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ABSTRACT

The corrosion behavior of copper cold spray coatings on a
carbon steel substrate was compared to that of commercially

available wrought copper under the conditions anticipated in a

nuclear waste repository. Corrosion potential and linear polar-
ization resistance measurements were conducted over 90 d to
120 d in 3.0 mol/L NaCl under anoxic (1) and oxygenated-to-
anoxic (2) conditions to simulate the long (1) and short (2) term
redox conditions expected in a Canadian repository. Scanning
electron microscopy and x-ray diffractometry were used to

observe the morphology of the corroded surface and to identify

the corrosion products formed. The two specimens behaved
very similarly under both sets of conditions. Negligible corro-
sion was observed under anoxic conditions and the formation
of both Cu™ (Cu,0) and Cu™ (Cu,(OH),Cl) phases occurred un-
der oxygenated conditions. No evidence was observed to sug-
gest the particle boundaries in the cold sprayed coating were
preferential corrosion sites.

KEY WORDS: cold spray coating, copper, corrosion, under-
ground disposal, used fuel container

INTRODUCTION

The recommended approach for the long-term man-
agement of nuclear fuel waste in Canada is Adaptive
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Phased Management.' This approach includes the
possibility of centralized containment and the isola-
tion of the used fuel in a deep geologic repository in
a suitable rock formation. The Canadian repository
concept is based on multiple barriers: the used fuel
bundles, a durable metal container, a clay buffer
and seals around the container, and a deep geologic
environment.? A key barrier in this sequence is the
container. Various container designs have been con-
sidered internationally,®® and one possible Canadian
design would be fabricated with a carbon steel vessel
and an outer shell of ~25 mm-thick copper (Cu). The
inner steel (100 mm thick) vessel would provide struc-
tural support and containment, while the outer Cu
shell would act as a corrosion barrier.” This container,
and the surrounding bentonite clay, would be exposed
to either moderately saline groundwater in crystalline
rock or to highly saline groundwater in sedimentary
rock in the deep geologic repository. It has been esti-
mated that Cu corrosion on such a container would
be less than 1.27 mm over 1 million y, during which
the used fuel would be isolated within the container.®
While such a used fuel container is technically
feasible,* there are significant manufacturing chal-
lenges associated with this design and the commercial
production of large numbers of containers. The need
for a narrow gap (~1 mm) between the steel vessel and
the Cu shell is a difficult challenge because it must
be maintained over a container length of 4 m. In ad-
dition, Cu tube shells (i.e., with a thickness less than
~50 mm and a large radius and length) cannot be
manufactured by conventional means (i.e., extrusion,
pierce-drawing) because of the inherent flexibility of
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TABLE 1
Composition of Materials Used in this Study
Composition

wt% ppm
Material Cu (0] H Ni Fe Ag P Sn 2Zn Te Pb Se Mn Sb Bi Cd As Pd P
Cu powder 99.76 0.2 0.002 103 61 <13 10 <3 <21 14 <1 <1 <1 09 06 <03 <0.1 <0.1
used for
cold spray
copper
coating
WCu Bal. 0.0005 10 10 25 15 2 1 5 3 05 4 1 1 5 5 3
pWCu Bal. 0.0003 0.0004 1 2 13 10 30-100 03 03 1 1 1 01 03 02 0.1 <01

pure Cu,®*!! which would lead to distortions during
handling/cooling. The consequences of incorrectly
machining components of a dual-walled container are
also potentially severe, as a gap of a few mm between
the steel and copper could cause a creep rupture.'? In
addition, there is an ongoing debate regarding creep
measurements and the fundamental understanding of
the mechanisms used to make predictions that can be
applied to very long time periods."®

To overcome these challenges, the Canadian
Nuclear Waste Management Organization has initi-
ated an extensive program'* to design and develop Cu
corrosion barriers as coatings or claddings formed di-
rectly on the surface of the steel vessel. Cold spray is
one coating method being investigated. The cold spray
technique uses high-pressure and high-temperature
gas to drive fine Cu powder onto the substrate with
sufficient kinetic energy to produce a strong mechani-
cal bond, forming a coating without exceeding the
powder melting temperature. The advantages of this
technique are that the coating layer is rigid and free
from oxidation with an easily controlled thickness.'*'®

In the current study, Cu-coated samples were
prepared using this cold spray coating technique, and
their corrosion properties were compared to those of
wrought Cu for which a substantial corrosion data-
base already exists. The primary goal of this study
was twofold: (i) to determine whether the presently
available corrosion database for Cu is applicable to
these coatings, and (ii) to elucidate those features of
the fabrication process which may influence the mor-
phology and distribution of corrosion damage.

