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Gamma-irradiation significantly increases the corrosion potential on pure Co and the cobalt alloy,
Stellite-6. To understand the radiation-induced corrosion of these materials, electrochemical studies of
film formation and conversion on these metals were performed as a function of potential under both
potentiodynamic and potentiostatic conditions. The oxidized surfaces were characterized by electro-
chemical impedance spectroscopy and X-ray photoelectron spectroscopy. Four characteristic potential
regions are identified for anodic oxidation. Comparison of the behavior of pure cobalt and a cobalt alloy
provides an insight into the role of an initial air-formed chromium oxide layer on the oxidation of Stellite-
6 under different corrosion conditions.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Stellite-6 is a Co-based alloy with a complex metallurgical
structure. Due to its high mechanical strength and corrosion resis-
tance, this alloy is used in places that require high wear resistance,
such as valve facings and ball bearings. These properties make
Stellite-6 a significant alloy choice in nuclear power reactors. How-
ever, in a reactor core stable *°Co can absorb a neutron to become
the radioactive isotope, ®°Co. Thus, one of the operational and
safety issues related to the use of cobalt-containing materials in
a nuclear reactor is the potential formation of radioactive 5°Co
from °°Co released into the reactor core by corrosion. The 5°Co cre-
ated in this way constitutes a safety hazard for plant workers who
have to perform maintenance on the reactor because the %°Co
deposits on coolant circuit surfaces outside the reactor core [1].

Although Stellite-6 is known to be highly corrosion resistant
under normal water conditions [1-3], its corrosion behavior in
the presence of ionizing radiation has not been well established.
Corrosion kinetics in water depend on both the aqueous redox con-
ditions and the physical and chemical nature of the alloy surface.
The high radiation fields present in a reactor core will cause water
to decompose into a range of redox-active species (both highly oxi-
dizing (e.g., "OH, H,0,) and highly reducing (e.g., "€.q~, ‘027). These
species can significantly influence corrosion kinetics [4,5].
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There are extensive corrosion studies reported for Co [6-12]
and some Co-alloys [2,13,14]. However, there are fewer studies
on Stellite-6 alloy in the literature [1,3]. Those corrosion studies
have shown that a complex carbide network in the alloy matrix
makes Stellite-6 resistant to wear, galling and corrosion, and that
this resistance is retained at high temperatures (ca 300 °C) [1,3].
Systematic studies of Stellite-6 corrosion, and particularly in the
presence of ionizing radiation are rare. The limited information
on Stellite-6 corrosion mechanisms and kinetics as a function of
aqueous conditions makes it difficult to assess the corrosion sus-
ceptibility of these alloys in the transient aqueous environments
present in a reactor coolant system.

In this study, oxide formation and conversion on Stellite-6 in
borate solution at pH 10.6 and room temperature were studied
as a function of electrode potential under both potentiodynamic
and potentiostatic conditions. The pH value is that maintained in
the coolant water in CANDU® reactor coolant (pH measured at
25 °C) (a value chosen to minimize the corrosion of the carbon
steel reactor components). It is an interesting choice for corrosion
studies because the solubility of cobalt oxide species is at a mini-
mum near this pH [11,15]. Consequently, oxide formation is pre-
ferred over metal dissolution during corrosion and, hence, oxide
formation can be studied more easily. In support of our investiga-
tion of the corrosion behavior of Stellite-6, experiments on high
purity cobalt were also carried out under the same conditions.
Knowledge gained from the Co study aids in the interpretation of
the anodic oxidation processes occurring on the Stellite-6 alloy.
Various electrochemical methods, such as corrosion potential
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(Ecorr) measurements, cyclic voltammetry, and electrochemical
impedance spectroscopy (EIS) were used to study the corrosion
kinetics, and the oxide films formed on the metals were further
examined using scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS).

2. Experimental

The two materials studied in this work are high-purity cobalt
(99.95% purity and henceforth identified as Co) and Stellite-6
(Metals Samples Company). The alloy composition of Stellite-6 is
presented in Table 1. Electrodes prepared from the metals had a
flat, circular face, with a surface area of 10 mm? in the case of
Stellite-6 and 12.5 mm? in the case of Co. Prior to each experiment
the coupon surface was abraded manually with 400, 600, and then
1200 grit SiC papers, polished with 1 pm MetaDi Supreme dia-
mond paste suspension (Buehler) on Texmet microcloth (Buehler),
and then finally sonicated in an acetone/methanol mixture for
5 min to remove surface residues. The polished coupons were then
sealed within multiple layers of polyolefin heat shrink tubing, leav-
ing only the polished face exposed to the electrolyte solution. SEM
images of as-prepared Co and Stellite-6 electrode surfaces are
presented in Fig. 1. The Stellite-6 images show the presence of
two distinct phases: a chromium-rich phase (dark areas) and a
cobalt-rich phase (light areas).

2.1. Electrochemical cell

A three-electrode system consisting of a working electrode (the
Co or Stellite-6 coupon), a reference electrode, and a counter elec-
trode was used. A saturated calomel electrode (SCE, Fisher Scien-
tific) was used as the reference electrode in all experiments
except for the Ecorgr measurements in the gamma-irradiation cell.
The gamma irradiation experiments employed a Hg/HgO reference
electrode (Radiometer Analytical) in a 1.0 M KOH solution because
this electrode has been shown to be more radiation-resistant than
SCE or Ag/AgCl electrodes [16]. The Hg/HgO electrode has a poten-
tial of —0.131 V versus SCE. All potential values in this paper are
quoted against the SCE scale to facilitate comparisons with our
other work and other data reported in the literature.

Table 1
Chemical composition of Stellite-6 (in wt.%).

w Mn Mo Si C Ni Fe Cr Co

0.27 0.27 0.41 1.07 143 2.62 292 27.62 Bal.

Fig. 1. SEM images of the surfaces of freshly prepared high-purity Co on the left
hand panels and freshly prepared Stellite-6 on the right hand panels. Two
magnification scales are used to show the degree of surface uniformity.

2.2. Solutions

All experiments were conducted at room temperature in
Ar-sparged 0.01 M sodium borate solutions. The solutions were
prepared using reagent grade Na,B40; (Caledon Laboratories Ltd.)
and water purified using a NANOpure Diamond UV ultra-pure
water system (Barnstead International) with a resistivity of
18.2MQcm. A pH of 10.6 was obtained by adding appropriate
amounts of 1 M NaOH (Caledon Laboratories Ltd.) solution to the
borate solution. The pH was measured prior to each experiment
using an Accumet AB15 pH meter with standard size glass body
combination electrode (Accumet 13-620-530).

