Corrosion Science 76 (2013) 424-431

Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

Influence of temperature on passive film properties on Ni-Cr-Mo Alloy

C-2000
Xiangrong Zhang?, David W. Shoesmith #>*

2 Department of Chemistry, University of Western Ontario, London, Ontario N6A 5B7, Canada

b Surface Science Western, University of Western Ontario, London, Ontario N6G 03, Canada

ARTICLE INFO ABSTRACT

Article history:

Received 11 February 2013
Accepted 11 July 2013
Available online 20 July 2013

Keywords:

A: nickel

B: XPS

B: SIMS

C: passive films

C: crevice corrosion

The properties of the passive film on a Ni-Cr-Mo alloy, Alloy C-2000 (Ni-23Cr-16Mo-1.6Cu), grown at
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inner Cr,03 layer, outer Cr/Ni hydroxides layer and Mo/Cu oxide in the outermost surface. As temperature
increases, the thickness of both layers increase which improves passivity. Increasing temperature leads to
a loss of Cr,03 from the inner and of Mo/Cu from outer layers. These compensating effects make the pas-
sive current density almost independent of temperature.
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1. Introduction

Ni-Cr-Mo alloys exhibit exceptional corrosion resistance under
extreme exposure conditions and are used in a range of industrial
applications [1]. This resistance is generally attributed to the for-
mation of a very stable passive film [2-6] whose compositional
and electrical properties have been investigated using surface ana-
lytical methods [7-11] and electrochemical impedance spectros-
copy (EIS) [3-5,12-17].

Lloyd et al. [7-9] determined the film composition and thick-
ness and the effect of the alloying elements, Cr, Mo and W, on
the passivity of a number of Ni-Cr-Mo (W) alloys in acidic solu-
tion. The oxide consists of a Mo, Cr, Ni oxide, with Cr present as
Cr (III) and Mo in several oxidation states. The film was found to
be only a few nanometers thick (<5 nm) and the thickness in-
creased with increasing potential in the passive region. Time of
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and X-ray
Photoelectron Spectroscopy (XPS) showed the high-Cr alloys were
able to build thicker oxides with a layered structure consisting of
an inner Cr-Ni oxide and an outer Mo/W oxide when anodically
oxidized in 1.0 M NaCl + 0.1 M Na,SO4 (pH 1). More recently, we
have shown that a similar bilayer film is formed on Alloys C-22
and C-2000 in neutral solutions [10,11].

The variation in oxide electrical properties has been studied in
detail. MacDonald et al. [14] characterized the oxide properties
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on Alloy C-22 by EIS over the potential range from —0.2 to 0.7 V
(vs. Ag/AgCl in saturated KCl). The interfacial impedance (ex-
pressed as the polarization resistance (R,)) under extreme condi-
tions (e.g., pH 3, saturated NaCl, 80°C) was of the order of
10° Q cm?, indicative of a high corrosion resistance. R, initially in-
creased with applied potential due to the growth of the passive
layer. At a sufficiently high potential (E > 0.2 V (vs. Ag/AgCl in sat-
urated KCl)), which is close to the initiation of the transpassive
state, R, is observed to decrease with potential. This decrease
was attributed to a thinning of the film.

More recently, Jakupi et al. [18] characterized the oxide film
properties on Alloy C-22 by combining EIS and XPS measurements
in near neutral pH, 5 M NaCl solutions at 30 °C. A similar variation
in film resistance (Rg,) with applied potential was observed. For
the range —0.6 V < E < —0.3 V (vs. Ag/AgCl in saturated KCl), R
increased with potential accompanied by an increase in Cr (III)
oxide content. Over the range —0.3V <E < 0.3V (vs. Ag/AgCl in
saturated KCl), Rsm values and the Cr (III) oxide content achieved
their maximum values. For E> 0.3V (vs. Ag/AgCl in saturated
KCI), a decrease in both Rg, and the Cr (III) oxide content was
observed.

