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Electrochemical and surface analytical techniques (X-ray photoelectron and Auger spectroscopies) were
used to characterize the influence of potential on the properties of the oxide film formed on the Hybrid BC-
1 (aNi-Cr-Mo) alloy in chloride solutions containing bicarbonate. In the passive region the film possesses
the expected bilayer structure with a Cr(IlI)-dominated barrier layer containing mixed oxidation states
of Mo and an outer dominantly-hydroxide layer. At more positive potentials the Cr/Mo content of the
film decreases when bicarbonate is present and the alloy becomes covered by a thick (>100 nm), and only
partially protective, Ni(OH); layer
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1. Introduction

Nickel-Chromium-Molybdenum alloys are widely used in cor-
rosion resistant applications. They owe their exceptional corrosion
resistance to a thin protective oxide (passive) film, which pro-
tects the underlying metal/alloy [1]. The major alloying elements,
chromium (Cr) and molybdenum (Mo), play an important role
in maintaining the passivity of the alloy, Cr primarily by form-
ing a passive barrier oxide layer on the surface, while Mo is
thought to inhibit localized corrosion by repairing the barrier
layer after breakdown [2-5]. Efforts to optimize the Cr and Mo
contents resulted in significant improvements in the corrosion
resistance in aggressive environments [6]. This last decade has
seen a considerable effort focused on understanding the cor-
rosion behavior of these highly corrosion resistant Ni-Cr-Mo
alloys in aggressive environments, since C-22 (UNS N06022)
(Ni-22Cr-13Mo-3W) was chosen as a candidate material for
nuclear waste containers in the Yucca Mountain project (Nevada,
USA).

Many recent studies on Ni-Cr-Mo or Ni-Cr-Mo-W alloys have
concentrated on low pH conditions, either in bulk acidic solution
[4,6-9] or under crevice corrosion conditions [5,10-17] when a
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low pH environment can exist beneath the crevice former. Lloyd
et al. [6] studied the effect of major alloying elements, Cr, Mo and
W on the passive film behavior of various Ni-Cr-Mo (W) alloys
in acidic solution. Based on electrochemical and surface analytical
studies, it was reported that the high-Cr alloys developed better
passive oxide films due to their higher Cr content and the increased
segregation of Cr-Ni to the inner oxide and Mo-W to the outer
oxide.

Recently, Zhang et al. [18] investigated the influence of pH and
temperature on passive film stability on the C-2000 alloy (UNS
N06200) (Ni-23Cr-16Mo-1.6Cu). Based on X-ray photoelectron
spectroscopy (XPS) and time of flight-secondary ion mass spec-
troscopy (TOF-SIMS) analyses they showed that an increase in Ni,
and decreases in Cr and Mo, contents occurred when the tem-
perature was increased from 50°C to 90 °C. While this would be
expected to destabilize the passive film it was offset by an increase
in thickness of both the inner barrier layer oxide and the outer
hydroxide layer. The influence of pH was studied using the same
surface analytical techniques. As the pH decreased (from 7 to 4
to 1) the film thickness decreased, but this was compensated by
an increase in the Cr and Mo contents of the film. These results
are consistent with those of Lloyd et al. [6,19] and explain why
the passivity is maintained down to at least pH=1. However, a
more detailed XPS analysis showed that, despite this increase in
Cr content, there was a relative decrease in the overall Cr (III) oxide
content of the barrier layer at the alloy/oxide interface, a clear
sign that the film would eventually destabilize when the pH was
decreased further.
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In room temperature solutions, Zhang et al. have demonstrated
[18,20] that excellent passivity is maintained up to 200 mV (vs SCE)
for both C-22 and C-2000 even in extremely concentrated chloride
(5.0 mol/L) solution. However, potentiodynamic studies on C-22 in
a concentrated simulated groundwater (SCW), containing chloride,
nitrate, sulphate, fluoride, bicarbonate/carbonate (pH 9.7; 95°C),
showed the presence of an anodic peak at ~250 mV (SCE) [21]. This
peak was present only when carbonate/bicarbonate was present
in the solution. Additionally, if the potential was held potentio-
statically in this region, and a sufficient load applied, the C-22 alloy
experienced transgranular corrosion and failed by SCC. By contrast,
when carbonate/bicarbonate was absent only plastic deformation
was observed despite the presence of a high chloride concentration
[21,22].

