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XPS characterization of oxide films formed in
cobalt-based alloys during corrosion tests at

high temperature
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Hard-facing cobalt-based alloys, type Stellite-6, are widely used for wear resistance in components of nuclear
reactor coolant circuits. In this work, high-temperature (290°C) corrosion tests have been performed under
simulated pressurized-water reactor (PWR) primary heat transport circuit conditions at two different pHs.
The corrosion resistance of this alloy was evaluated by weight-loss measurements in long-term tests. Surface
analysis of the samples, using x-ray-photoelectron spectroscopy (XPS) and subsequent composition—depth
profiles, was performed in order to characterize the oxide films (composition, thickness, etc.) formed during
exposure at high temperature. Quantitatively different oxide film thicknesses were detected in the two
conditions studied, but only slight qualitative differences were observed in the composition of the oxide layers.
In both conditions the results seem to show that the corrosion mechanism of this alloy is characterized by
preferential dissolution of cobalt and the formation of a protective chromium oxide film. Copyright © 2000

John Wiley & Sons, Ltd.
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INTRODUCTION

EXPERIMENTAL

Stellite-6 is a cobalt-based alloy that is used frequently as
a hard-facing material in the primary heat transport circuit
of nuclear reactors. The main property of this alloy is its
high resistance to wear, corrosion and erosion. However,
because this alloy can suffer corrosion degradation when
exposed to operating conditions, it represents a significant
source of ¥Co to the primary coolant system that can
be transformed into radioactive ®Co, thus increasing the
radiation fields. Although Stellite-6 only represents 0.03%
of the total area of a primary coolant circuit (as wearing
material for valves, pumps and other components), it
can represent up to 70% of the total cobalt released to
coolant.'

Previous XPS studies of corrosion behaviour on these
materials>™* have shown the formation of a chromium-
enriched and cobalt-depleted oxide layer, from which it
may be deduced that preferential dissolution of cobalt
was the main degradation mechanism. The influence of
redox conditions on this mechanism has been reported**
in the literature but a lack of information exists about
the effect of pH. Considering the possible pH variation
during operation of a pressurized-water reactor (PWR)
and in order to evaluate its influence on the behaviour of
Stellite-6, two primary coolant conditions have been simu-
lated. Weight-loss measurements and x-ray photoelectron
spectroscopy (XPS) have been used to characterize the
degradation extension and the oxide films.

* Correspondence to: C. Maffiotte, CIEMAT-DFN, Avda. Com-
pluténse 22, 28040 Madrid, Spain.
E-mail: cesar.maffiotte @ciemat.es
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A rod of cast Stellite-6 alloy, 30 mm diameter, was
machined by electro-erosion into 3 mm thick discs. After
the machining, the specimens were prepared by abrasion
with No. 600 silicon carbide paper prior to the corrosion
tests. The nominal composition of the alloy (in wt.%)
was: 56.66% cobalt, 30.12% chromium, 4.51% tungsten,
2.49% nickel, 2.28% iron, 1.21% molybdenum, 1.13%
carbon, 0.83% silicon and 0.77% manganese. The alloy
microstructure consists of a cobalt- and chromium-rich
solid solution matrix, together with a precipitate phase
rich in chromium and tungsten.

High-temperature (290°C) corrosion tests have been
performed under simulated PWR primary heat transport
circuit conditions at two different pHs. Experimental work
was carried out in a high-temperature and high-pressure
recirculating loop. The specimens were exposed to the
following environments: solution A (300 ppm H;BO; +
2.65 ppm LiOH + 2 ppm H,, pH,y,.c 7.4) and solution B
(2000 ppm H3;BO; + 2 ppm H,, pH,gq0c 5.05), for periods
of 250, 1000 and 2000 h. Corrosion behaviour of the alloy
was evaluated by weight-loss measurements and analyses
of the oxide layers by XPS.

The XPS analyses were carried out with a Perkin-Elmer
PHI 5400 spectrometer equipped with an Mg Ko exci-
tation source (hv = 1253.6 eV) and a beam size of
1 mm diameter. The spectrometer was calibrated using
copper, gold and silver standards. Typical operation con-
ditions were: x-ray gun, 15 kV, 20 mA; pressure in the
sample chamber ~10~° Torr; pass energy, 89.5 eV for
general spectra (0—1100 eV) and 35.75 eV for high-
resolution spectra. In order to take into account the charg-
ing effects on the measured binding energies, accurate
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binding energies were determined by referencing to the
adventitious C 1s peak at 285.0 eV.

