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ToF-SIMS analysis of copper samples after exposures to simulated groundwater with and without sulfide addition
was performed to investigate the penetration of corrosive species containing H, S, O, and Cl, into copper. Depth
profiles show extent of penetration and 2D/3D images reveal local elemental distribution of the corrosive species
at different depths inside copper. Pre-oxidation did not reduce the penetration while sulfide additional in
groundwater and exposure at 60 °C significantly promoted the penetration. The extent of penetration of the

corrosive species into copper demonstrates the need for risk assessment of complex corrosion forms such as
sulfide-induced embrittlement and cracking.

1. Introduction

Spent fuel from nuclear power plants is highly radioactive and its
safe disposal is as important as nuclear power plant safety. Govern-
mental regulations require safe isolation of nuclear waste for a minimum
of 100,000 years, which imposes a great engineering challenge. The
nuclear waste disposal concept in Sweden and Finland is based on a
three-barrier system, where the spent fuel is placed in cast-iron inserts,
which are then sealed in copper canisters as the first barrier. The can-
isters are surrounded by a bentonite clay layer as the second barrier,
further placed in bedrock (third barrier) in the depth of 400-1000 m [1,
2]. High-purity oxygen-free phosphorus-containing copper (OFP-Cu)
has been chosen for fabricating the canisters that will be placed in
granite environments under anaerobic reduction and anoxic aqueous
conditions. The bentonite clay is a buffer material between the bedrock
and the canisters, swelling when exposed to water and thus dampening
minor movements within the repository system, and retaining eventual
release of radioactive nuclides upon possible canister failure. The
bedrock provides the outermost barrier between the nuclear waste and
the biosphere [1,2].

During long-term storage in the repository of the Cu canisters, cracks
in the bedrock and the swelling of bentonite by groundwater lead to a
direct contact of the Cu canisters with groundwater and the microbes in
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it. The groundwater contains a high level of Cl" and SOZ2 ions, and
microbiological activity in the vicinity or on the surface of the canister
produces sulfide species (mainly HS ions) [3-6]. Trapped O exists in
the system during initial period of the repository closure, but is gradu-
ally consumed by oxidation reactions and microorganisms. Once the
trapped O3 is completely consumed, the major threat to the long-term
durability of the canister is corrosion by sulfide species (e.g., HS™)
produced in the groundwater by microbial activity and/or mineral
dissolution. Microbial activity has been reported to initiate and accel-
erate general and localized corrosion of Cu, and cause a
biotically-induced formation of a CuyS layer [3-7]. Corrosion of Cu
under oxic and anoxic conditions, and the influence of radiation and
microbiological activity, have been investigated, often separately, over
40 years [8-13]. Studies of Cu corrosion were often focused on chemical
and electrochemical degradation of copper at the electrolyte/metal
interface, and analysis of the corrosion products formed on the surface
[14,15]. Chemical conversion of a native CupO film to CusS on the
surface has been observed [16], and S-induced corrosion detected down
to the depth of 100 nm into the Cu material [17]. At atomic level, the
dissociation of sulfide species on the Cu surface is a spontaneous process,
releasing atomic S and H. The co-existence with S promotes the H
adsorption into copper according to DFT calculations [18,19]. More-
over, sulfide-induced corrosion reactions can generate H on the Cu
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Fig. 1. Optical micrograph of an etched OFP-Cu material showing typical
microstructure with large grains (of different crystallographic orientations) and
annealing twins [19]. Thin lines show grinding scratches where plastic defor-
mation exist.

surface [14]. Atomic H can also be produced at the water/Cu interface
through radiolysis of water, and gamma radiation from spent nuclear
fuel greatly increases the H generation on Cu, up to several orders of
magnitude depending on the dose of the radiation [12,13]. In general, H
has detrimental effects on the mechanical properties of Cu and can
create voids and microcracks in Cu materials [20-23]. Adsorption and
diffusion of H in Cu depend on the surface condition and presence of
microstructural defects, such as dislocations and inclusions, and grain
boundaries are the primary trapping sites of H [24]. In the Cu micro-
structure, H-induced lattice deformations may be heterogeneous, giving
rise to local strains and stresses. Therefore, H incorporation into Cu can
lead to the formation of a macroscopic lattice expansion, especially
when accumulated in the surface region. H-induced strain localization
has been observed in Cu in the initial stage of plastic deformation [25],
and friction stir welding to seal the canister was found to increase H
uptake in the weld zone and lead to strain localization around it [26]. H
incorporation into Cu material leads to accelerated creep and the for-
mation of microcracks with an intergranular nature [27]. H-induced
damage of Cu canister has, so far, been considered to be negligible due to
the belief that the H permeation depth would be too small to influence
the mechanical integrity of Cu canister [28,29] However, in the pres-
ence of tensile strains, sulfide has been shown to cause stress corrosion
cracking (SCC) of Cu in anaerobic chloride containing environments
[10,11,30].

