42− gives the outer regions
of the oxide a cation selective character[38], thereby dis-
criminating against the incorporation of Cl- into the passive
film and preventing its breakdown to initiate localized corro-
sion. In our previous paper, comparing C22 and C276[10],
we claimed that the Cr content of the alloy was the critical
feature that enabled the passive film to resist breakdown.
However, the studies from this wider range of materials in-
dicate a clear role for Mo and W. Thus, despite the high-Cr
content and low passive current values, 625 rapidly failed
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by crevice corrosion forT = 65◦C, and the only two al-
loys to resist this process throughout the whole experimen-
tal sequence were the high-Cr/high-Mo–W alloys C22 and
C2000. Of the two low-Cr alloys, C276 containing W, was
clearly superior to C4.

5. Summary and conclusions

The responses of a series of Ni-Cr-Mo alloys to changes
in applied potential and temperature have been investigated
in chloride/sulphate solutions of pH 1. The passive current
densities measured for the high-Cr alloys (C22, C2000 and
625) are significantly lower than those measured for the
low-Cr alloys (C4 and C276). This can be attributed to a
combination of the higher Cr content and the ability to seg-
regate Cr–Ni to the alloy–oxide interface and Mo–W to the
oxide–solution interface.

This ability to segregate the alloy components within the
oxide is coupled to an increase in oxide thickness with ap-
plied potential. For low potentials (200 mV), when Cr in
the oxide is stable in the+3 oxidation state, the alloy Cr
content is the dominant property leading to low passive
currents.

For higher potentials (500 mV), at which Cr(III) oxida-
tion to Cr(VI) becomes possible, the presence of Mo, and
particularly W, in the outer regions of the oxide becomes
important in maintaining low passive currents. The ability
of Mo and W to suppress passive currents is maintained at a
potential of 700 mV, the threshold for the onset of transpas-
sive dissolution, even though the segregation of Ni–Cr and
Mo–W is lost. The importance of Mo–W in suppressing lo-
calized corrosion was clearly seen in the case of 625 which,
despite a high-Cr content, experienced crevice corrosion at
65◦C, whereas C22 (with Mo and W) and C2000 (with Mo
only) did not.
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Appendix A. Nomenclature

M metal atom
Mx+

i metal cation in interstitial site
Mx+

m metal cation in cation site
MOx/2 oxide
Vm cation vacancy
Vo

•• anion vacancy
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