EXPERIMENTAL PROCEDURES

Sample Preparation

Cold spray specimens were produced by the
Surface Technologies Group (Advanced Forming and
Coatings Division) at the Industrial Materials Institute

" UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.

" Trade name.
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of the National Research Council (NRC) of Canada,
Quebec. The specimens were fabricated using low
oxygen (O) content commercial Cu powder to de-
posit the coatings on 12.5 cm x 15 cm mild steel
substrates. The composition of the Cu particles, de-
termined by NRC in accordance with the methods
referenced in ASTM B152,' is presented in Table

1. The particles were spherical, with a size ranging
from a few micrometers to 30 um, with a mean size
of 13.1 um. Cold spray deposition was performed us-
ing either He gas, or a sequence of He followed by N,
gas, at 800°C to maximize particle velocity and avoid
O uptake. On completion of the cold spray process,
small cylindrical specimens (~8.85 mm in height and
15 mm in diameter) were cut from the coated plate
using an electric discharge machine. The Cu coating
was ~2.5 mm thick. The coatings formed using only
He (as-deposited cold spray [ADCS]) were used in

the as-received condition, while those formed using
He followed by N, (cold spray annealed [CSA]) were
first annealed (350°C for 1 h) and then polished as
described later. Wrought polycrystalline C10100 Cu
(designated WCu, UNS C10100)"” in the as-received
condition and SKB' Cu in the polished condition (to a
0.25 um diamond paste, designated pWCu) were used
to provide a basis for comparison to the coated speci-
mens. pWCu, a P-doped oxygen-free Cu, was supplied
by the Swedish Nuclear Fuel and Waste Management
Company. Compositions of WCu and pWCu are also
presented in Table 1.

All specimens used in the corrosion experiments
were mounted face down (exposing a single Cu sur-
face) in Loctite Hysol" epoxy resin, which is a two-
part epoxy system with a resin and a hardener. After
mounting, the epoxy resin was cured at room tem-
perature for 24 h. Polished specimens were ground
using wet SiC papers successively from P80 to P4000
grit and finally polished sequentially to a 3, 1, and
0.25 wm diamond finish using Varsol'.'®

Experimental Methodology

Specimens were examined using either a Zeiss
Axioplan Compound Microscope' or Discovery V8
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Stereomicroscope', and the coating surface morphol-
ogy and composition were determined using either

a Hitachi S-4500" field emission scanning electron
microscope or a LEO 440" scanning electron micro-
scope (SEM), both equipped with a Quartz XOne'
energy dispersive x-ray analysis (EDX) system. SEM/
EDX analyses were performed using a 15 keV beam
voltage. X-ray diffraction (XRD) was performed with
a Bruker D8' fully automated diffractometer using
CuKao radiation (A = 1.78897 A = 0.178897 nm). The
XRD patterns were fitted with X'pert High Score Plus’
(version 1.0d).

Electrochemical measurements were performed
using a standard three-electrode electrochemical cell.
The resin-sealed specimens were used as the work-
ing electrode, and a saturated calomel electrode (SCE,
0.242 Vg,;;) and Pt foil were used as the reference and
counter electrodes, respectively. Corrosion potential
(E.or) and polarization resistance (R,) measurements
were performed using a Solartron 1287" potentiostat
and the Corrware/CorrView' software (version 3.3e).
R, measurements were performed using the linear
polarization resistance (LPR) technique by scanning
the potential +10 mV from E_,, at a scan rate of 10
mV/min, and required a total of 4 min. R, values
were defined as the linear averaged slope of the volt-
age/current density relationship. Experiments were
conducted in a 3 mol/L NaCl solution sparged with
either high purity O, or Ar gas depending on the redox
conditions required. The solutions were prepared us-
ing reagent grade chemicals and Type I water (as per
ASTM Standard D1193-06").