A recent review gives an overview of the corrosion issues, debated
questions, and ongoing research programs [6]. The corrosion of Cu
canister has been assessed under expected repository conditions using a
uniform corrosion rate to calculate the corrosion allowance [6]. How-
ever, the risks for several complex forms of Cu corrosion have been
debated for a long time, even in the Land and Environmental Court of
Sweden, which concluded that further information is needed regarding
five issues: i) corrosion due to reaction in Oy-free water; ii) pitting due to
reaction with sulfide; iii) SCC due to reaction with sulfide; iv) hydrogen
embrittlement (HE); v) the effect of radioactive radiation on pitting, SCC
and HE. Swedish Nuclear Fuel and Waste Management Co (SKB) has
addressed these issues in an official report [31]. However, there are still
intensive debates about these issues in Sweden [19,32,33]. Earlier in
2022, the Swedish government made a decision allowing SKB to start the
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long process preparing for the final disposal, meanwhile requesting
regular revisions of the safety risk assessment of the system and eventual
improvement. Clearly, there is a need to gain a deep understanding of
the roles of H, S, O, and Cl in SCC and HE of Cu during the long exposure
to the groundwater containing sulfide. This requires the detection of
penetration and distribution of these corrosive species into the Cu
microstructure. In this work, we utilized time-of-flight secondary ion
mass spectroscopy (ToF-SIMS) to reveal the penetration of H, S, O, and
Cl into Cu caused by the exposure to a Oy-free simulated groundwater
with and without additional sulfide. This communication is focused on
the ToF-SIMS results and their implications in nuclear waste disposal
context.

2. Experimental
2.1. Sample preparation and exposure to simulated groundwater

Hot-rolled OFP-Cu, the material for making the canister, was used as
the material for the experiments. The OFP-Cu was provided by Posiva
Oy, Finland. The copper material had a typical hot-rolled microstruc-
ture, with large grains (from several tens to hundreds of micrometres in
size) and annealing twins, see Fig. 1. Two initial conditions were used in
the long exposure experiments: (i) the polished Cu surface, and (ii) pre-
oxidised Cu surface that was after equal grinding exposed for seven days
to air at the temperature of 90 °C. The samples had the dimensions of 10
mm X 10 mm x 3 mm, the surface was wet-ground down to 600 grits,
and cleaned in acetone and ethanol prior to the exposure. The pre-
oxidation was done to simulate the effect of initial oxic conditions at
the elevated temperature on Cu, prior to anoxic phase in disposal. The
elevated temperature was chosen to take into account the effect of ra-
diation from the spent fuel. Highly radioactive nuclear waste re-
positories may exhibit significant temperature variations depending on
their location, time, and type of waste, a temperature increase up to
90 °C is predicted within 10-30 years after closure, followed by a slow
temperature decrease to natural condition in thousands of years [6,8].

The exposures were conducted at VTT using simulated groundwater
with and without additional sulfide. Table 1 gives the chemical
composition of the groundwater, which was derived based on the
groundwater chemistry of the planned disposal site and the effect of ion
exchange with the bentonite. The sulfide was added in the form of NasS.
Besides sulfide addition, the groundwater contains a high level of
chloride and sulphate ions. The experiments were mostly conducted at
room temperature (22 °C) in glass vessels, while some samples were
exposed at 60 °C in glass vessels placed in a heat chamber. The test
vessels were gas-tight laboratory glass bottles with the volume of 5 L.
The experiments were carried out in anoxic environment: the water and
vessels were flushed with argon before the start of the tests. Vessels were
sealed with butyl rubber stoppers to prevent Oy contamination during
the experiment. Redox potential monitoring and chemical analysis of the
groundwater were performed to verify that anoxic nature of test system
was maintained over the test duration. The exposure at 60 °C was done
replicating the period of increased temperature in the early period of
disposal. After the exposure, the samples were dried in air and then
stored in desiccator. Exposure runs with different levels of added Na,S
and time durations, electrochemical measurements and characterization
of the corrosion products were reported in the final project report [34].
The samples after exposure to the groundwater without/with 0.001 M
(32 mg/L) NayS addition were chosen for ToF-SIMS analysis.

Table 1
The chemistry of the simulated groundwater, to which 0.001 M Na,S was added.
K Ca Cl Na* SOy Br HCO3 Mg Sr Si B F Mn POy lactate
mg/L 54.7 280.0 5274.0 3180.2 595.0 42.3 13.7 100.0 8.8 3.1 1.1 0.8 0.2 0.1 1

Original Na content; actual amount also includes the addition of Na,S.
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Fig. 2. Plane views by ToF-SIMS analyses at different depth intervals (0-21, 22-43, 44-65 and 66-87 nm) of a polished Cu sample after 9-month exposure in the
simulated groundwater without Na,S, at ambient temperature. (a) Cu’, (b) S’, (c) O, (d) H, and (e) CI'. The field of view is 450 um x 450 um. Arrows mark the

segregation along the grain boundaries.
2.2. ToF-SIMS measurements

ToF-SIMS analyses were performed for selected Cu samples after the
exposure. Before the analysis, the exposed samples were stored in
desiccator for a long time: 1 year for the 9-month exposed samples and
0.5 year for the 4-month exposed samples. ToF-SIMS techniques
including depth profiling and 2D/3D imaging, and their applications in
material science have been described in literature [35-38]. ToF-SIMS
has been extensively used to study high temperature oxidation mecha-
nisms of alumina formers [39,40] and corrosion processes of engineer-
ing alloys [41-43]. In two SKB reports, ToF-SIMS measurements were
included in the study of corrosion of Cu in Os-free pure water, however,

only depth profiles were briefly discussed regarding the estimate the
thickness of the oxide film, while no 2D/3D imaging was made to map
the distribution of the corrosive species inside the Cu metal [44,45]. In
our work, ToF-SIMS measurements were performed at the Infrastructure
for Chemical Imaging at Chalmers University of Technology, using a
ToF-SIMS V instrument (ION-ToF, GmbH, Miinster, Germany) equipped
with a 25 keV Bismuth LMIG (Liquid metal ion gun) and a 10 keV Cs
sputter gun providing high precision information on the composition of
the elements, with a mass resolution m/Am: 6000, and focus of the ion
beam: 1-2 pym. The sputtered area was 650 pm x 650 um (at 256 x 256
pixels), while the data from the central part of 450 ym x 450 um were
used for quantitative analysis to avoid possible edge effects.