Composition—depth profiling was performed by sequen-
tial XPS surface analysis and ion sputter etching using a
1.5 keV argon ion flux. The focused ion beam (~2 mm
spot size) was rastered over an area of 0.35 cm?, whereas
the average current density (measured with a Faraday cup)
was 10 pA cm™>. Calibration of the ion sputter etching
rate (1.5 nm min~') was achieved by depth profiling a
Ta,Os thin film of known thickness. Pressure in the sample
chamber during this process was ~10~" Torr. Preferen-
tial sputtering effects may cause some variation in the
quantitative profile results,’ but no corrections were made.
Depth—composition profiles were obtained using the Co
2p, Cr 2p, Fe 2p, Ni 2p, W 4f, O 1s and C 1s lines. On
the samples tested at 250 h, Co 3p, Cr 3p, Fe 3p and
Ni 3p peaks were also included, because these transitions
are less affected than peaks at higher energies by surface
contamination and preferential sputtering effects.>* How-
ever, no significant differences were seen between either
kind of analysis. Some sputter-induced effects, such as
dehydration of metal hydroxides and the reduction of the
higher oxides of iron to FeO, have been reported.®’” On
the other hand, it is known**8 that CoO and Cr,0O; are
predominantly stable under ion sputtering.

RESULTS AND DISCUSSION

Very small weight losses have been obtained in Stellite-
6 in both of the environments tested, as was to be
expected in this high-corrosion-resistant alloy. In spite
of these small weight losses, slight differences between
both solutions could be observed because the weight loss
measured (in mg dm~2) in specimens tested in solution B
(pPH,900¢ 5.05) are higher than in solution A (pH,gyec 7.4)
[Fig. 1(a)]. Furthermore, corrosion is best reported as the
corrosion rate (mg dm=2 day™'), calculated for each test
as the ratio between the weight losses and the exposure
time [Fig. 1(b)]. In this case, the corrosion rate obtained
in solution B clearly decreased when the exposure time
changes from 250 to 1000 h. These results indicate that
specimens tested in solution B showed more material
dissolution, especially at the shortest test. ,

The XPS analyses were firstly made at the outermos
surface of the samples, revealing that the main elements
on the unsputtered sample surface were oxygen, carbon,
chromium, iron, cobalt and nickel. No tungsten was found
on the outer surface of the samples, which is in good
agreement with some previous studies.>*°

The chemical shifts on the 2p core-line spectra revealed
that the most probable species at the outermost surface
of all the samples tested were the hydroxides Co(OH),
(with CoO as a minor component), FeOOH and Ni(OH),,
rather than the oxidized forms,*!®!! although the follow-
ing considerations must be taken into account. The Fe
2ps» peak position coincides with a mixture of FeOOH
as the predominant species and Fe,O; or spinel-type
oxides.®!'=!* However, because the peak position for
spinel-type oxides covers a range of energies from 710.6
to 711.4 eV,%!31* we cannot discard the presence of some
spinel-type oxides. In addition, the partial overlapping
between the high Cr LMM Auger transition and the char-
acteristic satellite (~8 eV above the Fe 2p;, peak) of
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Figure 1. Results of corrosion tests of Stellite-6 tested in solution
A (300 ppm H3BO;3; + 2.65 ppm LiOH + 2 ppm H) and solution B
(2000 ppm H3BO; + 2 ppm H,); (a) weight-loss measurements
(mg dm~2); (b) corrosion rates (mg dm=2 day~").

FeOOH and Fe,0; does not permit us to discard the exis-
tence of any of these compounds. In spite of there being no
clear distinction between chromium oxide and hydroxide,
it seems that chromium appears as a mixture of CrOOH
and Cr,0;,""'S which have been generally reported to
form the passive layer of chromium alloys in accordance
with thermodynamic predictions.!” If considering the Cr
2ps;; and O 1s peak positions, it seems that CrOOH is the
most probable compound for samples exposed to solu-
tion A but Cr,0; is the most probable species for samples
exposed to solution B. However, a complete and unequiv-
ocal characterization was not possible.

The XPS depth profiles showed the development of
a chromium-enriched cobalt-depleted oxide film, which
was thicker in samples exposed to solution B (pH,gyec
5.05) in comparison with those exposed to solution A
(pPHyg9oc 7.4). As an example of these profiles, Figs 2 and
3 show the depth profiles obtained for 2000 h tests in
solutions A and B, respectively. The average thickness of
the oxide layer was approximately constant (~75 nm) for
samples A, but for samples B was smaller for the sample
exposed to 250 h (~150 nm) than for the samples exposed
to 1000 and 2000 h (~350 nm). The average thickness
was estimated by taking into account the point at which
the elemental concentration of the main alloy components
was in good agreement with the nominal composition.
The larger thickness of the oxide layers in samples B and
the weight loss results would be consistent with the fact
that solution B is slightly more corrosive than solution
A. Moreover, the increase of the oxide layer thickness
from 250 to 1000 h in the samples exposed to solution B

Copyright © 2000 John Wiley & Sons, Ltd.
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Figure 2. Depth profile of Stellite-6 tested in solution A (300 ppm H3BO;3; + 2.65 ppm LiOH + 2 ppm H;) for 2000 h: (a) Co, Cr, Fe, W and

