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Synchrotron high-energy XRD measurements and ab-initio DFT calculations were employed to investigate
microstructural degradation of copper upon exposure to sulfide-containing anoxic groundwater simulating nu-
clear waste repository. After two-month exposure, the high-energy XRD measurements revealed heterogeneous
lattice deformation in the microstructure and lattice expansion in near-surface regions. The DFT calculations
show that sulfur promotes hydrogen adsorption on copper. Water causes surface reconstruction and promotes

DFT hydrogen insertion into the microstructure, occurring via interstitial sites next to vacancies leading to lattice
dilation and metal bond weakening. Hydrogen infusion in the presence of sulfur caused lattice degradation,
indicating a risk for H-induced cracking.

1. Introduction

A large amount of spent fuel is produced every year from commercial
nuclear power plants, 1% of the nuclear waste is highly radioactive and
its safe disposal is as important as nuclear safety. Deep geological
disposal is the prefered approach for permanent storage of the nuclear
waste in several countries. Governmental regulations stipulate safe long-
term 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 multi-barrier system, where
the spent fuel is first placed in cast-iron inserts, which are then inserted
into canisters as a barrier to seal the cast-iron inserts. The canisters will
be placed in bedrock in the depth of 400-1000 meters, surrounded by
bentonite clay buffer, to achieve the isolation from the human living
environment [1-3]. High-purity copper has been chosen for fabricating
the canisters that will be placed under granite environments at anaer-
obic reduction and anoxic aqueous conditions [4]. The compacted
bentonite clay acts as a sealing material providing another barrier
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separating groundwater and the canisters, buffering minor movements
of the repository system, and retaining eventual release of nuclides upon
canister failure [2,3]. The bedrock is considered stable and durable,
providing an outer barrier of the multi-barrier structure between nuclear
waste and the biosphere.

For the safety assessment, corrosion of copper under oxic and anoxic
conditions, and radiation-influenced and microbiologically-influenced
corrosion have been intensively investigated over 40 years [5-11]. A
recent review gives an overview of the corrosion issues, debated ques-
tions, and ongoing research programs [12]. A number of reports
assessing corrosion of copper canister under expected repository con-
ditions with conservative assumptions, often using a uniform corrosion
rate in the calculation of corrosion allowance, have concluded that there
is no considerable risk for canister failure [12]. However, the risks for
several complex forms of copper corrosion have been debated in the
Land and Environmental Court of Sweden, leading to the statement to
the Swedish Government, that supplementary information related to the
long-term behaviour of the copper canisters should be presented and
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evaluated regarding five issues: i) corrosion due to reaction in
oxygen-free water; ii) pitting due to reaction with sulphide; iii) stress
corrosion cracking due to reaction with sulphide; iv) hydrogen embrit-
tlement; v) the effect of radioactive radiation on pitting, stress corrosion
cracking and hydrogen embrittlement [13]. Clearly, there is a need to
gain a deep understanding of the role of sulphur and hydrogen in stress
corrosion cracking (SCC) and hydrogen embrittlement of copper in the
ground water containing sulphide.

To cover all aspects of safety assessment, it is necessary to evaluate
the scenarios when cracks are present in the rock and the bentonite is
swelling with groundwater, so copper canisters get into contact with
groundwater and even microbes where bentonite sealing could be
damaged. Microbial activity on the surface or in the vicinity of the
canister was modeled [14], and it was reported to initiate and accelerate
general and localized corrosion [15]. Oxygen exists in the initial period
of the repository closure and is gradually consumed by oxidation re-
actions and microorganisms [12]. Oxidation of copper can result in a
surface film of CupO or CuO/Cu(OH),. Once the trapped oxygen 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 mineral dissolution and/or microbial activity of, e.g.,
sulfate-reducing bacteria and methanogens in the repository environ-
ment [12,16]. Sulfide is known to be a corrosive agent causing SCC of
copper in anaerobic chloride containing environments [8,9,17]. Previ-
ous studies have shown the role of sulfate-reducing microorganisms [18,
19], and biotically-induced formation of CuyS layer [20,21], in the
corrosion of copper. The sulfide leads to corrosion of copper, forming
stable and insoluble sulfides [22-24], e.g.,

2Cu+ 87 5 CurS + 2e” (@))]

The sulphide-induced corrosion process can be sustained by cathodic
reduction of water or HS™.