X. Yue et al.

(a) Depth (nm)
0 10 20 30 40 50 60 70 80
3x10° T T T T T T T T
E ipronounced penetration local penetration
=
o
=
3
[}
&
2 2x10° F o
2 £ A _
g 2 aX Cl
§ g L e S-
=} 0
z |3 o
z A OH-
£ 1x10° wh .o
k= e
H-
0

0 500 1000 1500

Sputtering time (s)

Corrosion Science 210 (2023) 110833

Fig. 3. (a) ToF-SIMS ion depth profiles, and (b) reconstructed ToF-SIMS 3D images of concentrated corrosive species in the volume including all the analysed areas in
Fig. 2. The signal of OH' is also included to show the presence of OH species in the corrosion products.

The signals of detected negative ions were used for plotting the depth
profiles (in-depth variation of total counts over analysed area) and for
construction of 2D/3D images (lateral distribution at certain depths).
Both depth profile and image analyses were performed using the ION-
ToF Surface Lab software (Version 6.3, ION-ToF, GmbH, Miinster, Ger-
many). The same instrument and software were used in corrosion
studies as reported in previous publications [42,43]. With the setup
used, the lateral resolution for imaging is ca. 0.5 um. The mass resolu-
tion remained well above 4500-5000 with well-shaped gaussian peaks
for all the elements shown in the paper, which indicates a reliable
interpretation of the the ToF-SIMS data without any considerable effect
of artifacts, particularly the role of topography, porosity, cracks, etc. The
sputtering rate was 0.042 nm/s, determined by measuring the total
depth of sputter crate using a white light interferometer (Zygo New-
View7300). Note that the sputtering rate may vary slightly between the
corrosion product layer and Cu matrix. However, this does not affect the
discussion focusing on the penetration of the corrosive species inside the
Cu matrix.

3. Results and discussion

Analysis of the ToF-SIMS data from the Cu samples provides depth
profiles, revealing in-depth variations in the content of the corrosive
species, and sequences of 2D images at different depths as well as 3D
images of the analysed volume, showing their lateral distribution at
different depth intervals. As a common practice, the signal intensity
(count) vs. sputtering time is plotted in the depth profiles, and the depth
value converted from the sputtering time is also added to the plots. Note
that the intensity of Cu is relatively low because the ionization yield of
Cu (metallic and oxidized) is much lower than that of H, S, O, and CI due
to a lower relative sensitivity factor (RSF) in ion sputtering processes.
Whereas, the RSF is similar for S, H, and Cl, and somewhat higher for O,
as reported in literature [35]. Ideally, the interface between the Cu
metal substrate and corrosion product film is defined at the point of the
rapid raise of the metal signal and the drop of the signal of corrosive
species. However, it is not straightforward in this case, because some Cu
grains were more corroded than others, causing uneven penetration of
the corrosive species into the Cu substrate. In fact, there is no sharp
boundary at the interface, therefore we define the interface at the point
when the Cu signal increased to a stable level and where the signal of O
or S species also started to decrease, similar to the literature report [41].
In the 2D images, the colour contrast shows the variation of the signal
intensity, which indicates the difference in the concentration in a rela-
tive scale. In the 3D images, the Z-axis (depth) is not in proportion to the
X and Y axes but scaled to demonstrate the changes in the distribution of

corrosive species, to ease the visualization of their penetration into the
Cu substrate. Note that some 3D images are included in the supple-
mentary material.

3.1. Corrosion of Cu in simulated groundwater without Na,S

Figs. 2 and 3 display the ToF-SIMS results from a polished sample
after 9-month exposure in the simulated groundwater without Na,S, at
ambient temperature. Fig. 2 presents 2D images of Cu’, S, O, H and CI’
acquired at different depth intervals (0-21, 22-43, 44-65, and
66-87 nm) below the surface, showing lateral distribution of Cu, S, O, H
and Cl in the surface and near-surface regions. The 2D images are sum
frames constructed by combining individual planes obtained within
certain sputtering time intervals, from which the depth ranges were
calculated using the sputtering rate. To visualize the Cu grains and in
some cases also the annealing twins (parallel lines), broken lines were
added in the images to illustrate the grain boundaries. The sequence of
the 2D images manifests the progress of the corrosion of Cu from the
surface towards the interior microstructure. As seen in Fig. 2, the 2D
images at all depths show some areas of higher intensity of S°, 0", H', and
CI', however, the intensity of Cu” varies only slightly in these areas,
indicating that the intensity variation of Cu” is mainly originated from
the different orientations of the Cu grains. Areas of lower Cu intensity
(seen in darker contrast) are associated with the corrosion products,
which could be seen only in the depth range of 0-21 nm. The correlation
between the high intensity areas (seen in bright contrast) of S’, O, H,
and CI indicates the joint actions of these corrosive species, and their
local segregation shows nonuniform nature of the corrosion process. The
corrosion products formed on the surface likely contained oxides and
sulphates, probably also hydroxides and Cl-containing compounds.
Thanks to the high sensitivity to detect hydrogen, the ToF-SIMS mea-
surement revealed the distribution of H, not only in the corrosion
product on the surface, but also inside the Cu microstructure (Fig. 2(d)).