Our interest in these alloys is primarily focused on their crevice
corrosion behavior, a potential failure process if one of these alloys
were to be used in the fabrication of nuclear waste containers [19].
This potential application has stimulated extensive study of the
crevice corrosion of Alloy C-22, and to a lesser degree other Ni-
Cr-Mo alloys [18,20-39]. Published studies show that the initia-
tion of crevice corrosion is difficult [37] and even when forced to
occur electrochemically is limited to minor damage [35,38,39].
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Using a combination of electrochemical techniques, Raman Spec-
troscopy and Confocal Scanning Laser Microscopy (CSLM) [38], it
was demonstrated that crevice propagation was limited by one,
or a combination, of the following processes; (i) inhibited O,
reduction kinetics on passive surfaces external to the crevice; (ii)
the rapid accumulation of molybdates at activated locations within
the crevice.

These studies raise the question of whether conditions suffi-
ciently aggressive to initiate and support the propagation of cre-
vice corrosion can be established. In this paper, we investigate
the influence of increasing temperature on passive film properties,
a feature which would be expected to destabilize the film and in-
crease the probability of crevice initiation.

The effect of temperature on the passive behavior of Ni-Cr-Mo
alloys has been studied by a number of researchers. Ashida et al.
[40] investigated the effect of temperature on Alloy C-22 in simu-
lated groundwater (pH 9.8) using a temperature-oscillating heated
electrode technique. The corrosion potential (E.,-) was found to in-
crease linearly from —0.293 V to —0.256 V (vs. Ag/AgCl in 3.5 mol/L
KCI) when the temperature decreased from 103 °C to 72 °C, and the
passive current density to increase exponentially over the temper-
ature range 65 °C to 95 °C. Evans and Rebak [41] observed a similar
exponential relationship between passive corrosion rate and tem-
perature (30 °C to 90 °C) on the same alloy in both deaerated and
aerated simulated acidified water (pH 2.8). Gray et al. 3], however,
found the corrosion rate to be independent of temperature below
50 °C, and then to increase approximately linearly between 50 °C
and 90 °C in H,SO4 and HCI. This behavior was ascribed to either
an increase in solubility of Cr or to a phase change in the passive
layer around 50 °C. In a comparison of a number of Ni-Cr-Mo al-
loys, Lloyd et al. [7] found the temperature dependence of the pas-
sive current on Alloy C-22 to be significantly less than that for Alloy
C-276 due to the lower oxide dissolution rate compared to the rate
of creation of oxygen vacancies leading to film growth. A possible
reason for these inconsistencies in behavior is differences in pre-
treatement of the alloy, the establishment of a steady-state passive
condition requiring a few days at least after surface preparation
and immersion of the alloy.

Despite these efforts the influence of temperature on the pas-
sive film composition and structure are poorly characterized. In
this paper, we have used Angle Resolved XPS (AR-XPS) and ToF-
SIMS to investigate the changes in oxide film composition as a
function of temperature up to 90 °C.

2. Experimental
2.1. Materials and electrode preparation

Cylindrical specimens were cut from plate materials supplied
by Haynes International, Kokomo, Indiana (USA), with a diameter
of 1 cm and a height of 0.5 - 1 cm. The cylinders were drilled at
one end to allow electrical connection to a threaded rod of the
same material. Prior to each experiment, the surface of each spec-
imen, with a surface area of 0.785 cm?, was wet-ground with a ser-
ies of SiC papers up to 1200 grit, and then polished successively
with 5.0, 0.3, and 0.05 pm alumina powder suspensions. Speci-
mens were then swabbed with cotton under running water to re-
duce the chances of staining, and finally rinsed with large
amounts of Type 1 water obtained from a Milli-Q Academic A-10
system. Specimens were immersed first in acetone and then in
Type 1 water and ultrasonicated for 10 min to remove any attached
polishing residue, rinsed again with large amounts of Type 1 water,
and immediately placed in the electrochemical cell to grow the
oxide film.