2.3. Radiation source

All irradiation experiments were conducted in an MDS Nordion
Gammacell 220 Excel Cobalt-60 irradiator. The electrochemical cell
was positioned inside the gammacell sample chamber and the
chamber was lowered into the irradiation zone, a cylindrical cavity
surrounded by 11 tubular pencils containing ®°Co. The absorbed
radiation dose rate in the cavity during the period of experimenta-
tion was 5.5 kGy h™!, where 1 Gy is equivalent to 1 ] of energy ab-
sorbed per kg of water.

2.4. Procedure

A Solartron model 1480 multistat and a Solartron model 1255
frequency response analyzer were used in all electrochemical mea-
surements. Corrware™ and Zplot™ software (Scribner Associates)
were used for experiment control, data acquisition and analysis.
Electrochemical impedance spectroscopy (EIS) was performed by
applying a sinusoidal potential stimulus of 10 mV amplitude on
the DC bias potential used in the potentiostatic polarization, over
a frequency range of 1072 to 10* Hz.

Before each experiment the electrolyte solution was Ar-purged
for at least 30 min. The freshly prepared working electrode was
then cathodically cleaned at —1.1Vscg for 5 min. For tests per-
formed under each set of water conditions, a series of three elec-
trochemical tests was performed on each material: (1) corrosion
potential measurement, (2) cyclic voltammetry, and (3) potentio-
static polarization measurement. During the potentiostatic polari-
zation tests, the current response was monitored as a function of
time and EIS spectra were periodically recorded. At the end of each
potentiostatic test, the electrode was removed from the cell, dried
with Ar gas, and stored in a leak-tight vial. The electrode handling
was performed in an Ar-purged glove box to minimize air oxida-
tion and electrode contamination prior to surface analysis. Later
the electrode was transferred in a sealed container and the elec-
trode surface was analyzed by either SEM or XPS.

2.5. Surface analyses

An Hitachi S-4500 field emission SEM, operating in high-resolu-
tion mode, was used to examine the morphology of corrosion prod-
uct deposits. X-ray photoelectron spectra were acquired on a
KRATOS Axis Nova spectrometer using monochromatic Al K(alpha)
radiation and operating at 210 W, with a base pressure of 102 Pa.
Under normal analysis conditions, the analysis spot size was
approximately 400 x 700 pm. All spectra were calibrated with re-
spect to the C 1s band (from adventitious carbon) whose energy
was set to 284.8 eV [17]. Broad-spectrum survey scans were re-
corded at a pass energy of 160 eV to verify surface composition
and cleanliness. High-resolution spectra (20 eV pass energy) were
used to examine the Co 2p (binding energy, BE, at ~780 eV), Cr
2p (~574¢eV), 0 1s (~530eV), and C 1s (~285 eV) bands [17].
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Fig. 2. Ecogr as a function of time recorded on Co and Stellite-6 electrodes in an Ar-
purged borate solution at pH 10.6 and room temperature, in the presence and
absence of gamma-irradiation (at an absorbed dose rate of 5.5 kGy h™".

3. Results and discussion
3.1. Corrosion potentials under gamma-irradiation

Fig. 2 shows the effect of gamma-irradiation on the Ecogg of the
Co and Stellite-6 electrodes. In the absence of radiation, the Ecogrr
of both materials is established quickly (in ~20 min) and this value
then trends very slowly and steadily upward, increasing from —0.7
Vscg to —0.6 Vs over 50 h on the Co electrode and a similar in-
crease is observed for Stellite-6, but with Ecorr about 0.12 V more
positive. When the corroding system is exposed to gamma-radia-
tion, Ecorr reaches different, higher values (increasing from —0.7
Vscg to 0.08 Vs for Co and increasing from —0.48 Vscg to 0.12 Vscg
for Stellite-6). It takes longer to reach the higher steady-state val-
ues (~1h for Stellite-6 and ~3 h for Co), but, once reached, the
Ecorr Values remained constant with time.

Corrosion of a metal in water involves oxidation of metal spe-
cies coupled with reduction of aqueous species. This process de-
pends on the electric field potential at the metal (or alloy) and
water interface. When no external voltage is applied to the metal,
the net rates of oxidation and reduction must be equal to maintain
charge balance. The potential on the corroding surface at which
this balance occurs is defined as the corrosion potential, Ecogg.
The rate of metal oxidation depends on the potential difference be-
tween Ecorr and the equilibrium potential of the metal redox reac-
tion. Since the corrosion potential is a function of both anodic and
cathodic reaction rates, changes in aqueous redox environment as
well as changes in the oxide film can change the corrosion poten-
tial. When exposed to ionizing radiation a small fraction of water
decomposes to create a range of redox active species (gamma radi-
ation absorbed directly by a metal coupon dissipates as heat). This
is the reason for the changes in Ecogg seen in Fig. 2.

The impact of ionizing radiation on Ecogg for Co and Stellite-6 is
consistent with the observations of this impact on other alloys.
Gamma-irradiation has been shown to increase Ecorg from
—0.65 +0.05 Vscg to 0.0 £ 0.1 Vscg on carbon steel [18] and Ecogrr
from —0.4 £ 0.1 Vscg to 0.05 £0.05 Vscg on stainless steel [19], at
pH 10.6 and room temperature. Previous studies on carbon steel
[16,18,20] have shown that gamma-irradiation affects the corro-
sion process primarily by producing redox active species (such as
H,0,) in the aqueous phase.

Oxide formation and conversion on Co and Stellite-6 were
investigated as a function of potential under potentiodynamic
(using cyclic voltammetry) and potentiostatic conditions over a po-
tential range that encompasses the Ecorg Values observed in the
absence and presence of radiation.

Co | Co(OH), Co30,l Co,04
Co | CoO Co(OH), |CoOOH
Col Co2?+

Co(OH),| Coz0,

Cr,04

+Col CoCr,0, Cr(OH); | CrO2-

| LI LI I ' I ' I LI L

-12 -1.0 -08 -06 -04 -02 00 02 04
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Fig. 3. Calculated equilibrium potentials for various redox reactions (at pH 10.6 and
25 °C) are indicated by vertical lines.

3.2. Oxide formation and conversion under potentiodynamic
conditions

3.2.1. Assignments of the current peaks in cyclic voltammograms
Cyclic voltammetry (CV) was performed to establish character-
istic potential ranges for the oxides that can be formed on Co and
Stellite-6 under potentiodynamic conditions. The growth rate of
the oxide layer in each potential region, as defined in this CV study,
was then investigated in detail under potentiostatic conditions, see
Section 3.3. To aid in the assignment of the current peaks seen in
the cyclic voltammograms, the thermodynamic equilibrium poten-
tials (E®?) for the redox reactions of cobalt and chromium species at
pH 10.6 were calculated from reported standard potentials for the
species [21]. These potentials are shown using vertical lines in
Fig. 3. In addition to thermodynamic constraints, reaction kinetics
can control oxide formation. Since the potential scan rate can alter
the time available for a given reaction, differences observed in
potentiodynamic and potentiostatic studies provide information
on the role of kinetics on oxide formation. Although we acquired
CVs as a function of a number of parameters (electrode rotation
rate, potential scan rate and pH), only key results are present here.