Dunn et al. [23] characterized the electrochemically grown
oxide film on C-22 at different potentials in this solution (SCW)
as well as in solutions containing either chloride (0.19 mol/L) or
bicarbonate (1.14mol/L). In the chloride solution the film thick-
ness at a potential of 400mV (SCE) was only ~30-40nm. By
contrast in bicarbonate solution and SCW the film thickness
at this potential, within the anodic peak region, was ~200nm
and ~300nm, respectively. The oxide film thickness was deter-
mined by the depth at which the Ni concentration reached
a constant value, which would lead to an over estimation of
oxide film thickness which is best determined as the depth at
which the oxygen concentration reaches half of its maximum
value [24-26]. It was proposed that Cr depletion in bicarbon-
ate and SCW was the cause of SCC in this potential region
[21].

Szmodis et al. [27] characterized the oxide film formed on C-22
in SCW solution at 90° C using XPS and atomic force microscopy
(AFM). The XPS spectra of an oxide film grown at a potential in
the anodic peak region (~200-400 mV, SSC) contained Ni peak,
but no peaks for Cr, Mo and W. Further, the AFM studies showed
that the oxide film was porous with interconnected filaments. Most
recently, Zadorozne et al. [28] observed this anodic peak in bicar-
bonate solutions for C-22 alloy, Alloy 800H (Ni-21Cr-45Fe) and
Alloy 600 (Ni-16Cr-9Fe) but not for Alloy 201 (Ni-0.1Fe), the only
alloy not containing Cr as an alloying element. The authors also
observed that the anodic peak potential decreases with increase in
temperature. However, no discussion of the origin of the peak was
discussed.

These studies show that an enhanced anodic current in this
potential region is generally observed for Cr-containing Ni-based
alloys in bicarbonate/carbonate solutions, and may be a precur-
sor to SCC. To date no convincing explanation of this behavior
has been offered. In this paper a more comprehensive electro-
chemical and surface analytical study of this phenomenon is
presented using the Hybrid-BC1 (UNS N10362) (Ni-15Cr-22Mo)
alloy.

2. Experimental
2.1. Electrode and solution preparation

A cubic specimen of Hybrid-BC1 alloy with a total surface area
of 14.06cm? was cut from plate material supplied by Haynes
International, Kokomo, Indiana (USA). A small tapped hole was
machined on the top of the specimen to enable contact to a cylin-
drical rod. This connector to the external circuit was sheathed in
glass and sealed with a Teflon gasket to prevent contact with the
electrolyte. The specimen (working electrode) was then polished
with a series of wet silicon carbide papers up to 1200 grit, rinsed
with deionized water and acetone, and then air dried prior to an
electrochemical experiment. The specimen was partially immersed

in the electrolyte to avoid the possibility of a crevice site at the
Teflon/specimen interface. A platinum foil and a saturated calomel
electrode (SCE) were used as the counter and reference electrodes,
respectively.

A standard jacketed, three-electrode cell was connected to a
water circulating thermostatic bath allowing control of the solution
temperature to within 1°C. The reference and counter electrodes
were housed in separate compartments attached to the main body
of the glass cell through glass frits. The cell was placed in a Faraday
cage to reduce external sources of electrical noise. The solution was
deaerated with Ar throughout the experiment. Experiments were
conductedin 1 M NaCl, 0.1 MNaHCO3,and 1 M NaCl +0.1 MNaHCO3
solutions at 60 °C. The pH of the solution used was recorded before
and after each experiment. The solution was prepared using de-
ionized (DI) Milli-Q Millipore water (18.2M£2 cm) and reagent
grade salts. A fresh solution was prepared for each experiment
and all experiments were repeated at least twice to confirm repro-
ducibility.

2.2. Electrochemical methods

The corrosion potential (Ecorr) Was recorded for 1h before
each polarization experiment. Potentiodynamic scans were per-
formed from ~250mV below E. to 800mV at a scan rate
of 0.167 mV/s. Oxide films for surface analyses were grown by
scanning the potential from E. to the desired film growth
potential and then holding it there for 9h. A slow scan from
Ecorr to the applied potential was used instead of the commonly
applied potential step. This avoided the initial surge in cur-
rent which is always observed when a potential step is applied.
No cathodic cleaning was performed before any electrochemical
experiment.

Previous studies on Ni alloys show that the cyclic potentiody-
namic polarization (CPP) technique is not a conservative approach
for determining susceptibilities to localized corrosion [10,14]. Con-
sequently, the potentiodynamic-potentiostatic—potentiodynamic
(PD-PS-PD) technique was used. The potential was scanned at
0.167 mV/s from ~250 mV below Eq, to different potentials above
the apparent film breakdown potential, held at a potential for 9h
and then scanned back to Ecorr. The absence of positive hystere-
sis in the current-potential curve is an indication that no localized
corrosion initiated.