Fig. 3 displays depth profiles (Fig. 3(a)) and 3D topographical images
(Fig. 3(b)) for the groundwater-exposed Cu sample at a 450 um raster
size (field of view: 450 um x 450 um) constructed by concatenating ToF-
SIMS data of concentrated corrosive species. Six signals are included in
Fig. 3, the Cu’is originated from the Cu metal and other signals represent
corrosive species originating from the exposure environment. The in-
crease of Cu” ions was used for characterizing the matrix because the
intensity of Cu’ is higher than that of Cu®, which can provide a better
resolution. Based on the depth profiles of Cu” and O, the thickness of the
corrosion product film is estimated to be ca. 7 nm (Fig. 3(a)). This is in
reasonable agreement with the average corrosion rate determined by the
weight loss measurements, which include the dissolved part [34]. The



X. Yue et al.

22-43 nm

(a)

g

B

8

Corrosion Science 210 (2023) 110833

44-65 nm 66-87 nm

~ e
7’ '~ -

pm 0

Fig. 4. Plane views by ToF-SIMS analysis at different depth intervals (0-21, 22-43, 44-65 and 66-87 nm) of a polished Cu sample after 9-month exposure in the
simulated groundwater with 0.001 M Na,S, at ambient temperature. (a) Cu, (b) S, (c) O, (d) H, and (e) CI'. The field of view is 450 um x 450 um. Arrows mark the

segregation along the grain boundaries.

depth profiles show pronounced penetration of the corrosive species
reaching the depth of 55 nm. Moreover, further local penetration of the
corrosive species can be seen as continuously decreasing intensities with
sputtering time in the logarithmic plot (supplementary Fig. S1). The
pronounced penetration refers to the depth range with substantially
higher contents (reflected by signal intensity) of the corrosive species
distributed in a large part of the matrix, while local penetration refers to
the depth range where the detected singal of the corrosive species per-
sists and decreases with increasing depth, but still higher than the
background level. The small magnitude of signal intensity beyond the
background level indicates the deep penetration occurring only at some
local sites. The boundary between "pronounced penetration" and "local
penetration" is defined from the decline of S/O" signal and the relatively
stable Cu” signal to their intersection, as shown in the depth profile plots.

The 3D images (Fig. 3(b)) visualize the corrosion product layer and
local deep penetration of corrosive species (especially O and Cl) into the
Cu microstructure. High level of O is seen throughout the corrosion
product layer, whereas high levels of S, Cl, OH, and H are seen in some
local areas. The results suggest the formation of heterogeneous corrosion
products consisting of oxides/hydroxides as well as S- and Cl-containing
compounds.

The sites with the deep penetration of O and Cl likely represent some
grain boundaries in the microstructure. However, the width of the deep
penetration channels is quite large (up to tens of pm), see Fig. 3(b),
indicating the significant extent of intergranular corrosion. The ToF-
SIMS results demonstrate that the Cu corrosion takes place not only
through surface reactions but also through penetration of corrosive
species into the Cu substrate. Without any sulfide addition, the corrosion
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Fig. 5. (a) ToF-SIMS ion depth profiles, and (b) reconstructed ToF-SIMS 3D images of concentrated corrosive species in the volume including all the analysed areas

in Fig. 4.

product layer formed on the surface is quite thin, however, the corrosion
process is not uniform and local penetration of corrosive species into the
Cu substrate is evident. Estimation of the penetration depth of the cor-
rosive species, in particular S, into the Cu substrate and the implications
are discussed in the summary section below.

3.2. Corrosion of Cu in simulated groundwater with 0.001 M Na,S

Figs. 4 and 5 display the ToF-SIMS results obtained for a polished
sample after 9-month exposure in the simulated groundwater with
0.001 M NayS, at ambient temperature. Fig. 4 presents 2D images of Cu’,
S, O, H and ClI" acquired at different depth intervals below the surface,
showing the lateral distribution of Cu, S, O, H and Cl in the surface and
sub-surface regions, while Fig. 5 displays depth profiles and 3D images
of concentrated corrosive species distributed in the entire analyzed
volume. The depth intervals are chosen to be the same as those in Figs. 2
and 3 for easy comparison. It can be seen in the 2D plane views that
these corrosive species, especially S and O, are present in the whole
surface layer in the depth range of 0-43 nm, evidenced by the strong
intensity over the whole area. Such behaviour was not detected in the
absence of sulfide. With the depth exceeding 43 nm, the overall intensity
for S, O, Cl, and H™ decreases and becomes uneven over the analysed
area, indicating local segregation of the corrosive species. The distri-
butions of S, O, Cl, and H reveal similar features, suggesting the joint
action of these corrosive species. However, in the depth range of
44-87 nm, S distribution is essentially concentrated in local spots and
lines (marked as arrows), whereas O distribution seems to reflect the
grain orientations. The distribution of H resembles that of both O and S,
and Cl level becomes very low. These findings indicate that there is some
difference between these species in the local penetration and segrega-
tion in Cu microstructure. The segregation along the lines may be
associated with the grain boundaries, and some of them may become
preferential corrosion pathways as observed in previous studies [10, 11,
51]. These features are very different from those in the absence of sul-
fide, indicating its important role in the development of corrosion
products and the progress of corrosion into the Cu metal.

Fig. 5 shows a thicker corrosion product film formed on the surface
and also significantly enhanced penetration of the corrosive species into
the Cu microstructure as compared to the case without sulfide (Fig. 3).
The depth profiles in Fig. 5(a) show higher intensity of Cl" and H™ in the
outmost layer (several nm in depth), and the maximum intensity of O
and OH around 12 nm. The outmost layer mainly contains oxides and
hydroxides, and adsorbed species from the solution and surface
contamination may also be present in this layer. The peaks of O and OH"
indicate the position of the oxide/hydroxide layer. Interestingly, the

signal of S” reached a maximum at the depth around 27 nm, where the
intensity of O” and OH" decreased to a low level. Judged by the depth of
maximum intensity of S and increased intensity of Cu’, the thickness of
the corrosion product film is estimated to be 27 nm, which is much
thicker than that of the sample exposed to the groundwater without
NayS (Fig. 3(a)). Pronounced penetration of corrosive species reached
the depth of 90 nm, see Fig. 5(a), and futher local deep penetration
(>106 nm) can be seen in the logarithmic plot (supplementary Fig. S2).
The 3D images in Fig. 5(b) visualize the corrosion products formed on
the surface, heterogenous distribution and local penetration of the cor-
rosive species in the Cu metal. Deep local penetration is seen to follow
some fast paths, seemingly along the grain boundaries, as shown in
Fig. 4.