2H,0 +2¢ = H, + 20H 2

2HS™ + 2¢” —H, + 28> 3)

Studies on copper corrosion often focused on chemical and electro-
chemical degradation at the copper/electrolyte interface [25,26]. It was
also reported that sulfide-induced corrosion might also have a signifi-
cant influence on the bulk material of copper. Chemical conversion of a
film of Cu0 to CusS on copper has been shown to proceed to completion
and extend deep into the bulk Cu [27]. The conversion was observed to
extend into the sub-surface region as deep as 100 nm [28]. Moreover,
hydrogen may be produced when copper corrodes in the presence of
sulfide. In general, hydrogen has detrimental effects on mechanical
properties of copper and can create bubbles and microcracks of copper
materials [29-32]. Adsorption and diffusion of hydrogen in copper
depend on the surface condition and microstructural defects such as
dislocations and inclusions, and grain boundaries are primary trapping
sites of hydrogen [33,34]. Hydrogen-induced damage of copper canister
has, so far, been considered to be negligible due to the belief that the
permeation depth of hydrogen would be too small to influence the
mechanical integrity of copper canister [35,36]. However, the previ-
ously used method only yielded depth-profiles of hydrogen [33,36], but
no information about its role in the SCC and hydrogen embrittlement of
copper. In the presence of tensile stress/strain, exposure to ground water
containing sulfide can cause SCC of copper [8,9,17]. To achieve an
atomistic understanding of the mechanism of the SCC and hydrogen
embrittlement, it is necessary to study corrosion-induced lattice degra-
dation of copper, particularly the role of sulfur and hydrogen. To our
knowledge, this has not been done before.

Here, we report synchrotron high-energy X-ray diffraction (HEXRD)
measurements in transmission mode and ab-initio density functional
theory (DFT) calculations to investigate the effect of exposure to simu-
lated anoxic groundwater containing sulfide on the lattice degradation
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of copper. The interatomic lattice distances (d-spacing) were measured
in 20 pm increments through the entire two-mm thick sample to reveal
an in-depth gradient of the lattice deformation and thus the extent of the
exposure-induced lattice degradation. DFT calculations of Cu-S-H sys-
tems (also in water) were carried out to provide an atomistic under-
standing of the surface adsorption, dissociation, and infusion of
hydrogen that lead to degradation of the Cu lattice.

2. Experimental
2.1. Material used

The tested material was hot rolled, oxygen-free, phosphorus-con-
taining copper (> 99.95 wt.% Cu, 0.005 wt.% P), which is the material
used for making canisters, and provided by Finnish nuclear waste
management company Posiva Oy. The specimens were cut into
approximately 10 mm x 10 mm x 2 mm, and the surface was ground
and polished down to 1 pm finishing. Prior to exposure, the specimens
were cleaned in acetone and ethanol. The copper material had a typical
hot-rolled microstructure, with large grains (several tens to hundreds of
micrometers in size) and annealing twins, as seen in Fig. 1. As-polished
and pre-oxidized samples were investigated. The pre-oxidation was done
at 90 °C in ambient air for seven days after the polishing to simulate the
effect of exposure to oxic conditions prior to the anoxic stage. It was
previously observed that the pre-oxidation increased mass loss of copper
specimens during exposure to anoxic conditions [37].

2.2. Corrosion exposure

The specimens were exposed to simulated groundwater in a sealed
bottle for 53 days. The chemical components of the water are given in
Table 1, which represent the groundwater of the Finnish disposal site
and the effects of added bentonite. Sulfide was added in the form of NayS
with a concentration of 10~2 mol/L (32 mg/L). The exposure was done
at room temperature (22 °C) in a laboratory-grade borosilicate glass
bottle with a volume of 2 L. The experiment environment was anoxic,
achieved by purging the water and the vessel with argon before the start
of the test and sealing the vessel with butyl rubber stopper.