3.2.1.1. High-purity Co. Cyclic voltammograms recorded on a Co
electrode are shown in Fig. 4. The overlapping anodic peaks labeled
A1 (0.7 to —0.6 Vscg) and A2 (—0.5 Vscg) can both be attributed to
the oxidation of Co-Co" oxide/hydroxide (CoO/Co(OH),). There are
two pathways for the oxidation of Co-Co". Peak Al lies below the
E.q for the oxidation of Co in the bulk metal to Co(OH), and is as-
signed to an oxidation process involving Co in a few surface
monolayers:

0249 __qgt cycle
——2nd cycle A4
0.18 4 ——3rdcycle
“c 0.12 1
2
e 0.06
0.00 1
c2
-0.06 9
-1.2 -0.8 -0.4 0.0 0.4 0.8

E (V/SCE)

Fig. 4. Cyclic voltammograms obtained on Co. The CVs were recorded at a scan rate
of 5mVs.
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A1: Cogys + 2(0H )4, — [CO(OH),4 + OH™ +e]
— Co(OH),(or CoO(H,0)) + 2e~ (1)

ads

Peak A2 appears at potentials higher than the Eeq and it is as-
signed to the process:

A2 : Copuk +20H™ — Co(OH),(or CoO + H,0) + 2e~ (2)

The Co" species at, or very near, the metal surface will be hy-
drated. The hydrated Co" is in acid-base equilibrium with
hydroxides:

CoO(H,0)Co(OH), 5Co(OH)" + OH™ Co®* + 20H" (3a)
Co(OH), + 20H™ Co(OH); + OH™ Co(OH) (3b)

The hydrated species can dissolve from the metal/oxide inter-
face where they can diffuse into the aqueous phase or precipitate
(and/or condense) back onto the metal to form a solid CoO/Co(OH),
film. Once a solid phase film is formed, reaction (2) may continue
by the injection of Co" into the oxide phase at the metal/oxide
interface. This is balanced by injection of OH™ (or O%7) into the
oxide phase at the oxide/water interface.

Peak A2 is located at a higher potential because there is a slight
barrier to overcome to oxidize the Co atoms in the bulk metal. This
barrier is independent of the oxide surface state and we observe
that the magnitude of peak A2 is independent of the number of
CVs that have been performed on a sample. On the other hand,
the magnitude of peak A1 increases with scan-cycle number. This
behavior can be attributed to a process associated with Co at the
metal surface where the reactive surface area and number of reac-
tive sites are modified by the potential history of a metal.

The growth of the Co" oxide/hydroxide layer passivates the sur-
face and the current decreases. At potentials above 0.1 Vscg, where
the oxidation of Co" to either Co;0,4 or CoOOH is thermodynami-
cally allowed (Fig. 3), the current increases again. The anodic for-
mation of CoOOH should be kinetically more favored than
formation of Cos304 since it requires less structural rearrangement
of the oxide; it only requires dehydration following the oxidation
of Co"-Co™ in the hydroxide form. Thus, peak A3 (Fig. 4) is assigned
to the oxidation of hydrated Co(OH), to CoOOH at or near the oxide/
water interface (reaction (4)). Peak A4, located at a slightly higher
voltage is attributed to the conversion of CoO/Co(OH), in the bulk
solid phase to a mixed Co™™ oxide (Cos04) (reaction (5)):

A3: Co(OH), + OH™ — Co(OH), + e~ — CoOOH + H,0 + e~  (4)
A4 : 3Co0(or Co(OH),) +20H™ — Co304(s) + H,0(+H,0) + e
(3)

Peak A3 is barely visible on the first CV scan and increases in
intensity with scan-cycle number. The height of peak A3 is initially
low because reaction (4) will be limited to conversion of a hydrated
surface layer. The surface coverage and/or thickness of this layer
increases with scan cycle as reaction (1) becomes more important.

Alternative assignments of peaks A3 and A4 could be to the oxi-
dation of two different solid phases of Co(OH), that are known to
exist: o-Co(OH),, which consists of four ordered Co(OH), layers
followed by one less-ordered Co(OH), layer, and B-Co(OH),, which
has an ordered Cdl, structure in which the anions form a cubic
close-packed structure while the cations occupy all of the octahe-
dral interstices [16]. Feitknecht observed that a-Co(OH), was sus-
ceptible to oxidation to CoOOH and that this oxidation occurred
topochemically without the formation of a new phase and a
requirement for a nucleation phenomena [17]. Foelske and Streh-
blow [16] later suggested that intercalated water may be responsi-
ble for the ~3.4 A larger c-axis in the o-Co(OH), crystal lattice than
in the B-Co(OH), crystal lattice. We do not believe that oxidation of
two different Co(OH),phases is important in our system. The

oxidation of a-Co(OH), to CoOOH should be fast since it only re-
quires that a proton leave the intercalated water layer, and this is
consistent with the presence of reaction (4). The presence of Co304
in the oxide layer grown at potentials >0.1 Vscz was determined by
XPS (see below) and this confirms that reaction (5) is also occurring.

At a higher potential (0.4 Vscg) an additional peak, A5, is ob-
served. The height of this peak behaves similarly to peak A4 as a
function of scan-cycle number, but peak A5 broadened with in-
creased cycling and its corresponding reduction peak, C1, showed
near reversible behavior. Peak A5 is assigned to the conversion of
the Co™™ oxide (Cos0,4) to a Co™ oxide (Co,0s):

A5: Co304 +OH — C0,03 +H,0 + e~ (6)

The reduction peaks C1 and C2 are assigned to reactions (7) and
(8), respectively:

C1: C0,05 +H,0 + e — Co304 + OH™ (7)
C2: C0304 + H,0 + e~ — Co0/Co(OH), + OH" (8)

The near reversibility of peaks A5 and C1 suggests that kineti-
cally facile oxidation and reduction of Co" and Co" is occurring
in the oxide lattice. Crystalline Co304 has a normal spinel structure
with Co" occupying the octahedral sites and Co" the tetrahedral
sites [8]. Although the structure of the meta-stable Co,03 is less
well established, anodic oxidation in a spinel oxide is known to
occur easily [22] due to its spacious lattice structure; Cos0; is a
p-type semiconductor with a small band gap in the range of
1.4-1.8 eV [8]. Similar reversible oxidation/reduction behavior
has been observed for the conversion between Fe;0, and
v-Fe,03, both of which share a spinel structure (inverse spinel
for magnetite) [22]. The broadening of peaks A5 and C1 with
increasing scan-cycle number can be attributed to an increase in
the reactive surface sites as the cycling increases.