2.2. Electrochemical film growth

A standard three-electrode, glass electrochemical cell housed in
a grounded Faraday cage was used. The cell contains a working
electrode (WE), a pure platinum (99.95% purity) counter electrode
(CE) and an in-house fabricated silver/silver chloride (Ag/AgCl) ref-
erence electrode (RE) in saturated KCI solution (199 mV vs. SHE at
25 °C). The cell was fitted with an outer jacket through which sili-
con oil or water was circulated from a thermostatic bath (Isotemp
3016H, Fisher Scientific) to maintain the temperature of the solu-
tion to within %1 °C.

Freshly-prepared 5 M NaCl solutions were used as the electro-
lyte. The solutions were prepared from reagent grade NaCl and
Type 1 water. Prior to starting each experiment, the electrolyte
solution was purged for at least 1 h in UHP argon (Praxair) and
purging continued throughout the experiment.

A Solartron 1284 multistat was used to apply a constant poten-
tial to the electrode, half-immersed in a stirred electrolyte. A per-
iod of 60 min of cathodic cleaning at —1.0V (vs. Ag/AgCl in
saturated KCl) was required to guarantee a reproducible surface.
Over this time the cathodic current achieved a constant and repro-
ducible value. Once this value was achieved it was presumed that a
reproducibly defective Cr oxide/hydroxide layer was present and
that the current was completely due to water reduction. Subse-
quently, a film formation potential was applied for 44 h to grow
an oxide film, and Corrware software (Scribner Associates) was
used to record the data. The potentials applied were 0V (vs. Ag/
AgCl in saturated KCl) to grow the passive film [18]. Experiments
were performed at either room temperature (22 °C), 50 °C or 90 °C.

After film-growth, the specimen was immediately removed
from the cell, rinsed and ultrasonicated for 2 min in Type 1 water
(at the same temperature as the solution in the cell) to remove
any electrolyte left on the specimen surface. The specimen surface
was then dried in a stream of argon gas, placed in a small tin box
and stored in a desiccator. Subsequently, the specimen was ana-
lyzed using AR-XPS and ToF-SIMS. The reliability of these analyses
has been discussed previously [10].

2.3. Surface analyses

All AR-XPS analyses were carried out with a Kratos Axis Ultra
spectrometer at Surface Science Western using a monochromatic
Al Ko (1486.6 eV) source. The instrument work function was cali-
brated to give an Au 4f;, metallic gold binding energy of
83.95 eV. The spectrometer dispersion was adjusted to give a bind-
ing energy of 932.63 eV for metallic Cu 2ps/,. The Kratos charge
neutralizer system was used for all the analyses. The apparent
shifts of the spectra were calibrated using the C 1s peak set to
284.8 eV. High-resolution spectra were obtained using a 20 eV pass
energy, whereas survey spectra were recorded using a 160 eV pass
energy with an analysis area of ~300 pm x 700 pm. Two photo-
electron take-off angles (measured from the sample surface), 30°
and 90°, were used to analyze the oxide film on Alloy C-2000. Anal-
yses performed at the take-off angle of 30° probe shallower depths
than those recorded at an angle of 90°. Based on the inelastic mean
free paths for Ni and Cr oxides/hydroxides, a depth of 5 to 7 nm
would be probed at a take off angle of 90° and a depth of 2 to
4 nm at the angle of 30° [42]. By comparison of the information ob-
tained at a grazing take-off angle (30°) to that at an angle close to
the surface normal (90°), information on the variation of composi-
tion with depth can be obtained.

An ION-ToF time-of-flight secondary ion mass spectrometer
(ToF-SIMS 1V) was used to obtain the ToF-SIMS depth profiles
and cross-sectional images for sputtered specimens. A 1 keV Cs*
ion beam was used to sputter an area of 200 x 200 um? on the
specimen and negative secondary ions were collected from a
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100 x 100 um? area within the sputter crater using a 25 keV
monoisotopic Bi; primary ion beam. A smaller analysis area was
used within the sputter crater dimensions to avoid edge effects.
Each ToF-SIMS mass spectrum was calibrated using the exact mass
values of at least 3 known species in the spectrum collected during
profiling.

