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ABSTRACT

The exposure conditions experienced by copper-coated high-
level nuclear waste containers in a deep geologic repository
will evolve with time. An early exposure period involving the
gamma irradiation of aerated humid vapor could lead to the
formation of nitric acid condensed in limited volumes of
water on the container surface. The evolution of the corrosion
processes under these conditions have been studied using
PpH measurements in limited volumes of water containing
various concentrations of nitric acid. The extent and mor-
phology of corrosion was examined using scanning electron
microscopy on surfaces and on focused ion beam cut cross
sections. The composition of corrosion products was deter-
mined by energy dispersive x-ray analyses and Raman
spectroscopy. In the absence of dissolved oxygen only minor
corrosion was observed with the reduction of nitric acid
inhibited by the formation of either chemisorbed nitrate and
nitrite species or the formation of a thin cuprite (Cuz0) layer.
When the solution was aerated, both oxygen and nitric acid
acted as cathodic reagents. After extensive exposure peri-
ods corrosion was stifled by the formation of corrosion product
deposits of Cuz0, CuO (tenorite), and CusNO3(OH)3

(rouaite).
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INTRODUCTION

The internationally accepted method for the per-
manent disposal of high-level nuclear waste, which is
currently under consideration in Canada, is burial in
a deep geologic repository (DGR) at a depth of >500 m
in a suitably dense intact rock, Figure 1. To ensure
containment, the fuel waste form will be sealed in a
corrosion resistant container designed to withstand
the anticipated hydrostatic, lithostatic, and glacial
loads. The original container design was similar to
the Scandinavian KBS-3 container, comprising an in-
ner steel vessel protected against corrosion by a
25 mm to 50 mm thick Cu outer shell.' However,
corrosion models predict that the maximum corro-
sion penetration in a Canadian DGR will be <1.27 mm
over 10° y.?3

With this in mind, and to overcome design and
fabrication issues, a thinner-walled Cu-coated con-
tainer is being investigated.® This has stimulated a re-
evaluation of the container corrosion performance, in
particular whether or not radiolytic oxidants, pro-
duced by the gamma (Y) radiation emitted by the decay
of radionuclides in the spent fuel wasteform, will lead
to meaningful amounts of corrosion damage. For a
thick-walled container, Y-radiation fields at the outer
surface of the container («1 Gy/h) were considered
unimportant because their influence on corrosion
would be negligible.” However, for the thin-walled

CORROSION—MARCH 2018



CORROSION SCIENCE SECTION

Used fuel
container . -

. Legend
v 1. Surface facilities

Lateral tunnel approach 2. Main shaft complex
3. Placement rooms

4. Ventilation exhaust shaft

FIGURE 1. Schematic illustration of the proposed Canadian DGR
showing how the used fuel bundles would be sealed in a
Cu-coated steel vessel and emplaced in engineered tunnels
with the region around the container filled with bentonite
clay blocks and the residual space backfilled with a clay/crushed
rock mixture. The general layout of the DGR is illustrated by the
features 1 to 4.

coated container, the Y-dose rate at this location will
be increased by a factor of >20, and is calculated to
decay from ~2.3 Gy/h to ~0.02 Gy/h over 200y.° As a
consequence, a more thorough analysis of the possible
influence of radiation on corrosion damage is
required.

Upon sealing the DGR, the temperature of the
container surface will rise as a result of the heat pro-
duced by the radioactive decay processes. Initially,
this will produce a low humidity environment in the
vicinity of the container and negligible corrosion
would be anticipated. Subsequently, moisture will re-
turn as the containers cool, allowing the local relative
humidity (RH) to exceed the critical value required
to establish aqueous conditions, leading to the onset
of atmospheric corrosion.” The period required to es-
tablish full saturation of the near field (i.e., the
compacted clay close to the container surface) will de-
pend on the site-specific hydraulic conductivity of the
host rock, and is currently estimated to be ~50 y (for
crystalline rock) or ~5,000 y (for a sedimentary
host rock).?