These results indicate that the corrosion product film consists of an
O-rich outer layer and S-rich inner layer. The outer layer of oxide/hy-
droxide could be formed during the storage time after the sample was
taken out from the Os-free groundwater. The formation of a relatively
thick S-rich layer on the Cu metal suggests a fast S-induced corrosion
during the exposure to the Oy-free groundwater with 0.001 M NasS,
which also leads to the significantly enhanced penetration of the cor-
rosive species into the Cu microstructure, in particular along some fast
paths. It should be mentioned that the open circuit potential value for Cu
remained below - 0.8 V vs. Ag/AgCl during the entire period of expo-
sure, indicating the reducing condition (O-free) of the exposure envi-
ronment. Thermodynamically, this suggests the formation of copper
sulfide as the main corrosion product [34]. Besides, the thickness of the
corrosion product layer, ca. 27 nm, indicates that it is not a traditional
passive film like that on stainless steels with the thickness of a few nm.

3.3. Effect of pre-oxidization

Figs. 6 and 7 display the ToF-SIMS results obtained for a pre-oxidized
sample after 9-month exposure in the simulated groundwater with
0.001 M Na,S, at ambient temperature. Fig. 6 presents 2D images of Cu’,
S, O, H and CI" acquired at different depth intervals from the surface,
the plane views show lateral distribution of Cu, S, O, H and Cl in the
surface and sub-surface regions. The pre-oxidized sample has an initial
oxide film on the surface. In the surface layer (0-21 nm in depth), O is
present and distributed uniformly. The O level increases towards the
near-surface areas, down to the depth of 65 nm, and then decreases with
increasing depth. In contrast, high level of S is present in the surface
layer (0-21 nm), locally concentrated in specific grains and lines, but
the level decreases with increasing depth. In the depth range of
66-87 nm, where the O intensity was lower, an increased level of S was
detected again, being located in specific grains and lines. Only minor
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Fig. 6. Plane views by ToF-SIMS analysis at different depth intervals (0-21, 22-43, 44-65 and 66-87 nm) of a pre-oxidised Cu sample after 9-month exposure in
simulated groundwater with 0.001 M Na,S, at ambient temperature. (a) Cu, (b) S’, (c) O, (d) H,, and (e) CI'. The field of view is 450 ym x 450 um.

levels of Cl and H were detected, being locally distributed, especially at
increased depths. In this case, local penetration of the corrosive species
are clearly seen in the depth range of 44-87 nm. In many sites, O and S
are segregated together, and even H and Cl are seen to co-exist at some
sites.

Fig. 7 displays the depth profiles of the corrosive species for a pre-
oxidized sample after 9-month exposure in the simulated groundwater
with 0.001 M Na,S, at ambient temperature. The depth profiles show
that the O” peak is much higher and broader than the S” peak. Judged by
the depth of maximum S intensity and increased Cu intensity, the
thickness of the corrosion product film is estimated to be ca. 25 nm,
similar to that of the polished sample. Nevertheless, in this case, the
depth profiles of O” and S™ are very different from those of the polished
sample (Fig. 5(a)), which has a S-dominant layer beneath the O-domi-
nant layer. This indicates the effect of the initial oxide on the sulfide-

induced corrosion process, i.e., the presence of initial oxide film re-
duces the sulfide-induced corrosion to some extent. However, despite of
a lower intensity, the S™ peak is located slightly deeper than the O” peak
(Fig. 7). It suggests that localized S penetration can occur through the
oxide film, evidenced by the similar local segregation in the surface
layer (0-21 nm in depth) and inside the Cu substrate (66-87 nm in
depth), see Fig. 6(b). The heterogenous corrosion products, the pro-
nounced penetration of the corrosive species into the Cu substrate down
to the depth of 147 nm, and further local penetration can be viewed in
the 3D images and the log plot of depth profiles (supplementary Fig. S3).
These results indicate that the exposure of the pre-oxidized sample to the
anoxic groundwater with 0.001 M NayS results in both the formation of
O- and S-rich compounds on the surface and also penetration of the
corrosive species into the Cu microstructure, despite the presence of an
initial oxide film on the surface. The corrosive species seem to have some
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Fig. 7. ToF-SIMS ion depth profiles of concentrated corrosive species in the
volume including all the analysed areas in Fig. 6.

joint actions that promote their penetration into the Cu microstructure.
3.4. Effect of elevated exposure temperature of 60 °C

Figs. 8 and 9 display 2D images obtained from two pre-oxidized
samples after 4-month exposure in the simulated groundwater with
0.001 M Na,S, one at ambient temperature (22 °C), and another at
60 °C. The total sputtering time is 2500 s for the sample exposed at
ambient temperature and 12000s for the one exposed at 60 °C,
respectively. The latter was much longer because of a much deeper
penetration of the corrosive species. In Fig. 8(a), the contrast in Cu’
intensity reflects the different crystallographic orientations of the grains
(with different atomic packing densities). The S” and O signals are
strong and quite uniform in the surface layer (0-25 nm in depth), and
decrease in the overall intensity with increasing depth. Beyond 25 nm, S
and O signals show localized high intensity, indicating their joint
penetration into the Cu microstructure. The H™ and Cl” signals, although
relatively weak, were also detected within the Cu metal, mostly
appearing as small spots located along and in the vicinity of the grain
boundaries. These small spots are likely the trapping sites of H and other
corrosive species. Local deep penetration of the corrosive species,
seemingly along grain boundaries, can be viewed in the log plot of depth
profiles and the 3D images (supplementary Fig. S4(a) and (c)).