3. Results
3.1. Electrochemical behavior

Fig. 1 shows log- log plots of current transients recorded on Al-
loy C-2000 polarized at 0V (vs. Ag/AgCl in saturated KCl) for 44 h
at three temperatures (22, 50, 90 °C) in a neutral deoxygenated 5 M
NacCl solution. This potential was chosen because the passive film is
expected to be fully developed at this value [18]. For times <10% s
the current is almost independent of time at the two lower temper-
atures. This can be attributed to the change in composition and de-
crease in defect content of the cathodically-reduced air formed film
remaining on the electrode surface after the cathodic pretreat-
ment. For times >103 s the current density decreases logarithmi-
cally with log time at all three temperatures, as expected for the
solid state growth of a passive oxide [8,43]. After 44 h, while
steady-state is not achieved, current densities in the region of
100-300 nA cm 2 are measured indicating the establishment of
passivity. Although steady-state is not achieved after this period,
it is sufficiently long to establish the chemical properties of the
oxide film. A longer period of oxidation would be expected to
change the composition only slightly while eliminating residual
defects in the oxide. The currents are only slightly dependent on
temperature.

3.2. Surface analyses

3.2.1. AR-XPS results

An example of a survey spectrum on this alloy is shown in Fig. 2.
The surface compositions determined from XPS survey spectra at
the three temperatures recorded at the two angles are shown in
Fig. 3. As expected, the O signal is stronger at a take-off angle of
30° than 90° since the depth probed at the latter angle can pene-
trate into the alloy, Fig. 3(a). The O signal at both angles increases
with temperature indicating an increase in film thickness with
temperature. At 90 °C, the O signal at the two take-off angles ap-
proaches the same value as the substrate alloy becomes more dif-
ficult to detect beneath the thicker oxide film.
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Fig. 1. Log current density (j) - log time (t) plots recorded on Alloy C-2000
polarized at 0V (vs. Ag/AgCl in saturated KCl) at three temperatures (22, 50, and
90 °C) in neutral deoxygenated 5 M NaCl solution.
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Fig. 2. XPS survey spectrum measured at the take-off angles of 90° recorded on an
Alloy C-2000 surface after polarization at 0V (vs. Ag/AgCl in saturated KCl) (pH 7,
44 h) at 22 °C.
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Fig. 3. Oxygen content (a) and film cation compositions (b) determined from the
survey spectra measured at take-off angles of 30° (solid line) and 90° (dashed line)
recorded on Alloy C-2000 after polarization at 0 V (vs. Ag/AgCl in saturated KCl) (pH
7, 44 h) at various temperatures. The latter is corrected for contributions from the
metallic substrate determined from high-resolution spectra.

The cation composition of the film, corrected for contributions
from the metallic substrate (determined from high resolution
spectra) is shown as a function of temperature in Fig. 3(b). By



X. Zhang, D.W. Shoesmith / Corrosion Science 76 (2013) 424-431

comparison to the composition of the substrate, Ni is depleted and
Cr enriched in the oxide film, which is expected. With increasing
temperature the Ni content of the film increases while the Cr and
Mo contents decrease. The Cu content increases markedly over
the range 22 °C to 50 °C before decreasing at 90 °C. At 22 °C Ni ap-
pears to be slightly enriched in the inner regions (i.e., the Ni con-
tent is greater at the take-off angle of 90° compared to 30°) and
Mo in the outer regions of the film. The anticipated higher Cr con-
tent in the inner-barrier layer region of the film is not detected.

When the temperature is increased to 50 °C, changes in Ni and
Cr distribution are marginal, the enhanced Mo content of the outer
region disappears, and the segregation of Cu to the outer film is
clearly observed. When the temperature is further increased to
90 °C only marginal changes in the distribution of Cu and Mo are
observed while a significant redistribution of Ni and Cr occurs.
The relative Ni and Cr contents of the inner and outer layers of
the film increase, respectively. The overall decrease in Cr content
of the film suggests a significant decrease in Cr content of the in-
ner-barrier layer with temperature.