As saturation occurs, the prospects for corro-
sion increase, and four different, but not necessarily
separated, container exposure periods can be
defined:® (i) aerated vapor but no condensed H,O
on the Cu surface; (ii) aerated vapor in equilibrium
with condensed H5O; (iii) anoxic, or close-to-anoxic,
conditions with either H,O vapor in equilibrium
with condensed H,O or a fully saturated condition;
and (iv) a fully anoxic, HyO-saturated condition.
During this evolution, the redox conditions at the
Cu surface will be significantly influenced by the
Y-radiation field which will produce oxidants in
both aqueous vapor and condensed H5O. This study
is primarily concerned with the period when a
combination of aerated vapor and condensed
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water exists at the container surface. Under

these conditions the radiolysis of the aerated vapor
will produce HNOg,'°'? which will be absorbed
into condensed H5O in contact with the aerated
vapor. '31°

The effect of radiation on the corrosion of Cu has
been studied in both aqueous solutions'®?® and in
humid air,?* usually at dose rates well in excess of
those anticipated on a container surface, but with
contrasting observations. In both aerated and dea-
erated chloride solutions (150°C, 27 Gy/h), radiation
appeared to be beneficial, leading to the formation of
an apparently protective Cu,O film.'®"'? In the absence
of radiation, the film was fractured and contained
CuCl;-3Cu(OH); indicating breakdown of the Cus0O
layer and the deposition of Cu®* solids. At higher
dose rates (80 Gy/h to 770 Gy/h), more extensive
corrosion was observed with the deposited corrosion
product film (predominantly Cu,0) thought to play
a significant role in amplifying the influence of
Y-radiation.?”

Under unsaturated aerated conditions more
relevant to these studies, modest dose rates (100 Gy/h
[90°C to 150°C])** also lead to the formation of an
apparently protective Cu,O layer, the corrosion rate
being only marginally greater (~1.5 times) than that
in the absence of radiation. At a higher dose rate
(700 Gy/h), cupric nitrate (CusNO3(OH)s) was
formed, again suggesting the establishment of oxidizing
surface redox conditions sufficient to cause oxidative
breakdown of the Cu,0 base layer and the incorporation
of radiolytically-generated NOj into the corrosion
product.

In experiments at very low dose rates (0.35 Gy /h)
close to those anticipated under DGR conditions
(70% and 85% RH, 70°C),%® the corrosion process
exhibited similar features, the formation of a generally
protective Cu,O layer with local patches within
which this layer appeared ruptured, leading to more
extensive corrosion and the formation of Cu?*
deposits. Whether or not these patches formed
depended primarily on the RH, occurring more ex-
tensively at the higher RH, but the number of such
locations also increased in the presence of
radiation.

Cu corrosion driven by both NO3 and O, reduc-
tion will lead to the consumption of H*. For each
dissolved Cu®* species produced by O, reduction, 4H"
or 2H" will be consumed>®?® regardless of whether
the O, is fully reduced to H,O,

0O, +4H" + 4e~ — 2H,0 (1)

or if some fraction of the O, is only partially reduced to
Hy0,,

O, + 2H* + 2~ — Hy0, 2
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The reduction of NOj is a multistep reaction
which will consume 9H" and 8e™ if complete reduction to
NHj3 occurs,

NOj + 9H* + 8¢~ — NH; + 3H,0 3)

However, the conditions under which complete
reduction can be achieved have not been resolved.?%-283!
In acidic solutions, at applied potentials approaching
Ecorrs €lectrochemical experiments indicate the
reaction will be limited to one involving only the first
two e leading to NO; formation and the consumption
of 2H",

NO; + 2H* 4+ 2e~ — NO; + H,O (4)

While these studies yield information on the in-
fluence of radiation on Cu corrosion, they have not
elucidated the corrosion mechanisms in sufficient
detail that models predicting the extent of radiolytic
corrosion of Cu under DGR conditions can be de-
veloped. In this paper, a study of Cu corrosion in
simulated aerated vapor is presented. The primary
goal is to investigate the consequences of the radiolytic
production of HNOj3 and its absorption by condensed
H>0 on the corrosion of Cu high-level nuclear waste
containers. The progress of corrosion was monitored
by following changes of pH in small, limited volumes of
solution. While the solution volume used in the
experiments (1.5 mL) was large compared to that an-
ticipated in a condensed H,O layer or in wet areas on
a Cu container surface, it enabled study of the corrosion
process up to the establishment of a steady-state
condition.