2.3. Surface characterization techniques

Electrodes anodically oxidized for surface analyses were rinsed
gently with DI water and air dried prior to characterization. SEM
images were obtained on a Hitachi S-4500 field emission SEM
equipped with an EDAX™ EDX system at Surface Science West-
ern (SSW). XPS analyses were performed with a Kratos AXIS Nova
XPS at SSW employing monochromatic Al K, (1486.7 eV) radiation.
The binding energy was calibrated to give an Au 4f;, line position
at 83.95 eV. XPS spectra were corrected for charging by taking the C
1s spectrum for adventitious C to be at a binding energy of 284.8 eV.
Survey spectra were recorded on all samples followed by high reso-
lution XPS spectra for the Ni 2p, Cr 2p, Mo 3d, C 1s and O 1s regions.
The XPS spectra were analyzed using the commercial CasaXPS™
software.

Auger analyses were performed using a PHI 660 Auger electron
spectrometer (AES) instrument with an excitation energy of 5 keV.
Depth profiles were obtained by sputtering using an Ar* ion beam.
A survey scan was acquired for each sample and during depth pro-
filing the signal intensities for Ni, Cr, Mo and O were monitored as a
function of sputtering time. To convert sputtering times to depths,
similar measurements were performed on a Hybrid-BC1 alloy
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Fig. 1. (a) Potentiodynamic curve for the Hybrid-BC1 alloy recorded in 1M NaCl,
0.1 M. NaHCO3; and 1M NaCl+0.1 M NaHCOs solutions at 60°C. The dashed lines
indicated. The potentials used in experiments to produce XPS and Auger specimens
and (b) a PD-PS-PD curve in 1M NaCl+0.1 M NaHCOs solution at 60°C.

covered with an air-formed native oxide. The sputtering rate
obtained on this reference specimen was 28 nm/min and it was
assumed that the sputtering rate for an electrochemically oxidized
surface was similar to that of the reference specimen.
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Fig. 3. SEM micrograph of the oxide film grown at 425mV in the chlo-
ride/bicarbonate solution at 60°C.

3. Results and discussion
3.1. Electrochemical film growth

Fig. 1(a) shows the potentiodynamic curve recorded on the
Hybrid-BC1 alloy in chloride, bicarbonate and chloride/bicarbonate

(a)

2.0x10°

1.5x10°

1.0x10°

counts/a.u.

5.0x10*

0.0 1 1 1 1 1
1200 1000 800 600 400 200 0

Binding Energy/eV

(b)

100 |
90 | .
—e— Ni
80 - —e—Cr
—e— Mo
70
60 |
50 |
40 +
30
20

Atomic Content in the Film (at%)

10 -’\

2

|— o

0

100

200

300 400

500 600

700

3
log (t/s)

Fig. 2. Current-time plots recorded on the Hybrid-BC1 alloy in 1M NaCl+0.1M
NaHCOs at. 60°C.
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Fig. 4. (a) Survey spectrum recorded on the Hybrid-BC1 alloy at OmV in chlo-
ride/bicarbonate solution at 60°C and (b) film cation composition (normalized)
determined from XPS survey spectra. The shaded region shows the potential range
containing the anodic current peak.
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Fig. 5. Deconvoluted high resolution XPS spectrums for the Ni 2p region recorded on a film grown at (a) 0 mV, (b) 325 mV, (c) 425 mV, and (d) 625 mV in chloride/bicarbonate

solution at 60°C.

solutions at 60°C. The pH of the chloride solution changed from
7.3 to 6.8 during the course of the experiment. In the case of the
bicarbonate and chloride/bicarbonate solution, the pH of the solu-
tion remained effectively constant at 8.3. At higher potentials, an
anodic peak is observed at ~400mV (SCE) in both the bicarbon-
ate and chloride/bicarbonate solutions but not in the chloride-only
solution. At potentials beyond this peak pseudo-passive behavior
is observed in the potential range, ~450-750 mV. These results
demonstrate that the state of the electrode surface after the barrier
layer degradation at potentials >~200 mV is different to that in the
chloride solution. The rapid increase in the current beyond 200 mV
in the bicarbonate-containing solution could result in localized cor-
rosion.