High resolution scans of the Ni2p, Cr2p, Mo3d, Cu2p, O1s and
C1s regions of the spectrum were performed at all three tempera-
tures and both take-off angles. As described previously [11], these
spectra were deconvoluted after a Shirley background correction
[44] using the peak parameter values published by Biesinger
et al. (Ni [42,45], O [42], Cr [45,46]), and McIntyre et al. (Mo
[47]). Examples of deconvoluted spectra have been published pre-
viously [11]. The relative amounts of the various species for each
element obtained from such spectra at each temperature are
shown in Fig. 4.

Fig. 4(a) shows that consistently higher OH and lower O con-
tents are observed at the shallower take-off angle (30°) indicating
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the outer region of the film is dominantly hydroxide and the inner
region dominantly oxide. The change in OH and O contents from
22 °Cto 50 °C indicates that, over this temperature range, the outer
hydroxide grows at the expense of the inner oxide. At 90 °C, how-
ever, the increase in O at the expense of OH content at a take-off
angle of 90° clearly demonstrates an overall increase in the inner
oxide thickness. The overall increase in the total surface oxide/
hydroxide thickness with temperature suggested by the results
in Fig. 3(a) is confirmed by the decreased contribution of the metal
signals for all three alloy components (Ni, Cr, Mo), Fig. 4(b-d).

Fig. 4(b) shows that the amount of Ni(OH), is much higher, and
that of NiO much lower, at the lower (30°) than the higher (90°)
take-off angle demonstrating that the hydroxide is enriched in
the outer regions compared to oxide in the inner regions of the
film. The relative Cr(OH); and Cr,Os; contents exhibit the same
take-off angle dependence, Fig. 4(c). Comparison of the signals
for both Ni and Cr, along with the observation that the Cr content
of the film decreases relative to that of Ni (Fig. 3(b)) shows that the
overall increase in the outer layer thickness over the temperature
range 22°C to 90°C is attributable to the accumulation of Ni
accompanied by the depletion of Cr.

The thickening of the inner layer oxide at 90 °C, Fig. 4(a), is con-
firmed by the increases in Ni (II) and Cr (IIl) oxide contents at a
take-off angle of 90°, Fig. 4(b and c). That this increased thickness
is predominantly due to Ni oxide formation is indicated by the re-
sults from the survey spectra, which show an increase in inner
oxide Ni content at the expense of the Cr content.

Although a relatively minor component of the oxide/hydroxide
film, the Mo oxidation states show significant changes with tem-
perature and take-off angle. At the two lower temperatures, the
relative amounts of Mo (VI) and Mo (V) are much higher at the
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Fig. 4. Relative compositions of O (a), Ni (b), Cr (c), and Mo (d) species in the Alloy C-2000 surface after polarization at 0 V (vs. Ag/AgCl in saturated KCI) (pH 7, 44 h) measured

at take-off angles of 30° (solid lines) and 90° (dashed lines) at various temperatures.
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Fig. 5. ToF-SIMS profiles recorded on Alloy C-2000 after polarization at 0 V (vs. Ag/
AgCl in saturated KCl) (pH 7, 44 h) at (a) room temperature (22 °C), (b) 50 °C and (c)
90 °C. The vertical dashed line represents the peak location of Cr(OH);.

lower (30°) then the higher (90°) take-off angle showing an enrich-
ment of the higher oxidation states in the outer regions of the film.
However, at 90 °C, the relative percentage of Mo (VI) measured at
the shallow take-off angle (30°) decreases significantly indicating
this state is no longer enriched in the outer regions of the film.
By contrast, despite the overall decrease in film Mo content,
Fig. 3(b), the relative Mo (V) and Mo (IV) contents measured at
the shallow take-off angle (30°) increase confirming their domi-
nance in the outer regions of the film.