EXPERIMENTAL

Electrode Materials and Preparation

Specimens were cut from an O-free, P-doped, Cu
block supplied by SKB' (Svensk Karnbranslehanter-
ing AB).

Cu coupons for microcell experiments were cut
as 100 mm long cylinders and the top circular surface
mechanically polished prior to an experiment using a
series of SiC papers from P800 to P2400 grit. The
cylinder was then wrapped in PTFE tape, leaving only
the top surface exposed. Heated PTFE heat shrink
tubing was then placed over the Cu cylinder and
allowed to shrink and form a seal to the PTFE tape,
Figure 2. A solution volume of 1.5 mL was used in
each experiment. After each experiment, a 5 mm thick
disc was mechanically cut from the top of the Cu
cylinder to provide a specimen for analyses of the cor-
roded surface.

f Trade name.
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FIGURE 2. Schematic of microcell arrangement.

Solutions

All solutions were prepared using Type-1 water
from a Barnstead Nanopure+ (Thermoscientific) water
purification system with a resistivity of 18.2 MQ-cm.
All HNOj3; solutions were prepared by adding specific
volumes of a stock solution prepared using HNO3
(supplied by Caledon’) and Type-1 Hz0O. Aerated
experiments were performed with the microcell,
Figure 2, open to the atmosphere, ensuring a contin-
uous presence of dissolved O, in the solution.
Experiments under anoxic conditions were performed in
an Innovative Technology PureLab HE' Ar-filled glo-
vebox. The minimum measurable [O], set by the de-
tection limit of the O, sensor in the chamber, was
0.1 ppm. Using a Henry’s law constant of 7.79 x 10*
L-kPa/mol at 298 K, the dissolved [O5] was estimated
to be <£0.0042 ppb.

Experimental Procedures

The solution pH was measured periodically by
temporarily removing the rubber stopper from the
microcell and inserting an Orion 9110DJWP Double
Junction pH Electrode’, Figure 2. Care was taken to
avoid contact of the pH probe with the Cu surface. On
completion of an experiment, the cell was dismantled
and the corroded surface washed with Type-1 Hy0. A
section ~5 mm thick was then cut from the surface for
analyses. The freshly exposed surface was then re-
prepared as described above.

Analytical Procedures

Scanning electron microscopy (SEM) analyses
were performed using a Hitachi SU3500 Variable
Pressure’ SEM equipped with a Quartz PCI XOne
SSD' x-ray analyzer. An electron beam with an
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accelerating voltage ranging between 15 kV and 25 kV
and a working distance of 10 mm was used to collect
high-resolution images at various magnifications.
Focused ion beam (FIB) cross sections were performed
using a LEO (Zeiss) 1 540XB' FIB/SEM at the Western
Nanofabrication Facility. An electron beam with an
accelerating voltage of 5 kV and a working distance of
20 mm was used to collect high-resolution images of the
milled samples at various magnifications.

Raman spectra were obtained using a Renishaw
20007 Raman spectrometer equipped with a 633 nm
He-Ne laser and an Olympus’ microscope. Images
were collected using a 50x uncoated objective lens with
the beam focused to a diameter of ~2 um. The power of
the laser beam at the sample surface was kept to 10% to
avoid laser heating effects. All spectra were calibrated
against the 520.5 cm™ peak of Si.

On completion of an experiment, the 1.5 mL of
HNO3 used in the microcell experiments was placed in a
glass vial and analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) to determine the concen-
tration of dissolved Cu. All ICP-MS analyses were
performed using an Agilent Model 7700 ICP-MS.

The depth of grain boundary etching and the
degree of surface roughness were investigated using a
Park Systems XE-100" atomic force micro-
scope (AFM).

Optical images were collected using a Leica
DVMS6' digital microscope.