Experiments were conducted under two distinct
redox conditions. One set was performed in an anaer-
obic chamber to achieve the anoxic conditions antici-
pated in a waste repository at long times. In a second
set of experiments, the solution was O,-saturated for
the first 24 d and then degassed by Ar-sparging for
the remainder of the experiment. This second experi-
ment attempted to simulate the anticipated evolu-
tion in repository conditions from initially oxidizing
to eventually anoxic,* although the duration of the
experiment did not reproduce the extended period an-
ticipated for such a change in the redox environment
under repository conditions. For experiments con-
ducted in the anaerobic chamber, the Cu specimens
were placed in the main chamber through a purged
introduction chamber. Type I H,O and NaCl salt were
also introduced to the main chamber using the same
procedure. Type I H,O was kept in the chamber for
> 20 h to achieve equilibrium with the atmosphere
within the chamber. The 3.0 mol/L NaCl solution was
prepared inside the chamber after this equilibration
period, and experiments commenced after waiting for
1h.

The minimum measurable [O,], set by the detec-
tion limit of the O, sensor in the anaerobic chamber,
was 1 vppm. The actual vapor phase (O, + H,0) con-
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centration may have been considerably less than

1 ppm. Using Henry's Law, a value of 10 atm
(101.325 x 10°° kPa) for the partial pressure of O, in
the chamber (the total chamber pressure being 1 atm
[101.325 kPa]), and a Henry’s law constant of 769.2
L-atm/mol (7.79 x 10* L-kPa/mol) for O, at 298 K, the
dissolved [O,] was estimated to be < 0.042 ppb.*°

RESULTS

Characterization of Cold Spray Copper-Coated
Steel Samples

A number of optical microscopy and SEM stud-
ies have been conducted to characterize both the de-
formed particles used in the spray and the as-sprayed
coatings and the results from these measurements
are presented elsewhere.?'?® These studies show the
coatings are relatively dense, with a low porosity (ob-
served by SEM on as-received specimens and polished
cross sections) and that the interparticle boundaries
are generally observable. By comparison, the wrought
Cu is nearly defect free, with no visible pores.*

Figure 1 shows SEM images for the four surfaces.
The surface of the ADCS specimen was extensively
deformed, with the boundaries between the particles
clearly delineated. The concave surface features indi-
cated that some impinging particles damaged the sur-
face without adhering. After grinding and polishing,
the surface of the annealed (CSA) specimen was gen-
erally smooth but retained some small voids. By com-
parison, polishing the wrought Cu specimen yielded a
smooth, featureless surface.

Figure 2 shows an SEM image of a polished cross
section of the ADCS specimen. The sectioned speci-
men was etched with an NH,OH solution to reveal
the microstructure.?® Figure 2(a) shows the individual
surface depressions observed as flattened areas in
Figure 1, and Figure 2(b) shows the presence of small
pores, ~40 nm to 80 nm in size, within the coating.
Such a porosity was observed throughout the thick-
ness of the coating. In addition to these nanocavities/
pores, the Cu coating also contained sporadic larger
cavities, some of which were up to 40 pm to 60 pm
in width and extended significantly into the plane
of the coating. Coatings formed with larger particles
contained more pores, although generally, all coatings
had a very low overall porosity (< 1%).>**® Although
the focus of this study is not on optimization of coat-
ings, it can be noted that higher particle velocity
during fabrication decreases the coating porosity.
While annealing improves the crystallinity of the coat-
ing, as described elsewhere,?® some of the nanopores
remained (Figure 3). In addition, larger, coarse voids
and pores were also observed (Figure 3[b]).