Peak C3 was observed only when the upper scan limit of a CV
was higher than 0.1 Vscg and, hence, the assignment of this peak
to the reduction of Co" species is ruled out. Rather, this peak is as-
signed to the reduction of CoOOH to Co(OH),:

C3: COOOH + H,0 + e~ — Co(OH), + OH™ )

This assignment is consistent with the study by Behl et al. [9]
which showed that the oxidation of Co(OH), to CoOOH occurs
readily, but the reduction of CoOOOH to Co(OH), is very slow.

In summary, the CV results show three potential regions of ano-
dic oxidation of Co at pH 10.6:

Region I (E < —0.7 Vscg): This region lies below the equilibrium
potential for the Co to CoO/Co(OH), reaction and no bulk Co oxida-
tion is observed (or expected) in this region.

Region Il (—0.7 Vscg < E < 0.1 Vscg): Oxidation of Co in the bulk
metal phase is limited to the formation of CoO/Co(OH),.

Region IIl (E > 0.1 V) Oxidation of Co to Co" oxide/hydroxide
continues but the Co" formed is also further oxidized to less solu-
ble Co"™™ and/or Co™ oxides/hydroxides.

The division of the oxidation processes into three potential re-
gions is in good agreement with previous studies on Co in a mildly
basic solution (pH range of 9.3-12) [6,10,11]. Those studies also
concluded that two types of passive layers are formed in alkaline
solutions; a layer formed at low potentials that consists of CoO
and a layer formed at high potentials that consists of CoOOOH and
Co304 on top of an inner layer of CoO [6,10].

The corrosion potential of Co without ionizing radiation present
is measured at —0.7Vscg to —0.6Vscg (Fig. 2), a value at or slightly
higher than the transition potential between regions I and II (i.e.,
the equilibrium potential for the Co to CoO/Co(OH), reaction). In
contrast, Ecorg With 5.5 kGy hflionizing radiation present (0.08
Vscg, Fig. 2) is at the transition between regions II and III.
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Fig. 5. Cyclic voltammograms recorded on Stellite-6 for two potential scan ranges from. (a) —1.1 Vscg to 0.1 Vscg, and (b) —1.1 Vscg to 0.6 Vsce. The first cycle of a CV recorded

on Co is also shown in (a) for comparison.

3.2.1.2. Stellite-6. Cyclic voltammograms recorded on Stellite-6 are
shown in Fig. 5; two different scan ranges were used, —1.1 Vscg to
0.1 Vscg and —1.1 Vgcg to 0.6 Vsce. Also shown in Fig. 5a is the first
cycle of a CV performed on Co for comparison. The first anodic peak
(labeled A1(St-6) for Stellite-6) in Fig. 5a appears at a much lower
potential than the first peak seen on Co (A2(Co)). At this potential,
Co oxidation to Co" oxide/hydroxide is not thermodynamically al-
lowed potentials. However, the equilibrium potentials for the oxi-
dation of Cr to Cr' (CrOOH and Cr,05) lie below —1.4 Vgcg. The
Stellite-6 surface is initially covered by a thin, air-formed Cr'!! oxide
and this oxide is not completely removed during the electrode
cathodic treatment before the first CV. Peak A1(St-6) can therefore
be attributed to the oxidative injection of Co" into the chromium
oxide layer, leading to conversion of that layer to cobalt chromite,
CoCr,0,. This is followed by formation of a Co" oxide/hydroxide
outer layer at higher potentials:

A1(St-6) : CO+ 20H" [+Cr,05] — CoCr,04 + H,0 + 2~ (10)

Chromium oxide, Cr,05, being a p-type semi-conductor with a
large band gap of 3.4 eV [23], is ionically insulating at low poten-
tials and, therefore, its presence should significantly impede the
further oxidation of an underlying metal. However, the air-formed
chromium oxide is likely defective, and the Co" ion is thermody-
namically stable in a chromite at potentials above —1.1 Vscg
(Fig. 3). When the Cr'" oxide layer is saturated with Co" and a po-
tential greater than —0.7 Vscg is applied, additional Co" can migrate
through the oxide layer to the chromite/water interface where it
can be hydrated and subsequently condense to grow an outer layer
of CoO/Co(OH), or diffuse into the aqueous phase. Consequently,
we see the presence of both CoCr,04 and CoO/Co(OH), in an oxide
potentiostatically grown at —0.7 Vscg (see XPS results below).

The presence of a CoCr,04 layer adds a barrier to cation migra-
tion that is not present in pure Co and this explains why the elec-
trochemical reactivity of the Stellite-6 surface is much lower than
that of the Co surface (lower anodic current densities) at potentials
>—0.6 Vscg (see further discussion below).

With an upper scan limit of 0.1Vscg, the onset of peak A1(St-6)
appears at a lower potential in the first cycle than in subsequent
cycles (Fig. 5a). Stable Cr,03 has a corundum crystal structure
while stable CoCr,04 has a spinel structure [24]. Injection of Co
into the Cr,03 oxide lattice requires energy sufficient to induce
the required changes to the oxide lattice structure. When the upper
limit of the potential scan is increased to 0.6 Vscg, the anodic cur-
rent density seen near —0.7 Vscg is much reduced in the second and
higher number of CV cycles compared to that of the first cycle (Fig
5b). This is because of changes to the chromium oxide that occur at

higher potentials. At potentials >0.3Vscg, Cr'' can oxidize to CrV!
which can readily dissolve in water. This dissolution removes the
chromite layer. A more coherent and compact Cr,03; oxide layer
than the initial defective layer forms after the first CV cycle and
this more insulating layer inhibits Co" migration. Consequently,
the Stellite-6 CVs cycles over the potential range —1.1 to 0.6 Vscg
are very different for cycle 1 and subsequent CV cycles, and the lat-
ter do not show any further anodic current at low potentials.

The CV of Stellite-6 in Fig. 5b shows that the anodic current in-
creases again at potentials above —0.6 Vscg (first cycle) and above
0.2V for subsequent cycles. In the potential range —0.6 Vscg to
0.1Vscg, the growth of the outer CoO/Co(OH), layer continues.
The anodic current in this region increases nearly linearly with po-
tential during the scan and this is attributed to a linear growth in
the thickness of the outer CoO/Co(OH), layer. The impact of the
increasing potential is balanced by a commensurate increase in
the ohmic resistance of the oxide layer as it thickens. As the poten-
tial is scanned above —0.2 Vscg, the current stays nearly constant
with potential and this behavior is attributed to control of the reac-
tion rate by diffusion of OH™ to the surface. No anodic current is
seen in this potential region for scan cycles greater than 1 because
of the presence of the insulating Cr,05 oxide layer.