2.3. High-energy X-ray diffraction experiment

HEXRD measurements were carried out at the Swedish Materials
Science beamline P21.2 at PETRA III of the DESY, Hamburg, Germany.
The photon energy was 96 keV (corresponding to 0.1291 A). The dis-
tance between the sample and the Varex 4343CT flat panel detector was
about 1.6 m. LaB6 was used for geometrical calibration. The sample
surface was aligned to be parallel to the X-ray beam. The sample was

Fig. 1. Optical micrograph of an etched copper sample showing typical
microstructure (large grains and annealing twins) of canister material.
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Table 1
Chemical components of the used simulated groundwater.
K Ca Cl Na SO4 Br HCO3 Mg Sr Si B F Mn POy S lactate
mg/L 54.7 280.0 5274.0 3226.1 595.0 42.3 13.7 100.0 8.8 3.1 1.1 0.8 0.2 0.1 32.0 1.0

positioned 45° towards the beam with respect to its vertical rotational
axis and illuminated 1.5 mm away from the edge to reduce the effective
sample depth for transmission to about 3 mm. The beam size was 20 pm
(vertical) x 55 pm (horizontal). The sample surface was defined as the
position where the intensity of the transmitted beam through the spec-
imen had its half intensity when sampling across the sample surface. The
sample was moved vertically in steps of 20 pm (z-axis). At each z-posi-
tion (height), a 2-D diffraction pattern was recorded with a sampling
time of 1 s. During each data sampling, the sample was moved by 1 mm
along the horizontal axis (parallel to the surface) to improve grain sta-
tistics, resulting overall in a serpentine sample movement (transmission
was kept less than 3 mm). The measurement at the surface yields
diffraction signals from approximately 10 pm beneath the surface and all
other measurement points include signals from a volume of 20 pm
height. The measurement time for each scanned layer was 3.8-4.0 s,
including the summation of sampling time and dead time for stage
movement. The sample was scanned from 150 pm above the upper-side
surface down to 150 pm below the lower-side surface to capture the
entire specimen. The measurement setup is schematically illustrated in
Fig. 2. The diffraction patterns were collected and stored as tiff files,
which were then integrated azimuthally in a range of +5° using pyFAI
[38]. The diffraction data were also integrated over the entire azimuth
full-circle (0-360°). The intensities were normalized using the primary
beam intensity, which was collected simultaneously to compensate
beam fluctuation. All images were background subtracted. Data analysis
was performed using the Peak Analyzer module Fit Peaks (Pro) of Ori-
ginPro 2020b V9.7.5.184 software, utilizing a mixture algorithm of
Lorentzian and Gaussian peaks for fitting, which gave the best fitting
quality. The d-spacing was determined from the position of the 111
Bragg peak. The full-ring integration provided average but statistically
relevant information about the changes in the lattice size. The d-spac-
ings of the non-exposed specimen was taken as the reference point, and
all the relative changes of the lattice parameter were calculated with
respect to the non-exposed condition.

3. DFT calculation

DFT calculation was performed to study the surface adsorption and
dissociation of S-components (HS and HS) on Cu(110) surface and the

Incident X-rays

Diffracted
X-rays

infusion of H into the Cu lattice, to achieve an atomistic understanding
of the effect of S and H on the lattice degradation. Cu(110) surface was
chosen in the calculation for easy comparison with literature reports,
and the results differ only slightly for other surface orientations. Two
types of interactions of HyS with Cu were considered, i.e., the adsorption
at the Cu(110) surface, and the insertion into defects in the Cu sub-
surface region. The Cu surface was modelled by a six-layer slab orien-
tated at 110, which contains 36 Cu atoms, which is commonly used in
DFT calculations of Cu. A vacuum layer equal to about two times the
height of the slab was added to the calculation model. The Dmol3 code
was used to theoretically investigate the interaction between environ-
ments and Cu [39,40], where the generalized gradient approximation
(GGA) with PW91 exchange-correlation function [41] was applied, and
a k-point of 3 x 6 x 1 was selected in the calculation. All the core
electrons in the system were treated with DFT semi-core pseudopoten-
tials. Optimization was regarded to be complete when the energy, re-
sidual force and displacement of each atom of the system converged to
10 Hartree (Ha), 0.002 Ha/lo\, and 0.005 1°\, respectively.