27-28

Corrosion Under Anoxic Conditions
Figure 4 shows the evolution of E_,, on both the
ADCS and WCu specimens. Over the first 7 d to 8 d,
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FIGURE 1. SEM images of the specimen surfaces prior to exposure to the 3.0 mol/L NaCl solution.

FIGURE 2. (a) SEM of the Cu coating on a polished and etched ADCS cross section and (b) nanopores within the Cu
coating adjacent to the outer surface. The size distribution of the nanopores is indicated.

the E,,, values were very similar and in the range

of —0.42 Vg to —0.43 V. These values are close

to those measured and predicted for Cu in a deaer-
ated 1 mol/L NaCl solution, as indicated by the line
(A) in Figure 4.2 The slightly more negative values
would be expected in the more concentrated CI” solu-
tion used in these measurements. This comparison
confirms the establishment of anoxic conditions. Over
the longer exposure period, the values decreased and
diverged slightly but followed close trajectories up to
~75 d, beyond which E_,, for the WCu specimen de-
creased. No similar decrease in the E_, was observed

1240

on the ADCS specimen over this time period. The R,
values (Figure 5) for both specimens were effectively
constant over the full exposure period. The R, values,
which were normalized to the geometric area, were
close, suggesting the differences in active surface area
between the two specimens (Figure 2) was not large.
On both electrodes, the R, values were in the range
~80 kQ-cm® to 150 kQ-cm?. These values can be com-
pared to the value estimated from electrochemical
impedance measurements in pure H,O (~225 kQ-cm?)
with a dissolved [O,] estimated to be < 6.5 ppb®' (hori-
zontal line (A) in Figure 5).
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FIGURE 3. (a) SEM of the Cu coating on a polished and etched CSA cross section. (b) At a higher magnification nanopores

can be seen to remain in the coating.

The O, sensor in the anaerobic chamber showed
that, over most of the experimental period, only mi-
nor excursions in the atmospheric O, content of the
chamber occurred, generally lasting « 1 d. These
excursions would be expected to exert a minimal in-
fluence on the dissolved [O,] and appear undetected
in the E,,,, and R, measurements. The slow decrease
in E.,, up to ~72 d may, therefore, reflect the slow
consumption of residual dissolved O, in the cell. Un-
fortunately, a failure of the chamber catalyst (used
for controlling the generation of the anaerobic atmo-
sphere within the chamber) allowed a short period of
increased atmospheric O, content over the final days
of the exposure period. An increase in dissolved [O,]
would have led to an increase in E_,, (see Corrosion
Under Oxygenated to Anaerobic Conditions section).
However, the absence of any effect on R, showed that
this did not occur. On the ADCS specimen, the very
slight decrease in R, (i.e., increase in corrosion rate
[proportional to Rp‘ll) over this period can be attrib-
uted to corrosion of the steel substrate, which is a
base material and its corrosion would be expected to
occur at a more negative E_,,. Optical microscopy and
EDX analyses confirmed the presence of Fe corrosion
products at a number of locations where the epoxy
resin had detached from the Cu.

Figure 6 shows the E_,,. values recorded on the
CSA and pWCu specimens. While initially establishing
values approaching —0.4 Vg, E,,. for both specimens
rose rapidly (1 d to 2 d) to ~ -0.370 Vg and then
changed only marginally over the subsequent ~125 d
exposure period. The R, values are plotted in Figure 5
to facilitate their comparison to the values measured
on the unpolished specimens. These values are ini-
tially up to a factor of 5 lower than those measured
on the unpolished specimens but slowly increase to
similar values over the subsequent 125 d exposure
period. The values measured on the CSA and pWCu
surfaces are very similar over the whole exposure pe-
riod. The similarity in values for the unpolished and
polished surfaces, at least for longer exposure periods,
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FIGURE 4. Evolution of E,,, with time for the WCu and ADCS
specimens measured in 3.0 mol/L NaCl in an anaerobic chamber.
The dashed line (A) shows the value measured in 1.0 mol/L NaCl.*°
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FIGURE 5. Evolution of the polarization resistance (R,) with time for
WCu, ADCS, pWCu, and CSA specimens measured in 3.0 mol/L in
an anaerobic chamber. The line (A) shows the value estimated from
electrochemical impedance measurements in pure H,0.%'
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FIGURE 6. Evolution of E,,,, values with time for the pWCu and CSA
specimens measured in 3.0 mol/L NaCl in an anaerobic chamber.

suggests the active areas of all four specimens do not
differ extensively.