Since electrode potentials in the range 0.1 and 0.3 Vs are not
high enough to support anodic dissolution of chromium (by oxidiz-
ing insoluble Cr' to soluble Cr¥") [25], the anodic current in this po-
tential range is due to the oxidation of cobalt species, see reactions
(4), (5) and (6). The rates of these reactions are much slower on
Stellite-6 than on Co due to the presence of the cobalt chromite in-
ner layer.

At potentials above 0.3 Vscg, where Cr' can be easily oxidized to
highly soluble Cr'! oxides, the anodic current increases rapidly
with potential. In this high potential region, the oxidative dissolu-
tion of chromium dominates the anodic current behavior. On the
return CV sweep, the reduction current begins to flow almost
immediately and is distributed over a very wide potential range,
down to about —0.3 Vs (peak C(St-6)). The broad cathodic feature,
labeled C(St-6) in Fig. 5b, probably comprises the processes in-
cluded in both peaks C1 and C2 on Co (Fig. 4), but the separation
into two peaks is lost, perhaps due to the influence of chromium
oxides on the film conversion kinetics [13] and also the reduction
of any CrV! species that were still retained with the film at the of
anodic CV sweep.

In summary, the CV results for Stellite-6 show that oxidation
behavior can be divided into four potential regions at pH 10.6.
These regions are almost identical to the regions identified for Co
oxidation (with the differences in the transition between Region I
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and Region Il matching the differences in the values of Ecorg for the
metals. Stellite-6 has an extra region at high potentials to account
for Cr oxidation.

Region I (E < -0.6 Vscg): In this region the oxidation of Co to Co"
converts the pre-existing chromium oxide layer to cobalt chromite.

Region Il (-0.6 Vsce < E <0.1Vseg): The oxidation of Co to Co"
continues. When the chromite layer becomes saturated with Co',
CoO/Co(OH), is formed at the oxide/water interface. The rate of ano-
dic oxidation in this region is much lower on Stellite-6 than on Co.

Region III (0.1 Vscz<E<0.3Vse): In this region Co" oxide/
hydroxide is continuously formed and it is also further oxidized
to less soluble Co"™ and/or Co' oxides/hydroxides.

Region 1V (E > 0.3Vscg): The oxidative dissolution of chromium
becomes the dominant anodic process.

Like the cobalt system, Ecogr Of Stellite-6 without ionizing radi-
ation present is about —0.47 Vscg, a value slightly higher than the
transition between regions I and II, whereas with ionizing radiation
present Ecorg is about 0.12 V¢, a value at the transition potential
between regions II and III.

3.3. Oxide formation and conversion under potentiostatic conditions

3.3.1. Experimental results and data analyses

Oxide formation was studied under potentiostatic conditions at
three potentials, —0.7, —0.2 and 0.2 Vs for both Co and Stellite-6.
These potentials were chosen based on the electrochemical reac-
tivity seen in CV scans. Additional potentiostatic experiments were
carried out on Stellite-6 at a number of applied potentials in the
range from 0.1 Vscg to 0.4 Vsce. In the potentiostatic experiments,
a desired potential, Expp, was applied immediately after cathodi-
cally stripping the electrode at —1.1 Vscg for 5 min. The current
was monitored as a function of time (typically up to 2 d) to obtain
kinetic information on anodic oxidation processes occurring on the
Co and Stellite-6 surfaces. Electrochemical impedance spectra (EIS)
were recorded periodically during a potentiostatic test to charac-
terize the oxide films that were formed. Upon the conclusion of
each experiment, the electrode was removed from the electro-
chemical cell and the surface was characterized using XPS. The
XPS analysis provides information on the state of the metal surface
after extended oxidation and the current vs. time plots and EIS
spectra provide information on the film growth kinetics. The EIS
spectra were modeled using electric equivalent circuits to derive
the resistance and capacitance of the electrochemical systems.
The XPS spectra were deconvoluted using standard reference spec-
tra to determine the chemical composition and oxidation states of
the metal atoms in the oxide layers.

(a) 10°
10°+
< 8
S 10%4 5
g a
N P

10* 10% 10" 10° 10" 10° 10° 10*
f (Hz)

The results of EIS measurements and analyses are discussed
first because this aids in discussion of the other results. Represen-
tative EIS spectra, recorded on Stellite-6 during polarization at 0.2
Vscg, are shown in a Bode plot in Fig. 6a. The EIS spectra obtained
during potentiostatic polarization at —0.2 Vscg and 0.2 Vscg were
analyzed using a modified Randles electric equivalent circuit mod-
el to extract the capacitive and resistive characteristics of the films
formed on the surfaces. An electric equivalent circuit analysis of
the EIS obtained at —0.7 Vscg was not performed due to the large
water reduction currents observed for both Co and Stellite-6 sur-
faces at this potentials.

In our work, the Co and Stellite-6 surfaces contain several oxide
phases that are not distinct and, hence, their individual RC compo-
nents are not easily separated. Thus, a simple Randles-type circuit
consisting of one RC (resistor-capacitor) component in series with
the resistance of the solution, Rs, was used to model the oxide layer
as a whole. A constant phase element (CPE) was used in place of
the capacitor for the EIS analysis. A more complex equivalent cir-
cuit model could be used but, since there is no unique solution
to a least squares fit to our EIS data, this was not done. The
Randles-type circuit provides a good fit to our EIS data, as shown
in Fig. 6b. The CPE accounts for non-idealities (i.e., frequency dis-
persion) in the capacitive response of the system. The exponent
of the CPE, a, derived from fitting this circuit model to the data,
was in the range of 0.8-0.85, indicating that the electrode
possessed a very capacitor-like interface (a value of 1 applies to a
pure capacitor). The CPE parameters were converted to capacitance
values using the method of Brug et al. [26]. The resistance and
capacitance values obtained from fitting the EIS data are shown
in Fig. 7. Although the polarization (or system) resistance, Ry, is
theoretically composed of a film resistance, Rgm,, and an interfacial
charge transfer resistance, Ry, in series with one another, the
equivalent circuit analysis of the EIS data could not resolve the
contributions of Rgm and R¢ or those of different oxide films, so
the additive polarization resistance Rp is plotted in Fig. 7.