To determine whether this is the case the PD-PS-PD technique
was applied. The potential was scanned to 600 mV, held poten-
tiostatically for 9h and then scanned back to a potential lower
than Ecorr. As shown in Fig. 1(b), no positive hysteresis indicating
the onset of localized corrosion was observed. Similar experiments
were performed at a series of potentials (E,, ) throughout the range
from 200 mV to 600 mV, but did not reveal a positive hysteresis,
confirming that the current increase at potentials >200 mV is not
due to the onset of localized corrosion but to a general degradation
of the surface oxide.

To characterize the surface composition, oxide films were grown
potentiostatically at potentials of 0, 325, 425 and 625mV; i.e.,
before, around and beyond the anodic peak, as indicated by the
dashed lines in Fig. 1(a). Fig. 2 shows the current at all four poten-
tials plotted on a log-log scale. The early independence of current
on time can be attributed to the modification of the native oxide

initially present during the potentiodynamic scan to Ej,. The even-
tual logarthmic decay in current can then be attributed to the
further growth, compositional change and the defect annealing of
the surface oxide.

In the passive region (0mV) the current decays to a very
low value consistent with the formation of a passive layer. At
325mV (i.e., in the rising current region prior to the peak potential,
Fig. 1(a)) the initial current is higher than at 0 mV, as expected, but
then increases before finally decaying again. The current increase
indicates an initial degradation in the film properties before the
degraded film begins to improve again. At the two highest applied
potentials this transient behavior is not observed, the degradation
processin the film probably having occurred during the potentiody-
namic scan through the anodic peak region. Eventually, the current
at long times becomes independent of potential for E>325mV,
suggesting the properties of the film are identical. Since steady-
state has not been achieved after 9h of potentiostatic oxidation,
the pseudo-passive properties of the film continue to improve.

3.2. Surface analyses

3.2.1. SEM results

The film grown at 0 mV is featureless and the original surface
roughness remains visible as expected for the formation of a very
thin passive film only a few nanometers thick. The SEM image in
Fig. 3 shows the film grown at 425 mV (the peak potential) is porous,
at least superficially, consistent with the higher current observed.
However, the continuing decrease in current with time, Fig. 2(b),
indicated that this film is becoming more resistive with time,
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Fig. 6. Deconvoluted high resolution XPS spectrum for the Cr 2p region recorded on
a film grown at (a) 0mV and (b) 325 mV in chloride/bicarbonate solution at 60 °C.

possibly due to a resealing (at least partially) of the pores shown in
Fig. 3.

3.2.2. XPS results

XPS survey spectra were recorded at all four potentials: the
spectrum for O mV recorded in the chloride/bicarbonate solution
is shown in Fig. 4(a) as an example and contains the Ni 2p, Cr 2p,
Mo 3d, O 1s and C 1s peaks. The normalized cation composition (Ni,
Crand Mo) of the oxide film, corrected for any contribution from the
alloy substrate (determined from high resolution spectra) is plot-
ted as a function of applied potential in Fig. 4(b). The shaded area
in this figure indicates the potential region containing the current
peak. In the passive region (0 mV), the film was found to be com-
posed of ~50% Cr, ~30% Ni and ~10% Mo. As expected, the passive
film is enriched in Cr. When the potential is increased to 325 mV,
a potential in the rising section of the anodic peak (Fig. 1(a)), the
concentration of Ni in the oxide film increased significantly at the
expense of Cr and Mo. In the anodic peak region and above, the
film was completely transformed to Ni oxide/hydroxide, with little
to no Cr and Mo. These analyses confirm the formation of a non-
protective film, as suggested by the SEM image in Fig. 3, which
is predominantly Ni oxide/hydroxide and apparently completely
depleted in Cr and Mo.

Fitted high-resolution XPS spectra, recorded for the Ni 2p, Cr 2p,
Mo 3d, O 1s and C1s regions are shown, corrected using a Shirley
background correction, in Figs. 5-7. The spectra were deconvoluted
for the different contributing species according to the procedures
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Fig. 7. Deconvoluted high resolution XPS spectra for the Mo 3d region recorded on
a film grown at 0 mV in chloride/bicarbonate solution at 60 °C.

published by Biesinger et al. [29,30], Biesinger et al. [30,31], and
Mclntyre et al. [32] for Ni, Cr, and Mo, respectively.