RESULTS AND DISCUSSION

Figure 3 shows the evolution of pH with exposure
time, measured in the microcell, for a number of HNOg
concentrations ranging from 10 mM to 150 mM. The
initial pH is that expected based on the initial HNO3
concentration. Subsequently, as corrosion proceeds,
driven by one or more of the available proton-consuming
cathodic reactions (Reactions [1] through [4] above),
the pH changes slowly at a rate dependent on the initial
H" “reservoir” before increasing approximately expo-
nentially. This increase is arrested at a pH value
between 3.7 and 3.4 which, as indicated by the
horizontal line in Figure 3, is close to the pK, for

the HNO,, dissociation reaction:>?

HNO, < NOj + H* (5)

The duration of this arrest, and the pH at which it
occurs, varies only slightly with the initial [HNOg]. The
observation that HNO, is present indicates that NOj
reduction is occurring although, as will be demon-
strated below, Oy reduction is also occurring. Beyond
the buffered region, a second increase in pH is observed
indicting that corrosion is continuing until a final
steady-state value between 4.5 and 5.1 is achieved, with
the lower values again reflecting the larger overall H"
inventories available at the higher initial [HNO3] values.
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FIGURE 4. Proton consumption as a function of time. The inset

shows an ampilification of proton consumption after the pH buffer
region (Figure 3).
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The role of the precipitation of copper oxides in de-
termining this final pH are discussed in more de-
tail below.

The amount of H* consumed (in mM), A[H'], can
be calculated from the difference between the initial H*
inventory and the amount of H" remaining after an
exposure period (t). The slopes of the A[H'] consumption
plots, Figure 4, yield a measure of the rate of con-
sumption (A[H']/At) plotted as a function of the initial
[HNOg] in Figure 5. To obtain a measure of repro-
ducibility, the experiment for an initial [HNOg] of
100 mM was repeated seven times, yielding an average
value of 8.40+2.37 mM/d. While the low precision as-
sociated with this value may illustrate the variability
in the kinetics of the corrosion reaction and possibly
variations in the relative importance of the two
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FIGURE 5. The [H*] consumption rate as a function of the initial
[HNOg] in the microcell.

possible cathodic reactions, it will also contain some
error associated with the measurement of pH at the
lower values.

The dependence of A[H']/At on the initial [HNOs]
could be attributed to either or both of two influences: a
dependence of the corrosion rate on [NO3]; and/or a
pH dependence of the corrosion rate driven by O, re-
duction. Close inspection of Figure 5 suggests the rate
may become independent of pH and/or [HNOj3] for
[HNO3] < 30 mM, although, a more extensive series of
measurements is required to confirm whether this is
the case.

Once the buffer capacity of HNO, is exhausted
(pH 3.7 to 3.4), the pH increases further, indicating a
continuation of the corrosion reaction (Figure 3). To
calculate the [H'] consumption rates in this exposure
period, values of A[H'] were calculated by subtracting
the [H'] in the buffered region from the subsequent
measured values of [H']. The proton consumption
values (A[H']) obtained are plotted as a function of time
in the inset in Figure 4. No significant variations in
slope (A[H']/At) with initial [HNOs] are observed and
only small changes in A[H'] occur before [H'] con-
sumption ceases.

To investigate the evolution of the corrosion
process as the pH changes, a series of identical microcell
experiments were conducted in aerated solutions
containing 100 mM of HNOj. Individual experiments
were stopped at different times, the pH measured,
and the concentration of dissolved Cu (Cu,g) analyzed.
The pH-exposure time plot (from Figure 3) and the
A[H'] values and [Cu,] from the individual experiments
are compared in Figure 6. Three distinct regions of
behavior are apparent.

The first stage (light red in Figure 6) encompasses
the exposure period within which the pH increases
exponentially. To check that this series of experi-
ments can be legitimately compared to that from
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FIGURE 6. Evolution in pH, [Cuag)], and A[H"] in the microcell in a
solution containing 100 mM HNOg. Three distinct stages of corrosion
are numbered. The dotted red line in Stage 3 indicates the solubility
limit for Cuaq).

Figure 3, the [H'] consumption rate was calculated
from the initial and final pH values for three individual
experiments that were stopped at different stages of
the pH evolution. Assuming a linear decrease in [H'], an
average value of 7.3+1.15 mM/d was obtained. This is
well within the range of values of 8.4+2.37 mM/d,
measured in the previous experiments. As expected,
the [Cu,g] also increases over this exposure period at an
average rate of 4.14 mM/d. Based on the E-pH dia-
gram for Cu?%->? and the relative solubilities of Cu* and
Cu®' in the pH range 1 to 3.5, dissolution of cations in
both oxidation states can occur, with Cu®* expected to
dominate.