X-ray photoelectron spectroscopy (XPS) was used to character-
ize the chemical states of Co and Cr in the oxide films. Both low
resolution (or survey) spectra and high resolution spectra in the
Co 2p, Cr 2p, and O 1s regions were used. The ratio of Co to Cr in
the Stellite-6 films was obtained from the relative areas of the Co
2p peak at 780 eV and the Cr 2p peak at 574 eV in the survey spec-
tra. To determine the oxidation state(s) of Co atoms in a film, the
high resolution spectra of the Co 2p band were deconvoluted using
reference spectra for single-phase Co® Co(OH),, CoO, Cos04,
CoOOH, and CoCr,04 (with binding energies of 778.1, 780.4,
780.0, 779.6, 780.1 and 778.8 eV, respectively) [17]. A representa-
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Fig. 6. Electrochemical impedance spectra recorded at various times during film growth at 0.2 Vsc on Stellite-6. (a) Bode plots of the impedance magnitude and phase angle
and (b) One example of a model fit to an observed spectrum. The equivalent circuit used for the EIS analysis is shown inset.
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Fig. 7. Polarization resistance (M) and capacitance (O) as a function of time during potentiostatic film growth at —0.2 Vscg (upper figures) and 0.2 Vscg (lower figures) on Co
and Stellite-6. The resistance and capacitance values were obtained from fits to EIS spectra using the equivalent circuit model shown in the inset of (b). The error bars include
only the model-fitting errors which in most cases are smaller than the sizes of the symbols representing the data.
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Fig. 8. High resolution XPS spectrum of the Co 2p band (and its deconvoluted
components) for a film grown at 0.15 Vscg on Stellite-6. The inset shows the CoOOOH
spectrum consisting of multiple peaks.

tive high resolution spectrum of the Co 2p band and its deconvolu-
tion into oxide contributors is shown in Fig. 8 for a film grown at
0.15 Vscg on Stellite-6. Some of the reference spectra contain multi-
ple peaks, for example, the COOOH spectrum is composed of multi-
ple peaks as shown in the inset of Fig. 8. For Cr speciation, high
resolution spectra of the Cr2p (~575 eV) region were deconvo-
luted using reference spectra for single-phase Cr° Cr,03, CoCr,04,
and Cr(OH); (binding energies of 574.2, 575.7, 575.2 and
577.3 eV, respectively) [17,27]. The deconvolution of an XPS band
using multiple-peak reference spectra with a Shirley-type back-
ground subtracted has previously been successfully applied to
cobalt oxide samples by Biesinger et al. [17,27]. A weighted-com-
posite peak was constructed and compared with the observed
peak, see Fig. 8. Commercial software (CASAXPS®) was used for

the fitting analysis. The weighting factors accounts for the relative
concentration of each particular species in an oxide film.

The results of the XPS fitting analysis for films grown on pure Co
and Stellite-6 are summarized in Figs. 9 and 10, respectively. Note
that in Fig. 9a only the fractions of Co metal and Co30,4 in the Co 2p
peak are shown. The dominant contributor at all potentials (bal-
ance Co(OH),) is not shown in order to present the contributions
of the two minor components of the Co oxide film more clearly.

3.3.2. High-purity Co

3.3.2.1. Film growth at —0.7 Vsce. The time dependent behavior of
current as a function of time at constant potential is shown in
the log |i| versus logt plots in Fig. 11a. During potentiostatic polar-
ization at —0.7 Vscg, the current initially decreases linearly with
time (i.e., the slope of the log |i| vs. logt plot is —1) but switches
in sign from anodic to cathodic at ~100 s (Fig. 11a). The linear de-
crease in the anodic current within 100 s indicates that the nature
of the oxide formed on Co does not change during this time. This is
consistent with growth of a Co" oxide/hydroxide layer at a con-
stant rate at this potential (reaction 1). The solubility of Co(OH),
is at its minimum at pH 11 (~1 M) [11,15] and a uniform solid
phase of Co" oxide/hydroxide quickly covers the surface. The cur-
rent density decreases steadily as the oxide thickens.

At ~100s the current becomes cathodic and its magnitude
quickly reaches a steady-state value (constant for the rest of the
potentiostatic experiment). Cobalt oxide/hydroxide is known to
be electronically conducting [12]. Although it is a p-type semicon-
ductor it has a small band gap of 2.4 eV and a photocurrent can be
easily generated by room fluorescent lighting (the experiments
were not conducted in the dark). The negative current is attributed
to reduction of aqueous species on this electronically conducting
surface, possibly driven a photo-process. This process is hidden
at first by the overriding anodic reaction and only becomes obser-
vable when the anodic reaction rate decreases sufficiently. We did
not fully investigate the contribution of a photocurrent fully, but
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limited tests in a darkened laboratory showed a reduction in the
cathodic current level.

The XPS analysis of the film formed at —0.7 Vscg (Fig. 9a) shows
a substantial contribution of a metal atom component (Co°) to the
Co 2p peak (~10%). This component comes from the bulk metal
that underlies the surface oxide and indicates that the oxide film
is less than 10 nm thick (the depth analysis range of the XPS instru-
ment). The remaining contribution to the Co 2p band is from
CoO/Co(OH),. Analysis of the high resolution O 1s peak shows a
high contribution from OH~ (Fig. 9b) indicating that Co" is present
mostly in the hydroxide form (Co(OH),).

3.3.2.2. Film growth at —0.2 Vsce. During potentiostatic polarization
at —0.2 Vs, the current is initially high at ~3 mA cm™2 and re-
mains nearly constant for a short duration (Fig. 11a). The current
then drops abruptly and subsequently decreases linearly with time
from this new, lower current level to reach a very low value of
60 nA cm 2 after ~10° s (~1 d). At this potential the rate of Co to
Co" oxidation at the metal/water interface is initially very high
due to large overpotential. The high short-term current can be
attributed to the fact that the oxidation of Co to Co" is limited
not by the rate of interfacial charge transfer but by the diffusion
of charged species (metal cations and aqueous ions, H and OH™)
through the Helmholz or double layer (or the interfacial region).
The rate of movement of charged species through the double layer
depends on the electric field potential gradient across the layer.
Injection of a large amount of Co" can result in a significant iR drop

across into the interfacial region and can slow down the diffusion
of the charged species [28].

When the concentration of Co" species in the interfacial region
reaches its solubility limit, the Co" species precipitate and con-
dense into a solid phase oxide/hydroxide. With this solid film pres-
ent the oxidation rate is limited by the rates of interfacial charge
transfer and/or ion transport through the oxide. Thus, the rapid for-
mation of a uniform layer of Co" oxide/hydroxide causes a sudden
drop in the current.

Once a uniform coherent oxide layer is formed, the anodic oxi-
dation rate of Co to Co" is determined by the rate of interfacial
charge transfer at the metal/oxide and oxide/water interfaces and
the rate of Co ion migration through the oxide layer. The Co" pro-
duced can either be incorporated into the growing the oxide layer
or be transported to the oxide/water interface where it can be hy-
drated and dissolve into the aqueous phase. The linear decrease in
the anodic current with time suggests the current is mainly due to
oxide growth and that the dissolution current is small. As the oxide
layer thickens anodic oxidation slows and the anodic oxidation
rate approaches the rate of dissolution of the Co cation from the
oxide surface. The system eventually reaches a steady-state bal-
ance between the rates of Co oxidation and Co dissolution and
the oxide layer no longer grows. As expected, at long times the
anodic current is higher for the higher applied potential.