For the sample exposed to NasS-added groundwater at 60 °C,
because of a thicker corrosion product film and deeper penetration of
corrosive species, larger depth intervals are used for constructing 2D
images, see Fig. 9. The contrast in Cu intensity reveals high-angle
boundaries (added broken lines), which are likely high-angle grain
boundaries and twins. The S” images show a high level of S uniformly
distributed down to the depth of 250 nm, while it is concentrated along
the lines at greater depths, consistent with the Cu” images. The O in-
tensity from the surface down to 250 nm is much lower than for S’, but
consistent trends are seen for S” and O” images obtained at greater
depths. In the S” and O images for the depth range of 376-500 nm, lines
with relatively high signal intensity are seen inside large grains, which
are likely associated with the grinding scratches (with residual strain
and concentrated dislocations) on the sample. Overall, the S™ signal has
the highest intensity in the whole analysed area down to the depth of
375 nm, suggesting that S is the dominant corrosive species in the
corrosion product film. Local enrichment of the corrosive species is seen
in the depth range of 250-375 nm, and their segregation along the lines
and at many spots was detected in the depth range of 376-500 nm.
Interestingly, the spots appear as being connected along certain lines,
which may be associated with a large extent of segregation along the
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grain and sub-grain boundaries. The heterogenous corrosion products
on the surface and local deep penetration of the corrosive species can be
viewed in the log plot of depth profiles and the 3D images (supple-
mentary Fig. S4(b) and (d)).

For comparison, the depth profiles for the two samples are plotted in
Fig. 10. In both cases, S” has a higher intensity than O, and the S™ peak is
broader than the O peak. Obviously, the corrosion product film is much
thicker and the penetration of the corrosive species is much deeper for
the sample exposed at 60 °C than the one exposed at ambient temper-
ature. Judged from the O, S, and Cu profiles, the thickness of the
corrosion product film is estimated to be ca. 25 nm for the sample
exposed at ambient temperature, while it is around 170 nm for the
sample exposed at 60 °C. It is striking that the high intensity of S ex-
tends deep into the Cu substrate when exposed at 60 °C. Pronounced
penetration of S reached the depth of 440 nm (Fig. 10(b)), while the
local penetration along grain boundaries is likely much deeper. Clearly,
the sulfide-induced corrosion of Cu in the anoxic groundwater is greatly
accelerated by increasing the exposure temperature to 60 °C, and the
ingress of the corrosive species, especially S, is largely promoted by the
increased temperature.

4. Overall discussion and implications of the results

In this work, after the exposure runs, the Cu samples were stored in
desiccators for a long time and then in air for many days before the ToF-
SIMS analysis. During the storage in air, conversion of some part of
sulfides to oxides is possible due to oxidation. Meanwhile, surface
adsorption and contamination may occur during this period leading to
modification of the outermost layer (a few nm thick). Moreover, due to
the large Cu grains, up to a few hundreds of pm in size, the analysed area
(450 ym x 450 pm) may only include a small number of grains, so
caution should be taken in quantitative comparison between the sam-
ples. Furthermore, the sample surface area selected for ToF-SIMS ana-
lyses were relatively smooth, without visible porosity and cracks. The
morphology of the corrosion scale is shown in Fig. S5. The results show
detectable levels of the corrosive species in all cases, and some other
areas may have even higher levels. The 2D images and linear plots of the
depth profiles reveal pronounced penetration of the corrosive species,
while the depth of local penetration is much deeper in some cases,
judged by the logarithmic plots (highlighting small changes). To deter-
mine the local penetration depth requires long sputtering times until
reaching the depth where the corrosive species is reduced to the back-
ground level. Since H atoms are highly mobile even at ambient tem-
perature, part of atomic H entering into the Cu during the exposure in
the groundwater may have egressed from the sample during the storage
time before the ToF-SIMS analysis. Thus, the detected H is only the
trapped part. Accurate quantitative measurement of H requires freezing
the sample before the measurement, and Nano-SIMS with nm lateral
resolution is needed to resolve H segregation along grain boundaries.
The ToF-SIMS data presented here are given in counts/intensity,
showing the variations on a relative scale. Nevertheless, the ToF-SIMS
results, showing both the depth profiles including in-depth variations
and penetration of the corrosive species into the Cu substrate, and the
2D/3D images showing uneven distribution and local segregation of the
corrosive species within the Cu microstructure, provide valuable infor-
mation about the corrosion processes occurring not only on the Cu
surface, but also inside the Cu microstructure. This information is often
missing in corrosion studies.