Stage 2 (green in Figure 6) corresponds to the
region in which the pH is buffered by Reaction (5).
Although no change in [H'] can be measured, the
increase in [Cu,4] indicates corrosion continues but at a
much lower rate, a possible indication that [Cu,g] is
approaching or has exceeded a solubility limit. The final
stage (blue in Figure 6) encompasses the region
within which [H'] consumption ceases. The [Cu,q] also
appears to stabilize, although the high value observed
after 45 d prevents a definite conclusion. Based on the
solubility-pH diagram for the dominant solution
species, Cu?*,®* the solubility at the final pH of 4.6 is
calculated to be ~63 mM, which is close to the
measured [Cu,g] values as indicated by the dashed line
in Figure 6, indicating the solubility limit for Cu®" is
reached in this region. Because neither Cu* nor Cu®* are
significantly hydrolyzed at pH = 4.6, buffering of the
pH by hydrolysis equilibria, which would allow corro-
sion to continue without an observable change in pH
and [Cu,g, is not a feasible process, indicating that
corrosion ceases when the solubility limit is reached.

Specimens removed during the various stages
(defined in Figure 6) show that the nature of the
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FIGURE 7. Analysis of a Cu surface corroded in a solution containing 100 mM HNO3 (10 d). (a) Optical and (b) SEM images
showing the etched Cu surface; (c) a FIB cross-section image and (d) an AFM map of a preferentially etched grain
boundary; and (e) Raman spectra, indicating the presence of a thin Cu,0 oxide.

corrosion process evolves with time. The optical and
SEM images, Figures 7(a) and (b), recorded on the
specimen corroded for 10 d, show extensive damage,
with some grains more damaged than others, con-
firming that extensive corrosion occurs throughout
Stage 1. Some grain boundaries are preferentially dis-
solved, as shown by the AFM image, Figure 7(d), and
the FIB-cut cross section in Figure 7(c). In the latter
case, this probably reflects the different dissolution
rates of the adjacent grains, the height difference be-
tween the two grains being ~3 pm. The AFM map
depicts two grains corroding at similar rates, with
preferential etching of the grain boundary occurring
to a depth of ~3 um. These observations are consistent
with published studies showing similar etching in
acidic solutions.®”

Figure 7(e) shows a series of Raman spectra
recorded at various locations on the corroded surface.
The peaks at 525 cm™}, 625 cm™, 147 cm™!, and
the faint peak at 220 cm™! indicate the presence of
Cu,0.20-23:36-39 The detection of this phase in the
absence of any discrete deposited crystals suggests
Cu,0 is present as a pervasive surface film. Given the
roughness of the corroded surface, it is possible these
Raman responses are surface-enhanced®® and that
the variations in peak intensities reflect the different
corrosion rates on different crystal faces, with strong
signals surface enhanced.

While the dissolution of Cu can lead to both
soluble Cu* and Cu?*,?%*? the latter is considerably
more soluble in acidic solutions and, hence, the
expected dissolution product. Additionally, dissolved
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Cu" is likely to undergo homogeneous irreversible
oxidation to Cu®* in an aerated solution:*°

4Cut 4+ Oy + 2H,0 — 4Cu?t + 40H- (6)

Consequently, two processes could account for
the presence of a Cu,0 surface layer: (i) the phase is
formed and partially stabilized on the Cu surface by
reaction with NO3 (as described above) and is an in-
termediate in the anodic dissolution process to pro-
duce Cu®"; or (ii) large concentrations of Cu?* are
unstable in the presence of Cu and react to form
CUZO.41

In Stage 2, when [Cu,] is considerably higher
(after 17 d) and corrosion is continuing, a scattered,
unprotective corrosion product deposit is observed. In
the optical and SEM images, Figures 8(a) and (b), the
etched morphology of the Cu substrate remains vis-
ible at locations not covered by corrosion product. The
dark blue areas in the optical image, Figure 8(a),
indicate the location of the large crystals (=250 pm in
dimension) like the one shown in Figure 8(b). Cuprite
is known to form many derivatives of cubic structures,
suggesting such truncated cubic structures are
Cu20.42'45