The current on an electrode during the linear decrease period
was about an order of magnitude higher during polarization at
—0.2 Vs than that seen at —0.7 Vscg (Fig. 11a). This higher current
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Fig. 11. Current as a function of time observed during potentiostatic film growth at —0.7, —0.2, and 0.2 Vscg, on (a) Co, and (b) Stellite-6. The + and — signs indicate anodic and

cathodic currents, respectively.

can support the growth of a thicker film. This is consistent with the
XPS results (Fig. 9a) which show the presence of a thicker Co"
oxide/hydroxide layer on an electrode treated at —0.2 Vscg com-
pared to the layer on an electrode treated at —0.7 Vc.

The equivalent electric circuit analysis of the EIS taken at —0.2
Vsce (Fig. 7) yielded a polarization resistance value that is relatively
low (initially ~0.2 MQ cm? and increasing to a steady-state value
of ~0.5 MQ cm? after 2 h). The increase in R, is accompanied by
decrease in the system capacitance from ~4 Fcm ™2 to ~7 Fcm™2.
The increase in resistance can be caused by either a thickening of
an oxide film or the conversion of an existing film to a more insu-
lating oxide. The increase in capacitance can be caused by either a
decrease in film thickness, an increase in electrode surface area, or
an increase in the dielectric constant of the oxide film. The XPS re-
sults (Fig. 9a) shows that only CoO/Co(OH), is present (within the
analysis depth of 10 nm). The increase in resistance is attributed to
the thickening of this oxide and the increase in capacitance is
attributed to an increase in the active electrode surface area as
the oxide grows. An SEM image of the surface (not presented)
shows the presence of a filiform layer. This physical structure has
an active surface area that is much larger than the geometric area
of the electrode coupon. Growth of this type of structure is consis-
tent with an increase in the active surface area of a CoO/Co(OH),
oxide layer.

3.3.2.3. Film growth at 0.2 Vsce. The current observed during polar-
ization at 0.2 Vscg shows similar behavior to the current observed
at —0.2 Vscg (Fig. 11a). The initial current is the same, but the dura-
tion of near constant current lasts longer at 0.2 Vscg. This short-
term behavior is attributed to the same phenomena discussed
above for the polarization at —0.2 Vscg. The current remains longer
at a higher potential because the diffusion of charged species
through the double layer will be prolonged by the higher potential
gradient in the interfacial region. The larger current drop at 0.2
Vsce than at —0.2 Vg is attributed to the formation of a thicker
oxide at this potential as more Co" species accumulate in the oxide
layer over the longer cation diffusion length.

Following a sudden initial current drop, the current decreases
linearly. Again, this is consistent with the growth of a thicker oxide
layer. However, the current at 0.2 Vscg actually drops below the
current seen at —0.2 V¢ for some time, but then the situation re-
verses after ~500 s. The XPS results (Fig. 9) show that the oxide
layer formed at 0.2 V¢ the film consists of both Co" oxide/hydrox-
ide and Co304 while the film formed at —0.2 Vscg consists of only
CoO/Co(OH),. We attribute the lower current at 0.2 Vscg at

intermediate times to the early growth of a thicker oxide film. At
longer times the current at 0.2 Vscg becomes greater than that at
—0.2 Vs as the oxidation of Co" to Co304/Co,05 contributes more
to the total current. The Co 2p band in the XPS spectra were suc-
cessfully deconvoluted without any contribution from Co,03. The
reference spectrum of this oxide was not available and, hence, it
was not included in the XPS deconvolution. The oxidation of
Co304 to Co,0s5 is kinetically facile at potentials above the equilib-
rium potential for the redox pair (0.23 Vscg, shown in Fig. 3). How-
ever, since Co,03 is both insulating and insoluble, it will form a
very thin outer layer on the oxide surface. It is unsurprising that
its omission in the Co 2p band deconvolution was not a problem.

At 0.2 Vscg, the polarization resistance is initially low
(~0.5 MQ cm?) at 2 h, but it increases steadily with time, reaching
a value of ~2 MQ cm? after 30 h (Fig. 7). The rate of increase is
slow in the first 10 h while the dominant anodic process is conver-
sion of CoO/Co(OH), to Co304. However, at longer times the resis-
tance increases more rapidly due to the conversion of the Cos04 to
more insulating and less soluble Co,0s5. At the same time, the
capacitance shows only slight decreases.

3.3.3. Stellite-6
3.3.3.1. Film growth at —0.7 Vscg. At —0.7 Vscg, the current behavior
observed on Stellite-6 is very similar to that on Co (Fig. 11b); the
current decreases nearly linearly with time and it switches from
anodic to cathodic at ~300s. The current during potentiostatic
polarization on Stellite-6 is, however, about an order of magnitude
lower than the current seen on Co under the same conditions. This
is opposite to the current behavior observed during a CV scan; the
current at —0.7 Vscg is higher on Stellite-6 than on Co. The current
observed at this potential during the CV scan corresponds to the
oxidation of Co to Co" to form cobalt chromite. During long-term
polarization the conversion of the pre-existing thin layer of Cr'"
oxide to CoCr,04 is completed in a very short time and the current
at longer times is due to anodic oxidation of Co to form a Co" oxide/
hydroxide layer. The current due to the latter anodic process is
lower on Stellite-6 than on Co during at long times because of
the presence of a passive inner layer of chromite on Stellite-6.
Water reduction also occurs on Stellite-6 but the reduction current
is lower than on Co because of the presence of the passivating
chromite layer. Also less photocurrent is expected for Stellite-6.
Cobalt chromite is also a p-type semiconductor but it has a higher
a band gap (3.4 eV) [24] than the band gap of Co(OH), (2.4 eV).
The XPS analysis results for the Stellite-6 at —0.7 Vscg (Fig. 10)
show that Co" is present mainly as cobalt chromite (CoCr,0,4)
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and to a smaller extent as Co" oxide/hydroxide. The presence of Co®
in the high resolution Co 2p band indicates that the film formed at
—0.7 Vscg is very thin (<10 nm).

3.3.3.2. Film growth at-0.2 Vsce. The current at —0.2 Vscg shows a
linear decrease with time (Fig. 11b). It reaches a very small value
before the net current (~10~8 Acm2) becomes cathodic after
~2 h. Since this cathodic current is very low, it could be generated
by several contributing processes, all of which are slow. Potential
contributors include water reduction and reduction of trace dis-
solved oxygen in the alloy, possibly assisted by photo-induced
reactions. The oxidative conversion of the pre-existing chromium
oxide layer to a cobalt chromite layer occurs early and the linear
behavior of the current vs. time is attributed to steady growth of
CoO/Co(OH),. The current at —0.2 Vscg is about an order of magni-
tude higher than the current at —0.7 Vscg and this is consistent
with the growth of a thicker outer layer of Co" oxide/hydroxide
at this potential.