As observed previously [11], a single Cu 2p3/2 high-resolution
peak with a binding energy ranging between 931.8eV and
932.9 eV was observed. This is close to the binding energy for both
Cu metal and Cu,0, which are within 0.1 eV of each other and can-
not be easily distinguished by XPS [48]. The satellite peak (5-10 eV
higher on the binding energy scale than the principal Cu 2p3/2
line) indicative of the Cu (II) state was not observed.

3.2.2. ToF-SIMS analyses

Fig. 5 shows the ToF-SIMS profiles for the negative ions de-
tected, and Fig. 6 the cross-sectional images reconstructed from
these sputtering profiles. Since the sputtering rates are unknown,
these profiles cannot be converted to exact depth profiles. Also,
since the negative ions detected in the spectra do not necessarily
represent the species which exist in the oxide, the exact oxidation
states of the ions cannot be determined. The sputtering profiles
show that each species exhibits a maximum intensity at a specific
time indicating its location within the film.

At the two lower temperatures the segregation of Cu and, to a
lesser degree Mo, to the outer regions of the film is observed. This
is particularly clear for Cu at 50 °C which is consistent with the XPS
survey spectra results, Fig. 3(b). The hydroxides of Ni, Cr, and Cu
are located at intermediate depths within the film and the inner
barrier layer region is composed primarily of Ni and Cr oxides, with
a strong enhancement of the latter compared to the Cr content of
the substrate alloy. This layered structure is clearly shown in the
cross-sectional images, Fig. 6, in which the lighter color indicates
the location of individual species within the film. The slightly
wider peaks in the sputtering profiles obtained at 50 °C, Fig. 5(b),
compared to those obtained at 22 °C, Fig. 5(a), confirm the increase
in film thickness with temperature and this is supported by the
cross-sectional images, Fig. 6(a and b). This is most readily appre-
ciated by comparing the widths of the light-colored panels (Fig. 6(a
and b) for the MoO; and Cr,0j5 ions at the two temperatures. Addi-
tionally, the peak for the CuO~ ion is more distinctly surface segre-
gated at 50 °C compared to 22 °C, Figs. 5(a and b) and 6(a and b).

The compositional profiles, Fig. 5(c), and cross-sectional images,
Fig. 6(c), confirm the major changes in film properties at 90 °C
compared to the two lower temperatures. The significant differ-
ence in scale (sputtering time) confirms the large increase in film
thickness indicated by the AR-XPS results. While Cu remains pri-
marily in the surface layer it is no longer as distinctly segregated
as at the two lower temperatures. Additionally, the loss of Cr (III)
oxide from the inner regions of the film, the presence of Cr (III)
hydroxide in the middle regions of the film, and the overall domi-
nance of the film by its Ni content are also clear. The loss of Cr (III)
from the inner barrier layer of the film as the temperature is in-
creased is best exemplified by the Cr,0; /MoO; and Cr,0; /CuO~
ratios obtained from the sputtering profiles, Fig. 7. The shorter
sputtering time required to achieve a peak in the Cr,0; /CuO™ ratio
(indicated by the vertical dashed line) compared to that for
Cr,05 /MoO; confirms the more emphatic surface segregation of
Cu compared to Mo at the two lower temperatures. The very signif-
icant decreases in these two ratios and the disappearance of the
peaks at 90 °C, confirm the loss of Cr (III) from the film consistent
with the XPS results.

4. Discussion

The properties of passive oxide films on Alloy C-2000 have been
studied as a function of temperature by AR-XPS and ToF-SIMS. The
presence of a layered structure has been demonstrated previously
and confirmed in this study [10,11]. The film comprises domi-
nantly hydroxides in the outer layer and oxides in the inner layer.
Cu and Mo segregate to the outer regions of the surface, leaving Cr
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Fig. 6. ToF-SIMS cross-sectional images for Alloy C-2000 reconstructed from sputtering profiles after polarization at 0 V (vs. Ag/AgCl in saturated KCI) (pH 7, 44 h) at (a) room
temperature (22 °C), (b) 50 °C and (c) 90 °C. The lighter colors indicate a higher content of the species shown in the images.