The SEM image, Figure 8(c), also shows the
presence of smaller cubic oxide particles with dimen-
sions ranging from 2 ym to 10 ym. FIB-cut cross
sections of these cubes, Figure 8(d), shows they are
strongly adherent to the Cu surface. SEM/EDS (en-
ergy dispersive x-ray spectroscopy) analyses suggest
they are Cu,0.%>"*> This is confirmed by the Raman
spectra in Figure 8(e), which exhibit strong signals at
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FIGURE 8. Analysis of a Cu surface after corrosion in a 100 mM HNO3 solution for 17 d. (a) Optical and ([b] and [c]) SEM
images showing the various Cu,0 oxide forms; (d) a FIB-cut cross section showing the oxide is strongly adherent to the Cu
surface; and (e) Raman spectra indicating the presence of Cu,0 and possibly CuO.

SSW 25 kV UVD 30 Pa 100 um

—_— CU2O
— CuO
— Cu,NO5(0OH);

Relative Intensity

I

UWO Crossbeam 5kV QBSD 10 um

500 1,000 1,500 2,000
Raman Shift (cm™)
FIGURE 9. Analysis of a Cu surface corroded in a 100 mM solution of HNO3 for 37 d. (a) Optical and ([b] and [c]) SEM

images showing forms of the Cu,0O and Cu,NO3(OH); deposits; (d) a FIB-cut cross section indicating the oxide forms a
protective surface layer; and (e) Raman spectra indicating the presence of Cu,O, CuoNO3z(OH)s, and possibly CuO.
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the locations of large crystals and weaker signals
accompanied by high levels of fluorescence at locations
covered by scattered small cubes. Although too small
to unequivocally identify by Raman spectroscopy,*®
the shape of these small cubes suggest they are
Cu,0.*>*° The very weak signal at 297 cm™! yields the
first indication of the formation of Cu0.%"**""*® This
observation is consistent with the expected [Cu,g].
which is close to the solubility limit for Cu?* in this
region. Given the relative solubilities of Cu* and Cu?",
the earlier deposition of Cu,0 is expected.

For a specimen removed in Stage 3 (after 37 d),
the etched Cu substrate surface can no longer be seen in
either optical, Figure 9(a), or SEM images, Figures 9(b)
and (c), the surface being covered by a compact
featureless CuyO layer with patches of light blue
(Figure 9[a]) rouaite (Cu,NO3(OH)3) platelets, Figure 9(c).
Raman spectra, Figure 9(e), confirm the dominant
surface phase is CupO with a minor signal for CuO.
Raman spectra collected at the light blue locations in
the optical image show peaks for both rouaite*®*° and
Cu,0, confirming that the Cu®" phase is deposited on
the surface of a Cuy0 layer. Examination of the FIB-cut
cross section, Figure 9(d), shows that the Cu,0O layer
present at the pH prevailing in this region, at which
the solubility of Cu” will be significantly reduced, is
compact and protective. As noted above, and illustrated
in Figure 6, the solubility limit for Cu®* at the pH
prevailing in this region is also exceeded. That Cu®*
co-precipitates with NO; and OH°°°! confirms that
unreduced NOj remains in the solution despite
the extensive H' consumption, leading to a suffi-
ciently high pH for this co-precipitation of Cu®*, NOj,
and OH".