The XPS analysis results (Fig. 10) are also consistent with a
thicker growth of CoO/Co(OH), on an inner chromite layer. The
XPS Co 2p spectrum is dominated by the CoO/Co(OH), contribution
for the films grown at —0.2 Vscg (and —0.1 Vscg which is also in po-
tential region II) and the chromite contribution is below the XPS
detection level. However, the metal Co® peak still contributes to
the Co 2p band, indicating that the oxide layer is still thinner than
9 nm at this potential.

The EIS analysis of the film growth at —0.2 Vs (Fig. 7) shows
that the polarization resistance is 2.0-2.5 MQ cm? and relatively
independent of time. This is consistent with the presence of a pas-
sive chromite layer on Stellite-6. The resistance is already high at
the time of the first EIS measurement (2 h) due to the presence
of the chromite layer. The resistance increases only slightly with
time (from 2.0 to 2.5 MQ cm?) and the capacitance remains nearly
constant at ~6 F cm 2, which attests to the steady-state nature of
the outer Co" oxide/hydroxide layer.

3.3.3.3. Film growth in potential range of 0.1-0.4 Vsce. Since the elec-
trochemical reactivity of Stellite-6 is high at potentials >0.1 Vscg
(Fig. 5b) and Ecogrr increases to a value greater than 0.1 Vscg when
radiation is present (Fig. 2), the anodic oxidation and dissolution of
Stellite-6 was explored at a number of potentials within potential
regions Il and IV. The potentiostatic polarization results are shown
in Fig. 12. At all potentials >0.1 Vscg the current initially decreases
nearly linearly with time. However, after times of about 10-100 s,
the rate of current decrease slows and becomes nonlinear. The
slowing of the current decrease occurs faster with higher applied

I (A/cm?)

t(s)

Fig. 12. Current as a function of time observed during potentiostatic film growth at
0.1, 0.15, 0.25, 0.3 and 0.4 Vsc on Stellite-6.

potentials. This change in behavior indicated the presence of more
than one anodic process. Candidates include metal cation dissolu-
tion or further oxidation of an oxide that has already formed. At 0.4
Vscg, the current on Stellite-6 reaches a constant, value after only
~10's. The magnitude of this current (30 pA cm~2) approaches a
value expected for an aqueous diffusion-limited process at the
electrode surface. At this potential, oxidation of insoluble Cr™
oxide to highly soluble Cr! oxide species is allowed and the high
steady-state current at long times is attributed to this oxidation
and chromium dissolution. This explanation is consistent with a
potential dependent rate for chromium oxidation.

The presence of CoOOH in films grown at potentials >0.1 Vscg
was found by the XPS (Fig. 10a). The fraction of CoOOOH in the outer
layer increases, while the fraction of CoO/Co(OH), decreases, with
an increase in the applied potential. The ratio of Co/Cr in the sur-
face oxide also increases in this potential region, consistent with
the loss of Cr from the oxide surface. No Co metal component of
the Co 2p band was found showing that the oxides grown in this
potential region are thicker than 10 nm despite the high rate of
Cr dissolution.

Comparison of the XPS results for Co and Stellite-6 (Figs. 9a and
10a) shows that the Co™ species formed at potentials >0.1 Vscg on
Stellite-6 is mainly CoOOH while it is mainly Coz04 on Co. The
presence of the chromite-like inner layer on Stellite-6 means that
Co" reaches the oxide/water interface at a slower rate and all of
this Co" can be subsequently oxidized to Co™ through the kineti-
cally favored, formation of CoOOH. As discussed for reactions (5)
and (6) in Section 3.2.1.1, the oxidation of Co(OH), to CoOOH
should be faster than the oxidation of Co(OH), to Co304.

At 0.2 Vsc, the polarization resistances the Stellite-6 films are
lower and the capacitances are higher than the corresponding val-
ues derived for films grown at —0.2 Vscg. At 0.2 Vscg, the Cr'™ can be-
gin to oxidize to Cr"!, which is less protective, rendering the oxide
film somewhat less protective, and decreasing it resistivity. The
capacitance value (~150 pF cm™—2) is independent of time and is
an order of magnitude higher than that expected for a double-layer
capacitance [13]. Since a potential of 0.2 Vscg is high enough to drive
cobalt oxidation and since the oxide layer on Stellite-6 at this poten-
tial has a mix of metal cation oxidation states, any change in the rel-
ative population of species in each oxidation state would change the
net surface charge. For example, the oxidation of Co" to Co'™ can at-
tract more OH™ to the oxide surface whereas the reduction of Co™ to
Co" repulses OH™. This is equivalent to adsorbing and desorbing a
high surface coverage of ions and leads to the storage of a large
amount of charge in an extremely thin layer in the interfacial re-
gion. This is often referred to as pseudo-capacitance and is the prob-
able explanation for the observed high capacitance value [14].

4. Conclusions

At pH 10.6 and room temperature, gamma-irradiation at a dose
rate of 5.5 kGy h™! increases the corrosion potential from —0.7 Vscg
to 0.08 Vscg on pure Co and from —0.48 Vscg to 0.12 Vscg on Stellite-
6. The corrosion behavior of Co and Stellite-6 can be divided into a
number of potential regions and the presence of ionizing radiation
shifts the corrosion potential from the transition between potential
regions I and II to the transition between potential regions Il and III
for both metals. The transition from region I to II occurs near —0.7
Vscg, the equilibrium potential for Co to CoO/Co(OH), oxidation,
while the transition from region II to Il occurs at ~0.1 Vscg, the
equilibrium potential for CoO/Co(OH ),conversion to mixed Co""
or Co™ oxides/hydroxides.

Due to the presence of a thin, defective Cr'" oxide layer on
Stellite-6, the oxidation of Co to Co" starts at a lower potential
on Stellite-6 than on Co. The Co" produced at potentials lower than
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—0.7 Vs is incorporated into the Cr'! oxide layer on Stellite-6 and

forms cobalt chromite (CoCr,04). The chromite layer on Stellite-
6also suppresses the electrochemical reactivity of this alloy at
higher potentials. The same cobalt oxidation reactions occur on
Stellite-6 as on Co, but at much slower rates for a given potential.
Gamma-irradiation increases the corrosion potential of both met-
als to a range where the rate of oxidation of Co to Co" increases.
This Co" can further oxidize to form less soluble Co™ species. The
competition of these two reactions (oxidation of Co to Co' and
oxidation of Co" to Co'™) determines the net effect of gamma radi-
ation on the rate of Co dissolution from Stellite-6. Solution pH and
temperature have a strong influence on oxide solubilities.
Additional work to investigate influence of these parameters on
Stellite corrosion is currently underway.
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