4. Results and discussion
4.1. Deformation of Cu lattice

From the HEXRD data, d-spacing of the Cu lattice was determined.
Fig. 3 displays polar d-spacing plots of a non-exposed sample (refer-
ence), a pre-oxidized sample (oxidized), and a pre-oxidized sample after
the exposure to the simulated groundwater (exposed or sulfur-exposed).
The polar plots show the calculated d-spacing as a function of the
azimuthal angle and depth from the surface of the sample. The vertical
axis on the left of each polar plot (depth information) indicates the
position inside the sample, with units in microns. The depth axis is
radial, with 0 pm showing the sample surface. The increasing number of
depths indicates the measured d-spacing below the surface. The polar
plot shows the measured d-spacing for down to 1000 pm in bulk. The
azimuth angle is plotted in the hoop-direction. The color code represents
the magnitude of d-spacing, with the lattice size increasing from cold to
hot colors. The outer ring of the polar plot shows the d-spacings for the
surface along with all azimuth angles.

The non-exposed reference sample (Fig. 3a) shows quite uniform d-

Diffraction Pattern
0,

0°

Fig. 2. Schematic illustration of the experimental setup for the HEXRD measurements showing X-rays radiating the copper specimen and the diffracted X-rays with
the 2D diffraction pattern collected by a flat-panel detector. The azimuth angles are indicated.
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Fig. 3. Polar plots showing the calculated d-spacing of the Bragg peak with (111) orientation as a function of depth from the surface and azimuthal angle for the
copper specimens of (a) the non-exposed condition, (b) pre-oxidized at 90 °C for seven days, and (c) pre-oxidized and exposed to 32 mg/l of sulfide-containing

groundwater.

spacing values expected for the Cu lattice, with small deviations across
the measured depth reflecting the heterogeneities in the microstructure,
such as grain boundaries and grains in different sizes as shown in Fig. 1.
In contrast, the magnitude and scatter of the d-spacings increased for the
pre-oxidized sample (Fig. 3b). The sulfur-exposed sample had the largest
d-spacings, indicating most degradation (Fig. 3c). While the pre-
oxidation affected the near-surface region down to a depth of 20—40
pm (see also Fig. 5), the sulfur-exposure resulted in large lattice
expansion down to 400 pm, with some expansion occurred on individual
sites in the microstructure between 400 pm and 900 pm in depth. It
seems that compensating lattice contraction occurred in the sub-surface
microstructure as compared to the non-exposed and pre-oxidized spec-
imens (Fig. 3c). Hence, the exposure to the simulated groundwater
caused both heterogeneous lattice expansion and contraction. The size
of the large grains of the microstructure was 200—500 pm and thus
much larger than the X-ray beam size (20 pm x 55 pm), which explains
the discrete heterogeneities in the d-spacings. Each scan line contained
signals form approximately 50-100 grains, which is well-representative
for the entire microstructure. Compensating lattice contraction, to a
small extent, was also observed for the pre-oxidized specimen (Fig. 3b).
The lattice expansion, measured in the exposed specimen, showed a
preferential azimuthal orientation. The lattice expansion was more
pronounced along with the azimuthal angles 120—240°, which means
that the lattice expanded orthogonal to the exposed surface. The in-
crease of the interatomic distance of the lattice implies grain elongation
due to directional strain formation, which is likely induced by the
infusion of H, and possibly also S and/or O atoms, from the environment
into the lattice of the Cu (discussed in the sections below).
Furthermore, the change of the d-spacing was used to calculate the
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relative change of the lattice parameter at different depths, which in-
cludes strain development due to H insertion into the lattice. As shown
in Fig. 4, the pre-oxidation caused lattice expansion of the surface re-
gion, evidenced by positive values of the relative lattice change at most
azimuthal angles (Fig. 4a). In contrast, the sulfur-exposure resulted in
both lattice expansion and contraction in the surface region (Fig. 4a) and
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Fig. 5. The measured d-spacings (integrated over the entire (111)-oriented 2D-
diffraction ring) plotted against the depth from the surface of the cop-
per specimens.
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Fig. 4. The calculated relative change of lattice parameter in (a) the near-surface region, and (b) 20 pm below the surface, for the pre-oxidized and the sulfur-exposed