(and Ni) oxides enriched at the alloy/oxide interface. This segrega-
tion of Cr/Mo yields the bipolar film structure, consistent with
observations on Mo-containing stainless steels [49] and on Ni-
Cr-Mo alloys in acidic sulphate solution [8]. It has been claimed
that Mo (VI) is stabilized as MoOf{ in the outer layer of the film
by the high electric field, leading to the deprotonation of OH™~ with-
in the film to supply O required for formation of a protective
Cr,05 inner layer [50]. According to the results of Lloyd et al [7],
such a Cr/Mo segregation process is only observable on high-Cr al-
loys such as Alloy C-22 and C-2000.

The segregation of alloying elements in passive films is a well
known phenomenon, and can be attributed to either preferential
oxidation of one alloying element in the alloy or preferential disso-
lution of other elements from the film, or both [51]. The accumula-
tion of Cu on the surface of Ni-Cr-Mo alloys has been previously
observed by the authors but remains unexplained [11]. For 304
stainless steel (0.19 wt.% Cu) it was claimed that the preferential
dissolution of Fe, Cr, Ni, Mn and Mo lead to a residual Cu film which

inhibits steel dissolution [52], and the deposition of Cu on the sur-
face of 316 sintered stainless steel (0.25-5.0 wt.% Cu) appeared to
improve its corrosion resistance [53]. The beneficial effect of alloy-
ing with Cu was attributed to its stability when deposited Cu on an
anodically oxidized surface. While the morphology of the depos-
ited Cu on the surfaces of ferritic and austenitic steel was found
to vary [54], a metallic Cu layer is proposed by most researchers
[55]. However, the role of Cu in stainless steel remains undefined.
The deposited Cu layer was found to dissolve as CuCl,™ in solutions
of low pH and high CI~ concentrations at sufficiently positive
potentials, and its dissolution occurred at lower potentials as the
Cl~ concentration increased [52,54].

The chemical state of the Cu layer on the surface of Alloy C2000
after polarization at 0 V (vs. Ag/AgCl in saturated KCl) is difficult to
determine by XPS and ToF-SIMS, since Cu (II) species can be re-
duced to Cu (I) under X-ray exposure [48]. Thermodynamically,
Cu (I) would be expected at 0V (vs. Ag/AgCl in saturated KCI)
[54,56], but the closeness of the BEs for Cu and Cu,0 makes their
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Fig. 7. Cr,05 /MoO; (solid line) and Cr,05 /CuO™ (dotted line) intensity ratios from
ToF-SIMS sputtering profiles recorded on Alloy C-2000 after polarization at 0 V (vs.
Ag/AgCl in saturated KCI) (pH 7, 44 h) at 22 °C (black), 50 °C (red) and 90 °C (blue).
The vertical dashed and solid lines represent the locations of the peak Cr,0; /CuO~
and Cr,05 /MoOj ratios at 22 °C, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

separation in XPS spectra difficult. The CuO and Cu(OH), found on
Alloy C-2000 by ToF-SIMS is likely due to ion interactions in the
sputtering/analysis chamber of the instrument, and cannot be used
to confirm the oxidation state of the Cu.

The evolution of passive film composition and structure of Ni-
Cr-Mo alloys with temperature has not been previously character-
ized. Zadorozne et al. [57] studied the breakdown potentials for a
number of Ni-Cr-Mo alloys using the PD-GS-PD technique [29]
but did not investigate the influence of temperature. More recently
the same technique was used to measure the influence of temper-
ature on the initiation of crevice corrosion on a series (7) of Ni-Cr-
Mo alloys [58]. In these experiments the potential of a multiple
crevice assembly was monitored at an applied current of 30 pA
for 40 h at a series of individual temperatures, and the initiation
of crevice corrosion indicated by a sudden decrease in potential.
The temperature at which crevice initiation occurred was consid-
ered the passive film breakdown temperature. For high Cr alloys,
like the C-2000 used in this study, breakdown occurred for
T > 55 °C, and the breakdown temperature increased to 75 °C as
the Mo + W content of the alloy was increased.