The ToF-SIMS depth profiles of the corrosive species often show a
peak followed by slow decay of the signal intensity with sputtering time.
The high levels of S and O, together with a lower level of Cu, is associ-
ated with a S- and O-rich corrosion product film formed on the surface,
while the slow decay of the corrosive species indicates their penetration
into the Cu substrate. Deep penetration is seen to occur along some fast
paths, e.g., grain boundaries, Figs. 2 and 4. The 2D images clearly show
that locally concentrated S, O, H, and Cl often overlap in the same areas
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Fig. 8. Plane views by ToF-SIMS analysis at different depths (0-25, 26-50, 51-75, and 76-100 nm) of a pre-oxidised Cu sample after 4-month exposure in the
simulated groundwater with 0.001 M Na,S, at ambient temperature. (a) Cu;, (b) S, (c) O’, (d) H, and (e) CI". The field of view is 450 pm x 450 pum.

or sites, suggesting their joint action in the corrosion process. An initial
oxide film, either formed due to exposure in air or during pre-oxidation,
was present on the surface before the exposure to the groundwater.
During the long-term exposure to the simulated anoxic groundwater, the
initial oxide film does not seem to prevent the transport of corrosive
species and further corrosion of the metal. The results in Figs. 2 and 3
show that, without Na,S addition, a thin oxide/hydroxide layer
remained on the surface after the exposure, and local penetration of S, O,
H, and Cl into Cu substrate occurred, seemingly along grain boundaries.
In this case, the S originates from SO?{, and Cl from CI ions, both of
which were involved in the corrosion process. In the presence of NayS
(0.001 M), the corrosion was significantly accelerated, evidenced by a
thicker corrosion product film formed on the surface and the enhanced
penetration of the corrosive species, especially S, and deep local pene-
tration into the Cu substrate (Figs. 4 and 5). The correlation between S

and CuS’ in the depth profiles (Fig. S6) suggests that the S-compound in
the S-rich corrosion products formed on the surface is most likely Cu
sulfide [34].

Comparison of the results from the polished and pre-oxidized sam-
ples shows the effect of the pre-oxidation. On the polished sample, the
corrosion product film consists of an O-rich outer layer and a S-rich inner
layer (Fig. 5). Whereas, on the pre-oxidized sample, the corrosion
product film contains mixed O- and S-compounds (oxides and sulfides),
in which the O-compounds are dominant (Fig. 7). In both cases, signif-
icant penetration and local segregation of S, O, H, and Cl in the Cu
microstructure occurred (Figs. 4 and 6). These results indicate that the
initial oxide film formed during the pre-oxidation did not act as a dense
barrier to impede the sulfide-induced corrosion, and S-species could
easily penetrate the initial oxide film. Probably, the initial oxide film is
defective or soluble in the groundwater, which allows easy penetration
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Fig. 9. Plane views by ToF-SIMS analysis at different depths (0-125, 126-250, 251-375, and 375-500 nm) of a pre-oxidised Cu sample after 4-month exposure in the
simulated groundwater with 0.001 M Na,S, at 60 °C. (a) Cu,, (b) S, (c) O, (d) H, and (e) CI". The field of view is 450 pm x 450 um.

of the S-species. In fact, the presence of a discontinuous oxide film,
especially when containing oxide particles at the grain boundaries, fa-
cilitates hydrogen trapping [11]. Comparison of the results from the
exposure at ambient temperature and at 60 °C show clearly that the
increased temperature of 60 °C has a pronounced effect by accelerating
the sulfide-induced corrosion, and the role of S-compounds is more
enhanced than that of O-compounds. The thickness of the corrosion
product film increased several times and the film became dominated by
S-compounds (Fig. 10). Penetration of S and O into the Cu substrate was
greatly promoted, and the local segregation of S, O, and Cl occurred
more frequently and to a larger extent than at ambient temperature,
appearing as continuous lines instead of discrete spots (Figs. 7 and 8).
The local distribution of H is probably similar, but this needs to be
confirmed by further Nano-SIMS analysis. The temperature effect on the
penetration of S, O, and Cl into the Cu substrate can clearly be seen from
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the comparison of depth profiles in Fig. 11.

Thermodynamics and kinetics of Cu corrosion in pure water and
simulated groundwater have been studied extensively, with respect to
the deep geological disposal of nuclear waste [6,8]. Under anoxic con-
dition, in the presence of sulfide, surface Cu-oxides will be transformed
into Cu-sulfides [16,17]. DFT calculations of simple model systems
suggest possible dissociation of HoO and sulfide species and adsorption
of O, H, and S on the Cu surface [18,19,46-49]. It has been claimed that
ingress of H and S into the Cu lattice is not energetically favourable [32],
based on the calculations showing possible formation of H is some cases
[47,48,50]. However, in real disposal system, high levels of CI" and SO%
and also of sulfide species are present in the groundwater. Moreover,
there are various types of defects on the Cu surface and inside the
microstructure including dislocations, grain boundaries and voids. The
ToF-SIMS results from this work demonstrate that, during exposure of
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Fig. 11. ToF-SIMS ion depth profiles of (a) O” and CI’, and (b) S” on the samples after 4-month exposure in the simulated groundwater with 0.001 M Na,S, at ambient

temperature and 60 °C, respectively.

Cu samples to the groundwater, in addition to the formation of complex
corrosion products on the surface, significant penetration of S, H occurs
in the Cu microstructure, often observed with joint penetration of O and
Cl. This local penetration of corrosion stimulating species down to the
depth of several hundred nanometres along some fast paths occurs, even
without added sulfide. Such local penetration suggests a severe under-
estimation of the corrosion risk of Cu when only considering the ho-
mogeneous corrosion processes. Furthermore, such penetration is
enhanced by the sulfide addition. The elevated temperature of 60 °C
greatly accelerates the corrosion on the surface and the penetration of
corrosive species into the Cu substrate. Fig. 12 shows an illustration of
the corrosion processes including the penetration of the S, O, H and Cl
into the Cu microstructure.