sample, respectively.
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the sub-surface region at 20 pm (Fig. 4b), varying with azimuthal angle.
The non-uniform lattice deformation is due to the large scatter in grain
size in the microstructure, as explained above. A histogram figure
summarizes the measured d-spacings for all tested specimens can be
found in the supplementary material (Fig. S1), which shows the lattice
degradation as surface and near-surface lattice expansion and the for-
mation of compensating lattice contraction in the sub-surface, which
was more severe for the sulfur-exposed Cu sample than the pre-oxidized
one.

4.2. Lattice deformation of the near-surface region

Fig. 5 shows the measured d-spacings plotted against the depth, i.e.,
in-depth gradient, for the samples. The d-spacings were calculated from
full-ring-integrated data, indicating the lattice expansion in the near-
surface region caused by the pre-oxidation and the sulfur-exposure,
which is evident by comparison with the non-exposed sample showing
nearly constant d-spacing across the depth. The pre-oxidation led to
lattice expansion of the near-surface region down to ~90 pm. The
exposure to the sulfide-containing groundwater resulted in an altered
surface layer of ~400 pm. The magnitude of lattice expansion was more
pronounced for the sulfur-exposed sample, clearly demonstrating a lat-
tice degradation effect induced by the sulfide-containing groundwater.
In addition to lattice expansion of the near-surface region down to ~90
pm, the sulfur-exposure also led to lattice contraction (depth of
100—400 pm in Fig. 5) beneath the lattice expansion near-surface re-
gion. However, the pre-oxidized sample did not show a similar
compensation effect; therefore, the mechanism for the sub-surface lat-
tice contraction must be of a different nature. The pronounced lattice
contraction in the sulfur-exposed sample might have been generated due
to compensation of lattice expansion of the near-surface region.

It is well-known that the pre-oxidation causes the formation of
copper oxides, typically CuO/Cuy0, on the Cu surface. The oxides have
higher lattice constants and thus lead to a widening of the Cu lattice
underneath the oxides. However, the thickness of the oxide film was
reported to be only a few hundreds of nm [42,43]. Our HEXRD results,
shown in Fig. 5, suggest that the pre-oxidation causes significant lattice
deformation in the near-surface region down to 90 ym in depth. The
surface grains became distorted, which led to the evolution of
macro-strains. Note that the sulfur-exposed sample was also
pre-oxidized; therefore, the measured data represent the effects of the
pre-oxidation and sulfidation occurred during the exposure to the
simulated groundwater. Therefore, the difference between these two
samples shows the effect of interactions of the pre-oxidized sample with
the sulfide-containing groundwater. The data of the sulfur-exposed
sample show that the relative change of the lattice parameter in the
surface region reaches a magnitude of 1073, indicating a high level of
lattice deformation developed in the surface region, which can be
explained by considering the H-induced lattice dilation.

The fitting results of the full-ring diffraction data in Fig. 6 revealed
that the full-width at half maximum (FWHM) values of all Bragg peaks
increased by the pre-oxidation and exposure to the S-containing water,
with the latter having the most severe effect. Increase of FWHM typically
indicates the formation of micro-deformation, i.e., the deformation
within grains, and/or the reduction of the grain size. The deformation of
the surface layer due to the formation of corrosion products result in
heterogeneous grain deformation, which is reduced with increasing
depth in bulk. However, the exposure to the S-containing water resulted
in larger surface deformation (lattice expansion) and also sub-surface
deformation (lattice contraction). The oxidation on the surface was
rather homogeneous and caused a widening of the lattice, but the
degradation caused by the exposure to the S-containing water exhibited
a more heterogeneous nature. During the exposure to the simulated
groundwater, Cu sulfides can form as a result of the corrosion of Cu.
Moreover, pre-formed CuyO film can also be converted to the Cu,S film,
which was reported to extend into the bulk of Cu for about 100 nm from
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Fig. 6. Full-width at half maximum (FWHM) values from all measured
diffraction peaks for the analyzed copper specimens, averaged over the entire
sample thickness.