Corrosion Under Oxygenated to Anaerobic
Conditions

Figures 7 and 8 show the evolution of E, and
R, for the ADCS and WCu specimens over a 24 d ex-
posure to oxygenated conditions, followed by a 66 d
exposure to Ar-sparged conditions. The E.. values
in the O,-saturated solution were considerably more
positive than observed under anoxic conditions. The
dashed line (A) shows E_,,, values measured and cal-
culated in 1 mol/L NaCl.>*** As expected, the R, val-
ues for both specimens (Figure 8) were considerably
lower (one to two orders of magnitude) for these con-
ditions when compared to the values measured un-
der anaerobic conditions. Notably, E. . for the ADCS
specimen was slightly more positive than for the WCu
specimen and showed some fluctuations. The sudden
increase in E . (ADCS) after ~10 h (Figure 7) led to a
decrease in R, by a factor of 3 (Figure 8). This increase
in corrosion rate (proportional to R,™') may indicate
the detachment of corrosion products, as the elec-
trode was suspended facing downward.

On switching to O,-free conditions, E, rapidly
decreased (over ~1 h) by ~0.120 V and then con-
tinued a more steady decrease on both specimens.
Over the final 24 d of exposure, both specimens ap-
proached steady-state E_ . values, with the value for
the WCu being ~40 mV more positive than the value
for ADCS. The values were close to previous measure-
ments made in 1 mol/L NaCl containing ~61 ppb of
dissolved O,,%°* as indicated by line (B) in Figure 7.
Over this same final 24 h period, the R, values (Fig-
ure 8) also diverged slightly, with R, (WCu) increas-
ing slightly, while the value for the ADCS specimen
remained almost constant. Two significant excursions
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FIGURE 7. Evolution of E.,, with time for the ADCS and WCu
specimens measured in an O,-saturated 3.0 mol/L NaCl solution
(up to 24 d), and in this solution sparged with Ar (beyond 24 d).
Line (A) shows the value measured in 1.0 mol/L NaCl.® Line (B)
shows the value measured in 1.0 mol/L NaCl containing ~61 ppb
of dissolved 0,.%
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FIGURE 8. Evolution of polarization resistance (R,) with time for the
ADCS and WCu specimens in an O,-saturated solution (up to 24 d),
and this solution sparged with Ar (beyond 24 d).

in E,, (to more positive values leading to decreases in
R, [increases in corrosion rate]) were observed on the
ADCS specimen at 45 d and 60 d. These excursions
cannot be attributed to corrosion of the exposed steel
substrate, for which a decrease in R, would be accom-
panied by a decrease in E_,, (as discussed previously
for anaerobic conditions). The most likely explanation
is that these excursions reflect the detachment of cor-
rosion products leading to the increased exposure of
Cu and its corrosion by galvanic coupling to Cu(ll)-
containing corrosion product, with the reduction of
Cu(ll) leading to enhanced Cu corrosion to Cu(l) at the
exposed location. A possible alternative explanation
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would be a change in dissolved [O,] resulting from a
temporary loss of Ar-sparging. The fact that simulta-
neous excursions in R, values were not observed on
the WCu electrode may reflect protection of the sur-
face of the latter as a result of a more comprehensive
coverage by corrosion product deposits, although the
slight decrease after ~53 h could be attributed to a
similar detachment of corrosion products. Even after
66 h of exposure to the Ar-sparged solution, E, for
both specimens remained higher, and the R, values
lower, than the corresponding values achieved under
anaerobic conditions.