Since these experiments were conducted on creviced electrodes
at an applied current of 30 pA, conditions inside the crevice when
film breakdown occurred would be acidified and any changes in
film composition prior to breakdown cannot be totally attributed
to temperature. However, Gray et al. [3] also identified the temper-
ature range 50 °C to 90 °C as that over which a substantial increase
in passive corrosion rate occurred, again under acidic conditions.

Although our experiments were conducted in neutral solutions,
any significant changes in film composition also occurred within
this temperature range. At 22 °C the bilayer structure of the passive
film was confirmed with an inner barrier layer of Ni/Cr oxide and
an outer hydroxide layer enriched in Mo and Cu. As the tempera-
ture was increased this structure was maintained up to 50 °C.
The passive current measured at this temperature is only slightly
greater than that measured at 22 °C consistent with the observa-
tions of Gray et al. [3] in acidic conditions. A loss of Cr content in
the inner and of Mo content in the outer layers was observed,
but this was accompanied by a significant increase in overall film
thickness.

These two counterbalancing influences, an increase in overall
thickness but a decrease in Cr/Mo content, would explain the

observed minor influence of temperature on the passive current
density over this temperature range (22 °C to 50 °C). When the
temperature was increased to 90 °C, these two trends continue;
the overall film becomes substantially thicker but significantly de-
pleted in Cr/Mo. Despite this depletion in the two elements gener-
ally responsible for the maintenance of passivity, the passive
current density increases by only a factor of 2 to 3. This minor in-
crease can be attributed to a very substantial thickening of the in-
ner layer oxide allowing passivity to be maintained despite loss of
Cr and Mo.

Our results are consistent with those of Gray et al. [3] who
found a similar lack of sensitivity of passive current to temperature
on Ni-Cr-Mo alloys for temperatures up to 50 °C. At higher tem-
peratures they claimed a slow increase in passive current with
increasing temperature could be attributed to an increase in Cr sol-
ubility. Our results show this provides only a partial explanation
which does not take into account the simultaneous increase in sol-
ubility of Mo and the ability of the thicker NiO/Ni(OH), to maintain
passivity. The common assumption that passivity can be viewed as
controlled by the rate of film regrowth at the alloy/oxide interface
in response to its chemical dissolution at the film/solution inter-
face does not apply.

While enrichment of Cu in the outer regions of the film is en-
hanced at both 50 °C and 90 °C its influence, if any, on maintaining
passivity remains to be elucidated.

5. Conclusions

The passive oxide films (0V vs. Ag/AgCl in saturated KCl) on
Alloy C-2000 at various temperatures were investigated by
surface-sensitive AR-XPS and ToF-SIMS techniques. Consistent
with previous results, the presence of a layered structure has been
demonstrated in this study at low and mild temperatures in
neutral solutions. All the surface analyses show consistently high
levels of hydroxides in the outer layer compared to oxides in the
inner layer, and Cu and Mo oxide/hydroxide are enriched in the
outermost surface. This confirms that the enrichment of Cr (and
Ni) oxides at the alloy/oxide interface, is the critical feature in
achieving passivity, while, Mo (and Cu) oxides segregate to the
oxide/solution interface.

As temperature increases, the film-growth process is enhanced
and the thicknesses of both the outer hydroxide layer and inner
oxide layer increase. Also, the Ni content of the film significantly
increases, whereas the Cr and Mo contents decrease with increas-
ing temperature. Cu becomes enriched in the outer regions of the
film, especially at intermediate temperatures. An increasing loss
of Cr,03 in the inner layer was observed as the temperature in-
creases, which becomes very significant at 90 °C, and the observed
loss of Cr/Mo segregation in the film may eventually lead to passiv-
ity breakdown if the temperature is increased far enough.
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