the surface [28]. However, the formation of corrosion products alone
cannot explain the large lattice deformation, in particular, not the
sub-surface lattice contraction observed in the sulfur-exposed sample.
There are, apparently, other effects that resulted in the sub-surface lat-
tice degradation. H and S can absorb and enter into Cu lattice, and their
ingress is most favored at grain boundaries. Most likely, the H and S
ingress caused the lattice degradation observed in the sulfur-exposed
sample.

4.3. Adsorption of H2S, HS, S, H on Cu(110) surface

In the assessment of corrosion risk of the Cu canister during long-
term geological disposal, a key question is the corrosion of material
integrity caused by S and H because of their presence in the groundwater
in bedrock. DFT calculation of adsorption energies of H,S, HS, S, H on Cu
(110) surface was performed. Fig. 7 shows the calculated adsorption
energies (binding strength) and corresponding models for the adsorbate
species on Cu(110) surface. As seen in Fig. 7a, individual S atom adsorbs
on the Cu(110) surface with adsorption energy (E,q) of —1.5 eV, indi-
cating a strong interaction between S and Cu surface. Compared to one S
atom, HyS molecule shows a low affinity towards Cu surface, the
adsorption energy of which agrees well with the calculated value re-
ported in the literature [44,45], while the adsorption energy of HS group
is —0.7 eV, slightly lower than that of H,S [45]. For a single H atom on
Cu, a weak binding strength is found, with an adsorption energy of —0.2
eV, agreeing well with the literature [44]. By contrast, HyS in its full
dissociation form, i.e., H_S H, significantly enhances the adsorption
strength, and so is the dissociated HS (H_S), indicating a synergistic ef-
fect of H and S on the adsorption onto the Cu surface. Moreover,
dissociation of HyS into H_S_H and HS into H_S most likely proceeds
spontaneously on the Cu surface, indicated by the large energy
differences.

4.4. Insertion of H into Cu(110) lattice

Vacancies and interstitial atoms are two types of point defects in
metals, which render the infusion of atoms from the environment into
metal lattice. Interstitial H in metal is utilized for hydrogen storage, in
which H dissolves in the metal lattice as solute and thus form hydride
[46]. In general, atomic infusion can induce a large strain within metals,
which may eventually lead to material rupture [47,48]. Here, we per-
formed DFT calculation to investigate H insertion into Cu(110) lattice
via the two types of defects, i.e., Cu vacancy or interstitial site,
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Fig. 7. (a) Calculated adsorption energies (E,q) of H>S and HS in their molecular form (H,S, or HS), and full dissociation form (H_S_H, or H_S), and of individual S and
individual H. (b) The adsorption configurations of molecular/dissociated H,S/HS after optimization are depicted in side view, with yellow, light pink, and blue balls

representing S, H, and Cu atoms.

respectively. First, individual H atom was introduced into Cu(110) via a
Cu vacancy located at different depths, i.e., 1st, 2nd and 3rd atomic
layer, denoted as the case “vac” in the modeling. Structure models with
one H atom located at an interstitial site at 1st, 2nd and 3rd atomic
layers are showing in Fig. 8a. While H stayed at nearly the same location
in the first and third layer, the calculated insertion energies indicate that
such insertion via vacancy is energetically unfavorable, as shown in
Fig. 8b. In the case when H is inserted into a vacancy at the second
atomic layer, after optimization the H atom moved up and stayed above

H@o_3 '

the surface, suggesting a transition from “insertion” mode to “adsorp-
tion” mode, which resulted in a more stable configuration (binding en-
ergy of H on Cu surface is —0.36 eV) compared to the other two cases.
This indicates that Cu vacancy promotes H adsorption, as compared to H
adsorption on perfect Cu(110) surface (binding energy is —0.2 eV, see
Fig. 8b). Furthermore, by introducing one vacancy next to the H atom,
the insertion energy is slightly reduced and even to a native value
(favorable) when the vacancy is at the same atomic layer as the H atom
(Fig. 8b). The models as well as insertion energy corresponding to an
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Fig. 8. (a) Models of Cu(110) surface with one H at 1st, 2nd and 3rd atomic layers denoted as H@o_1, H@o_2, H@o_3, respectively. The six Cu atoms comprising the
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extra vacancy at different atomic layers can be found in the supple-
mentary material (Fig. S2).