The ToF-SIMS results provide clear evidence for the pronounced
penetration of S, O, H and Cl into the Cu microstructure, which is
heterogenous and seems to be related to the grain orientations. The
grain-orientation effect on the corrosion process has also been observed
by other measurements [34]. Deep penetration occurs via some fast
paths, likely along some grain boundaries. These new findings provide
reasonable explanations for the observations of sulfide-induced SCC and
intergranular corrosion of Cu in similar environments [10,11,51]. The
most striking observation is the pronounced penetration of S into Cu
which is enhanced by the sulfide addition and greatly promoted by the
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elevated temperature of 60 °C. Based on the ToF-SIMS ion depth profiles
and the 2D maps of the distribution of the corrosive species (in the grains
and along the grain boundaries), the depth of pronounced penetration
can be determined for the different samples. As can be seen in the log
plots of the depth profiles, the depth of local penetration along grain
boundaries exceeds the depth of termination of the ion sputtering.
Taking the Cu sample after 4-month exposure to the NajS-added
groundwater at 60 °C as an example, the results show that the pro-
nounced S penetration (involving diffusion both within the grains and
along the grain boundaries) reached the depth of 440 nm, whereas the
depth of local penetration (along the grain boundaries) is beyond
500 nm. Assuming linear extrapolation it follows that the overall
penetration rate of S is 1.32 pm/year and the rate of S penetration along
grain boundaries is more than 1.5 pm/year. These rates can be used to
estimate the time needed for S to penetrate the Cu metal under service
conditions. Accordingly, it takes ca. 38 years and 38000 years for S to
penetrate 50 ym and 5 cm thick Cu, respectively. Moreover, it takes less
than ca. 33 and 33000 years for S to diffuse 50 um and 5 cm, respec-
tively, along the grain boundaries. These values can be compared with
an SKB report compiling data of diffusion in Cu [58]. According to
Figs. 3-5 in ref. 58, at 60 °C, it takes less than 1000 years for S to diffuse
5 c¢m in grain boundaries. In our ToF-SIMS measurements, the local S
penetration along the grain boundaries could be much deeper than the
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Fig. 12. Illustration of penetration of corrosive species into the Cu microstructure under different exposure conditions.

depth of termination of the ion sputtering, therefore our extrapolated
results are in general agreement with the above calculation using the
reported diffusion data [58]. The ToF-SIMS results demonstrate that the
S penetration into the Cu microstructure and the local penetration along
grain boundaries are indeed very fast under the experimental
conditions.

To understand the mechanism of the internal corrosion and pene-
tration of corrosive species inside the microstructure requires detailed
knowledge at atomistic scale, typically acquired by DFT calculations.
The joint actions of S and H, together with O and Cl, may have some
synergistic effect on the corrosion process, which has not been addressed
by DFT, although hydrogen trapping and sorption capacity was calcu-
lated for vacancy, void and grain boundaries in Cu [52-54]. A theoret-
ical study of diffusion of dissociation products suggests that OH in a
grain boundary of Cu quickly dissociates leading to fast diffusion of O
and H atoms along the grain boundary [55]. Moreover, DFT calculations
show that S and P tend to segregate and thus accumulate at a certain
type of grain boundary in Cu [56]. In a study of impurity effects on the
grain boundary cohesion in Cu, it has been found that a strong segre-
gation of S can reduce the work (energy) of grain boundary separation
below the work of dislocation emission, thus embrittling Cu, which is in
agreement with experimental observations [57].

Our new findings have important implications regarding the risk for
sulfide-induced SCC and embrittlement of the Cu canister. A compre-
hensive understanding of the corrosion mechanism is needed to provide
a solid scientific basis for the risk assessment of the Cu canister in the
final disposal of nuclear waste. This should include the local strain
formation in the near surface region and in the bulk microstructure of
the Cu, as reported previously [19]. Thus, it is crucial to take into ac-
count the internal corrosion processes occurring underneath the corro-
sion product film and the damage of the Cu microstructure caused by the
ingress of the corrosive species in the risk assessment of Cu canister [19].
It should be mentioned that the additional radiation effect on the
corrosion process caused by highly radioactive spent fuel is not included
herein and needs to be considered in future studies.

5. Conclusions

The ToF-SIMS measurements of copper samples after exposures for
several months to the simulated O,-free groundwater with and without
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sulfide addition provide depth profiles of concentrated corrosive spe-
cies, 2D images of lateral distribution of the corrosive species at different
depth intervals, and 3D images showing deep local penetration along
some fast paths. Based on the results, the following conclusions can be
drawn:

- During the exposure, in addition to the formation of a corrosion
product film on the Cu surface, pronounced penetration of the corrosive
species, H, S, O, and Cl, into Cu metal occurs in the near surface region,
and deep local penetration proceeds at certain fast paths, most likely
along some grain boundaries. This happens even in the absence of sul-
fide addition.

- The corrosion process of Cu is heterogenous and influenced by the
crystallographic orientation of the Cu grains. The corrosion products
formed on the surface consist mainly of O- and S-compounds and also of
minor Cl-components. The corrosive species, H, S, O, and Cl often
segregate together and likely exhibit joint actions, resulting in internal
corrosion.

- The corrosion processes, both the formation of the corrosion
product film on the surface and penetration of the corrosive species
inside the Cu metal, are significantly enhanced by the sulfide addition
(NayS) at a concentration of 0.001 M, which results in essentially S-rich
corrosion products. The initial oxide film formed by pre-oxidation does
not act as an effective barrier to the sulfide-induced corrosion.

- The elevated temperature of 60 °C during the exposure greatly
accelerates the sulfide-induced corrosion, leading to a several times in-
crease in the thickness of the corrosion product film and the deep
penetration of the corrosive species. After four months S reaches 440 nm
into the Cu substrate and more than 500 nm along local fast paths.

- The evidence of penetration of the corrosive species, H, S, O, and Cl,
especially their deep local penetration into the Cu microstructure, im-
plies the risk for embrittlement and crack initiation in the Cu material.
This demonstrates the need for thorough evaluation of sulfide-induced
complex forms of Cu corrosion in the risk assessment of Cu canister.
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