O normalized to 100%; (b) Co, Cr, Fe and W normalized to 100%.
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Figure 3. Depth profile of Stellite-6 tested in solution B (2000 ppm H3BO; + 2 ppm H,) for 2000 h: (a) Co, Cr, Fe, W and O normalized to

100%; (b) Co, Cr, Fe and W normalized to 100%.
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Figure 4. The XPS composition—depth profile of Stellite-6 tested in solution A (300 ppm H3BO; + 2.65 ppm LiOH + 2 ppm H,): (a) 250 h
of testing; (b) 2000 h of testing.
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Figure 5. The XPS composition—depth profile of Stellite-6 tested in solution B (2000 ppm H3BO; + 2 ppm Hy): (a) 250 h of testing;

(b) 2000 h of testing.

and their corresponding weight loss values suggest that a
protective film was not already formed at 250 h.

Figures 4 and 5 show the XPS composition—depth
profiles, with separate oxidized and metallic forms, for
samples tested at 250 and 2000 h in both environments.
These profiles have been obtained by plotting cumulatively
on the ordinate the relative metal concentrations. The
accurate chemical form of the oxide cannot be determined
because of ion-sputtering-induced effects, as mentioned
above.®” For this reason, we followed the procedure of
Mclntyre et al.,* Hocking et al.,>* and Taylor and Annson,’
i.e. to label the oxide phases according to the most stable
species (CoO, Cr,0;, FeO) under ion etching.*~®

In spite of the mentioned thickness differences, there
were no significant changes in the qualitative oxide com-
position. In both conditions, no cobalt oxide was detected

Copyright © 2000 John Wiley & Sons, Ltd.

close to the alloy surface. This seems to indicate, accord-
ing to Mclntyre et al.,? that cobalt ions are being dis-
solved preferentially in the solution as rapidly as they
diffused to the interface. A subtle difference could be seen
between both environments: metallic chromium was evi-
dent within a few monolayers of the outermost surface
only for exposures to solution B, whereas for samples
exposed to solution A it was detected some nanometres
beneath the outermost surface, when the cobalt concen-
tration began to increase at the expense of oxygen (see
Figs 2 and 3). Another difference was that the cobalt con-
tent in the oxide layers was slightly higher for samples
A. This fact seems to be in accordance with the higher
thermodynamic stability of CoO in this environment.'®
Thus, under both chemistry regimes, chromium-enrich-
ment and cobalt depletion were evident within the oxide

Surf. Interface Anal. 30, 161-166 (2000)
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film. The formation of this strongly chromium-enriched
oxide layer indicates a preferential dissolution of cobalt
at the oxide/solution interface. This is consistent with
the significant solubility of cobalt and the negligible
solubility of chromium under these conditions.>® The
growth of the oxide films in Stellite-6 in lithiated and
borated high-temperature water under reducing conditions
has been attributed to a solid-state diffusion process due to
the replacement of cobalt (outward diffusion) by oxygen
(inward migration).>~* However, according to Hocking
et al.’ during the initial oxidation stages, before the
formation of a protective oxide, the controlling factor must
be kinetic reactions at the solution/surface interface.

Iron was clearly detected at the outermost surface and
within the outer half of the oxide layer. In addition to the
iron coming from the base material, by diffusion through
the oxide lattice,'” some amount of iron could be attributed
also to the stainless-steel loop.** Notwithstanding that
nickel was not included in the graphs, to make them
clearer, this element was detected at very low concentra-
tions throughout the oxide film in the whole set of samples
tested. Only elemental nickel was detected in all cases, i.e.
in accordance with the known fact of NiO/Ni(OH), sub-
stantial sputter-induced reduction.>®!%2° As for tungsten,
it was completely oxidized (W®") in the outer half of the

corrosion layer. Mclntyre er al.> postulated the possibility
of a more stable form than WO;, such as cobalt tungstate,
in order to explain the lack of reduction under sputter-
ing conditions observed for the tungsten detected in his
analyses.

The higher C 1s signal detected close to the oxide/metal
interface at ~282.8 eV, the microstructure of the sample
and the fact that metal and carbide are not distinguishable
by XPS for W 4f and Cr 2p lines,?""** suggest that a mixed
chromium—tungsten carbide was also possible near the
oxide/metal interface and beyond.

CONCLUSIONS

The corrosion behaviour of Stellite-6 in lithiated and
borated high-temperature water (pH,y.. 7.4 and 5.05)
under reducing conditions has been studied. Differences
in the thickness of the oxide layers formed in the two
solutions have been observed but no significant changes
in the qualitative oxide composition have been detected.
Under both chemistry regimes, chromium enrichment and
cobalt depletion have been found between the oxide film.
These results point to a preferential dissolution of cobalt
at the oxide/solution interface.
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