Figures 9 and 10 show E,, and R, values mea-
sured in a similar oxygenated/Ar-sparged experiment
conducted on the pWCu and CSA specimens. Under
oxygenated conditions, the E . values were similar to
those measured on the ADCS and WCu specimens,
while the R, values were considerably larger. The E,,,
and R, values for each specimen were plotted together
to emphasize the matched variations, both showing
simultaneous increases and decreases over the first
60 h exposure to oxygenated conditions. These varia-
tions can be attributed to periodic attempts to pas-
sivate by corrosion product deposition, followed by
the detachment of the deposit and re-exposure of the
bare Cu surface. This is demonstrated by the current-
potential relationships recorded performing the LPR
(not shown) that are distorted by the capacitance of
the corrosion products at high values (> 100 kQ-cm?)
but not lower values. For this reason, the actual val-
ues of R, recorded at positive E,,,, are not particularly
reliable.

On switching to Ar-sparged conditions (Figures 9
and 10), E,, for both electrodes immediately fell to
~—-0.340 Vg to -0.350 Vg, and increased slightly
over the subsequent 30 h before steadily decreasing to
~ —0.360 Vg over the final 90 h of exposure. Despite
the similarities in E,,,, the R, values diverged over the
120 d period of Ar-sparging, with the value for WCu
reaching ~100 kQ-cm?, close to the value achieved in
anoxic conditions in the anaerobic chamber. By con-
trast, the R, value for CSA hardly increased, remain-
ing constant around ~30 kQ-cm®.

Analysis of Corrosion Products

Optical images of the ADCS and WCu specimens
are shown in Figure 11. After exposure in the anaero-
bic chamber, there was no visual evidence of corro-
sion on either specimen (Figures 11[a] and [c]). After
exposure to the O,/Ar environment, the ADCS speci-
men exhibited a reddish/brown color (Figure 11[b]),
suggesting the presence of cuprite (Cu,0), while the
WCu specimen appeared bright green (Figure 11[d]),
indicative of the deposition of Cu(ll) solids. Although
not shown, both the CSA and pWCu specimens also
showed no evidence of corrosion after exposure to
anoxic conditions and were covered by a patchy green
deposit after exposure to the O,/Ar environment. The
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60 d), and this solution sparged with Ar (beyond 60 d).
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FIGURE 10. Evolution E,,, (solid symbols) and R, (hollow symbols)
with time for CSA samples in an oxygen-saturated solution (up to
60 d), and this solution sparged with Ar (beyond 60 d).

presence of this loosely adherent Cu(ll) deposit was
consistent with the periodicities observed in the E_ .
and R, measurements (Figures 9 and 10). The absence
of corrosion on the ADCS and WCu specimens was
confirmed by the SEM images in Figures 12(a) and (b),
and Figures 12(c) and (d) confirmed the presence of
corrosion products after exposure to O,/Ar environ-
ments. Similar surface conditions were observed for
the CSA and pWCu specimens (not shown).

XRD analyses of the ADCS and WCu specimens
after anaerobic exposure did not detect any oxidized
corrosion products but did demonstrate a difference
in crystallographic orientation of the Cu, the (111) ori-
entation being dominant for ADCS while the (220) ori-
entation was dominant in the WCu. Additionally, the
peaks in the ADCS pattern were broader than those
in the WCu pattern, possibly reflecting the presence of
considerable residual strain in the ADCS specimen.>®
Although not shown, analyses by x-ray photoelectron
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FIGURE 11. Optical microscopy images of the surface of the ADCS specimen after 90 d exposure to an O,-free (a) and an
O,/Ar-sparged 3 mol/L NaCl solution (b). The corresponding images for the WCu specimen are presented in (c) and (d).

spectroscopy (XPS) detected only small amounts of
Cu,0, most likely formed by air exposure on transfer
of the specimens to the vacuum chamber of the spec-
trometer because any Cu,O formed during corrosion
would dissolve in the concentrated chloride solution.
For the ADCS specimen exposed to the O,/Ar envi-
ronment, the only corrosion product detected was
cuprite (Cu,0) (Figure 13[a]), consistent with the opti-
cal observation of a reddish/brown surface. For the
WCu specimen, the dominant corrosion product was
the cupric hydroxyl chloride (atacamite, Cu,(OH);Cl),
which would account for the green deposit and is con-
sistent with previous observations®'** on Cu corrosion
in aerated chloride solutions.