For all elements a signal for metal is only observed after anodic
film growth in the passive region (0 mV). At this potential for Ni,
Ni(OH); is the dominant species detected in the film, Fig. 5. For
Cr a substantial contribution from Cr'!! oxide is observed, Fig. 6(a),
the relative contributions of Cr species being 12%, 26%, and 64% for
Cr(metal), Cr,03 and Cr(OH)s, respectively. For Mo the percentages
for Mo(IV), Mo(V), and Mo(VI) are 14%, 6% and 14%, respectively,
Fig. 7. These percentages are consistent with expectations for a
passive film on Ni-Cr-Mo alloys based on previous analyses for
the C-22 and C-2000 alloys [18,20]. The high Cr,03 content is con-
sistent with the presence of a passive barrier layer and the mixed
oxidation states of Mo and high hydroxide contents for both Ni and
Cr with the presence of an outer hydroxide layer.

On increasing the anodic potential the film thickness increases
and the signals for metallic species are no longer observed, Fig. 4(b).
For Ni, the spectrum is dominated by the oxide/hydroxide content,
Fig. 5(b), while for Cr the Cr,03 content is substantially reduced, the
relative proportions of Cr,03 and Cr(OH)3; being 14% and 83% (the
remaining 3% being Cr(metal)). For Mo, no signal is detected, indi-
cating the presence of a film thick enough to obscure the substrate
alloy with a degraded barrier layer covered by an oxide/hydroxide
film containing no Mo.

Further increasing the potential to 425mV (i.e., to approxi-
mately the anodic peak potential value, Fig. 4(b)) yields a film which
is dominantly Ni(OH),. The apparently complete absence of Cr and
Mo in the film, Fig. 4(b), suggests the protective Cr-containing bar-
rier layer is effectively destroyed and the protective segregated
outer layer of Mo oxide/hydroxide lost. This conversion to Ni(OH),
with increasing potential is clearly demonstrated in Fig. 8 which
shows the at% of the various Ni species detected in the film at all
four potentials. The shaded area shows the potential range of the
anodic peak. The residual predominantly Ni(OH), surface film is
porous, Fig. 3, and partially protective as indicated by the higher
currents observed, Fig. 1(a) and 2(b). Depending on the thickness
of the film it is possible that the thick outer layer of Ni(OH),/NiO
obscures a sublayer containing Cr and Mo at the alloy/oxide inter-
face but undetectable by XPS. Since the current after 9 h at the three
higher potentials continues to decrease with time the alloy surface
is becoming more protected either by the thickening of the partially
protective Ni(OH), layer or by the regrowth of a partially protective
barrier layer at the alloy/oxide interface.
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3.2.3. AES analyses

AES analyses were performed to determine the variation in film
composition with depth and the film thickness as a function of
applied potential. The films analyzed were anodically grown using
the same potential scan and 9 hour potentiostatic hold employed
in the XPS experiments. The depth profiles recorded at the four
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potentials are shown in Fig. 9 and the film thicknesses in Fig. 10.
Oxide thicknesses were obtained from these profiles as the sput-
tering depth at which the O signal reached half of its maximum
(surface) value. The shaded region in the figure shows the poten-
tial range from barrier layer degradation to just beyond the peak
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These profiles confirm the presence of a thin film in the pas-
sive region (0 mV) and a major increase in film thickness once the
current increases into the anodic peak region. The profile recorded
after oxidation at 325 mV confirms the XPS results showing that at
this potential (after 9 h) the film retains some Cr in the inner regions
of the film at the film/alloy interface while Mo is considerably more
depleted. At the highest two potentials the filmis depleted through-
out of Cr and Mo. These results confirm that the decreasing currents
in Fig. 2 can be attributed to the thickening of the Ni(OH), film
and that no residual or regrown Cr/Mo-containing barrier layer is
present at the alloy surface.

4. Conclusions

Potentiodynamic polarization curves recorded on the Hybrid
BC-1 Ni-Cr-Mo alloy show an unexpected increase in anodic cur-
rent at potentials at which passivity is maintained in the absence of
carbonate. Experiments using the PD-PS-PD technique show that
this is due to a general degradation in film properties not the onset
of localized corrosion.

XPS analyses confirm that, at lower potentials, prior to the cur-
rent increase, the surface is covered by a thin oxide with high
Cr(Ill) oxide content and containing mixed Mo oxidation states as
expected in a passive film.

XPS analyses also show that the current increase is accompa-
nied by the loss of Cr and Mo leading to a film which is effectively
Ni(OH); containing small amounts of NiO.

Auger spectroscopy measurements confirm these chemical
changes and demonstrate that the Ni(OH), film is up to two orders
of magnitude thicker than the passive film and only partially pro-
tective to the substrate alloy.
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