In an attempt to determine the relative impor-
tance of the two possible cathodic reactions, a series of
experiments (10) were conducted in 100 mM HNOj3; in
the absence of dissolved O, in an anaerobic chamber for
various durations. No measurable H' consumption
was observed in any of the experiments including one
that lasted for 363 d, Figure 10. To emphasize the
contrast with the rapid H" consumption under aerated
conditions, the plot for this [HNO3] (from Figure 3) is
also included. SEM micrographs, Figure 11, show cor-
rosion was unobservable over the first 120 d of ex-
posure despite the presence of the potential oxidant,
HNOg. After 230 d, shallow pitting was observed
which evolved after 363 d into a more general rough-
ening of the surface, generally associated with the
polishing lines. The very slow rate of corrosion is con-
firmed by ICP-MS analyses of the dissolved Cu con-
centration in the microcell, which increases from
1.8 mM after 120 d to 3.2 mM after 363 d. This can be
compared to the 70 mM to 90 mM concentrations,
accompanied by the copious deposition of corrosion
products, observed after 25 d to 45 d when dissolved O,
is present. Assuming a linear accumulation of dis-
solved Cu with exposure time yields a Cu release rate of
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FIGURE 10. Change in pH and [Cu aq)] in a series of experiments (of
various durations) in an anoxic 100 mM HNO3 solution compared to
the changes observed in an aerated 100 mM HNOg solution (from
Figure 6 [outlined in red]). The inset shows a magnification of the first
45 d.

0.010 mM/d to 0.015 mM/d compared to 4.14 mM/d
under aerated conditions, a decrease by a factor of ~280
to ~460.

This behavior shows that corrosion is inhibited
in HNOj; solutions consistent with literature claims
that NOj reduction is difficult to induce on Cu sur-
faces.?®3° A number of studies have shown that,
depending on the Cu crystal plane, NOj reduction is
either completely blocked or proceeds very slowly.”?-%2
Based on AFM and enhanced Raman spectroscopy
studies, this was attributed to either the chemisorption
of NOj3 or to the formation of Cu,O by the extraction
of an O atom from adsorbed NOj3. The formation of
these species, especially a CusO layer, would be
consistent with this study’s Raman spectroscopic
observations.

This comparison between the corrosion be-
havior in anoxic and aerated environments clearly
demonstrates that dissolved O, is the dominant
oxidant. However, the observation that HNO, is
formed in aerated solutions confirms NOj reduction
is also occurring to a greater extent than observed
under anoxic conditions. A possible explanation
for such an activation process would be production
of Cu' as a surface intermediate. This species has
been shown to act as a catalyst for NO; reduction
on Cu surfaces.?®29-°% However, because Cu” is
considerably less soluble than Cu®* in the pH range of
these experiments,>*°% it is likely to have only a
transient lifetime as a surface species before further
oxidation to the soluble Cu®*, a reaction which
appears to occur dominantly by reaction with dis-
solved Os.

In the absence of O,, corrosion is very signifi-
cantly reduced as a result of the formation of chemi-
sorbed NO3 and/or NO3, and/or CuyO. These surface
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FIGURE 11. SEM micrographs of Cu coupons after immersion in 100 mM HNOg in an anaerobic chamber for ([a] and [b])
~31 d; ([c] and [d]) ~119 d; ([e] and [f]) ~230 d; and ([g] and [h]) ~363 d.
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species are only marginally protective, with corrosion
slowly leading to a more general roughening of the Cu
surface. In the microcell, the ready availability of Oy
would maintain the production of Cu* and, hence, the
catalysis of NOj reduction, leading to the formation of
soluble Cu®".

SUMMARY AND CONCLUSIONS

% The corrosion of Cu has been studied in small
volumes of HNO3 solution to simulate the influence of
the radiolytic production of HNO3 in aerated water
vapor.

+ In the presence of deaerated HNOj3, only minor
surface roughening occurred, the initial rapid reduction
of HNOj leading to a marginally reactive surface by
either the formation of chemisorbed NO3 and NO; and/or
the formation of a thin Cuy0 layer.

% When O, was present, corrosion was markedly
accelerated with O, initially acting as the dominant
cathodic reactant. This led to the activation of HNO3
as a cathodic reactant, a process which appeared to
involve the catalytic influence of Cu®.

+«+ While corrosion was initially very rapid, saturation
of the limited volume of solution eventually led to stifling
of the corrosion process by the accumulation of Cu,O
and, to a limited extent, CuO.

% Unreduced NOj; was eventually precipitated on the
Cu,0/Cu surface once saturation with dissolved Cu?*
was achieved.

+ While these results establish a feasible mechanism
for the corrosion of Cu in aerated HNOs3, the absence of
clay sealing material precludes their direct applica-
tion to deep geologic repository conditions.
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