DISCUSSION

The corrosion of Cu has been extensively studied
in aerated chloride solutions®?*°3*% and, to a lesser
degree, in anoxic aqueous solutions.?'***® In many
of these studies nominally under anoxic conditions,
there was a good probability that residual traces of
dissolved O, were present. Cleveland, et al., however,
estimated the residual dissolved [O,] in their experi-
ments to be < 6.5 ppb with the probability that it was
as low as 1 ppb. Based on the extrapolation of EIS
data to the zero frequency limit, they estimated the
R, to be ~225 kQ-cm®, which compares favorably with

1244

this study’s values of 80 kQ-cm® to 200 kQ-cm® ob-
tained under anoxic conditions with a dissolved [O,]
estimated to be < 1 ppb.

While Cleveland, et al., chose to convert their
value to a corrosion rate using the Stern-Geary
method, the authors of the present study have not
done so for two reasons: (i) for some specimens, par-
ticularly ADCS and WCu, the area of the active Cu
surface was uncertain, and (ii) it is likely that, at the
scan rate applied in measuring the R, values using
the LPR method, the value obtained would not be a
truly direct current value. These caveats accepted, the
R, values approached those estimated by Cleveland,
et al., and, equally importantly, showed that there
is little difference in corrosion behavior between the
cold spray deposited Cu and commercially available
wrought Cu.

Whether or not the corrosion of Cu to produce
H, can occur under anoxic conditions has received
considerable attention®** and thermodynamic calcu-
lations indicate it is not inconceivable, provided the
concentration of Cu* and the partial pressure of H,
are sufficiently low.*® Recent studies**** show that
sustained H, production is only observed with com-
mercially produced Cu and can be avoided if the Cu is
degassed by heating to 400°C (in vacuum), confirming
that it is not produced by corrosion. The transitory
formation of H, in a corrosion experiment could be
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FIGURE 12. SEM micrographs of the surface of the ADCS specimen after exposure to O,-free (a) and O,/Ar-sparged
3 mol/L NaCl solution (c). The corresponding images for the WCu specimen are presented in (b) and (d).

FIGURE 13. XRD patterns obtained for the ADCS (a) and WCu (b) samples after exposure to an O,/Ar-sparged 3 mol/L
NaCl solution. The peaks are identified by comparison with the PDF-card of the software used.

produced, however, on clean Cu scratched with SiC,
suggesting a damaged (or cold worked) surface could
undergo some anoxic corrosion to produce H,. In the
Swedish studies, this is a transitory effect.

These published studies suggest a number of
possible reactions that could temporarily support Cu

corrosion under anoxic conditions in this experiment:

CORROSION—Vol. 71, No. 10

i. A short period of reaction with H,O resulting
from the presence of a damaged surface;

ii. The consumption of residual traces of dis-
solved O, present despite efforts to remove it;

iii. The presence of an air-formed Cu(ll) oxide
layer on first immersion of the specimen in
the 3.0 mol/L NaCl solution.
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A possibility is that the initially low, and slowly
increasing, value of R, observed on the two polished
specimens (but not on the unpolished specimens)
could be attributed to a period of anoxic corrosion
producing H, on the cold-worked surfaces that de-
creased to a negligible rate as the R, value increased.
This would introduce the possibility proposed by
Cleveland, et al., that the H, produced could itself
eventually act as a reductant as equilibrium was ap-
proached. Because the experimental cell was open
to the anaerobic chamber, the accumulation of dis-
solved H, required for this to occur would be avoided,
making the establishment of equilibrium conditions
unlikely.

The consumption of residual traces of dissolved
O, would account for the initially lower R, values, but
would occur in experiments on both polished and
unpolished specimens, and could not, therefore, ac-
count for the early differences in R, values (Figure 5).
However, the presence of an air-formed film, present
on first immersion, would introduce the possibility of
coupling of the Cu(ll) oxide reduction to Cu metal dis-
solution to produce Cu(l), which would be soluble (as
CuCl,*™") in the concentrated CI” solution.

Bojinov, et al.,?® have proposed that, in the pres-
ence of soluble Cu**, H, could be produced via a
catalytic cycle involving the Cu®* and a Cu(I)OH,,
surface intermediate. Because their experiments were
performed in borate buffered solution, such a cycle
may be feasible. However, in the 3 mol/L NaCl solu-
tion used in these experiments, this would be unlikely
because the formation of CuCL*"" would be irrevers-
ible and the Cu®** would eventually be consumed. This
would limit the support of corrosion by any air-formed
film to the inventory of Cu(Il) present on the specimen
surface on first immersion. It is possible that the ox-
ide on the polished specimens is slightly thicker, and
hence provides a bigger Cu(Il) inventory than that on
the unpolished specimens.

Under oxygenated conditions the general reaction
in chloride solutions can be written:

Cu + xClI" = CuCL*" + e (1)
O, + 2H,0 + 4e” — 40H 2)
In the CI solution, the anodic reaction is likely to pro-
ceed via a CuCl,,, surface intermediate which has a
high solubility product® (1.72 x 107) and will rapidly
dissolve. Subsequently, consistent with this study’s
observations, deposition of corrosion products can
proceed via one of two reactions:
(a) Hydrolysis to produce® Cu,O
2CuClL*" + 20H — Cu,0 + H,0 + 2xCI’ (3)

(b) Homogeneous oxidation to produce®” Cu®* and the
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deposition of Cu(Il) solids, in particular atacamite*®

2CuCL*" + 0, + 2H,0 — Cu,(OH),Cl +

OH" + (2x-1)CI )
According to King, et al.,*® Cu(ll) species can be re-
duced on the Cu surface and this reaction would be
irreversible in concentrated CI” solution because of
the formation of CuCl,*™"" soluble species. However,
the analyses after the experiments involving an ini-
tial oxygenated period followed by Ar-sparging show
copious deposits of atacamite persist, indicating this
process is slow, on the time scale of these experi-
ments, although it may be enhanced if areas of the Cu
surface are exposed by detachment of the corrosion
product. It is possible that this reaction could be ac-
celerated in groundwater systems containing other
anions® since Cu®* solubility would be increased, a
step that could accelerate the dissolution of Cu(Il)
deposits and facilitate their reaction with the Cu
substrate to produce the soluble CuCL.*"". However,
insufficient experimental evidence is available to con-
firm whether such an effect is observable.

SUMMARY AND CONCLUSIONS

% The corrosion behavior of Cu cold spray coatings
and commercially available wrought Cu are similar
in 3 mol/L NacCl irrespective of the solution redox
conditions. The corrosion potentials and polarization
resistance values are consistent with the published
literature for Cu corrosion.

% Under anoxic conditions (< 1 ppb dissolved O,),
no corrosion was detectable over a 90 d to 120 d pe-
riod, irrespective of whether the surface was polished
or not. It is possible that extremely small amounts

of corrosion, undetectable by the techniques used,
could have occurred as a result of the presence of
trace oxidants, of which the most likely are dissolved
O, and air-formed oxide films present on the speci-
men on first immersion. Whether or not the reaction
of Cu with H,O to produce H, occurred could not be
resolved by these studies.

% As expected from available literature, a combina-
tion of cuprite and atacamite is produced under oxy-
genated conditions. On subsequently switching to
Ar-sparged conditions, these corrosion products ap-
pear to be stable. However, because the R, values re-
main lower than under totally anoxic conditions, there
is a possibility the Cu(ll) corrosion products are being
slowly consumed by reduction in a galvanic couple
with Cu oxidation.

% There is no evidence that the particle boundaries
between deposited cold spray particles are any more
susceptible to corrosion under anoxic conditions than
the general surface of the particles. After corrosion
under oxidizing conditions, these boundaries are ob-
scured beneath corrosion product deposits and more

CORROSION—OCTOBER 2015



CORROSION SCIENCE SECTION

detailed analyses are required to confirm whether or
not corrosion is enhanced at these locations.
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