On the other hand, it is more likely that small atoms insert into metal
lattice by occupying interstitial sites. For face-centered cubic metals like
copper, its octahedral interstitial sites are usually more accessible for
accommodation of small solute atoms. Here we only consider the octa-
hedral interstitial site, the most favorable occupation site of H atom, as
an example to show the energetical as well as structural characters of H
insertion. The local structure comprised by the H atom and six sur-
rounding Cu atoms are shown in Fig. 9a, and calculated lattice relaxa-
tion (expansion or contraction) along different directions are shown in
Fig. 9b-d. For the interstitial H atom alone (case “int”") without vacancy,
the calculated insertion energy is higher (less favorable) compared to
the vacancy case discussed above, see Fig. 8b. This could be attributed to
large local relaxations within Cu lattice caused by H insertion. Further
modeling was done by introducing an extra vacancy besides the H atom
(case “vac_int”). Three situations with different relative locations be-
tween the H atom and the vacancy were considered, i.e., the vacancy is
located at the upper layer, lower layer, or the same layer as the H atom.
The results show that only when the vacancy is at the same layer as the H
atom, it could significantly stabilize the H insertion (negative insertion
energy, Fig. 8b). This can be understood by considering the almost
vanished relaxations (especially in the z-direction) when a neighboring
Cu vacancy is present, shown as “With vacancy” in Fig. 9b-d. A complete
depiction of insertion energy data for different vacancy positions at
different atomic layers can be found in the supplementary material
(Fig. S3).

In the ideal case, the smallest and biggest distance between two Cu
atoms within the local octahedron (Fig. 9a) are 2.578 A and 3.646 10\,
respectively. With one H atom staying at the center of this octahedron
after optimization, positive relaxation in the z-direction (i.e., normal to
Cu surface) is 17~22 % of the original atomic distance (Cuy-Cus),
significantly larger than that in x- or y-direction (Fig. 9b—d). Such large
positive relaxations imply that the whole structure in z-direction must
bear a large lattice dilation. On the other hand, H-induced relaxation in
x-direction decreases as the H atom moves into inner layers, probably
due to that the surface allows larger deformation. In contrast,
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relaxations in the y-direction are negligibly small (Fig. 9b-d). These
calculations suggest that H insertion in octahedral interstitial sites
generates strains in an anisotropic way, providing certain evidence for
our experimental observations. Moreover, the enlarged Cu—Cu bond
length and the lattice relaxation in x, y, and z1/z2 directions induced by
H insertion, shown in Fig. 9, indicate a decrease of the metal bond
strength, although the local relaxation/bond decrease may not be re-
flected in the averaged Cu bond strength.

Additionally, both implicit and explicit water environments were
included in the modeling to investigate their influence on H insertion
into Cu lattice. In the implicit water model, water molecules are treated
as a continuum medium (COSMO) model [49,50], whereas in the
explicit water model, two monolayers of water molecules (equal to
twelve water molecules on the Cu slab) were considered in the calcu-
lation. For thick water layers, explicit water models become too difficult
for the calculation, while the implicit water model is a good approxi-
mation of aqueous environments since water molecules are treated as a
continuous aqueous layer. It turns out that the water solvation barely
influences the insertion energy, except in the case when H lies at the first
octahedral interstitial site under implicit water environment, where the
insertion energy decreases largely to a negative value around —1 eV
(Fig. 8b). In this case, the water environment causes a considerable
reconstruction of the Cu surface, with a surface Cu atom occupying the
subsurface Cu vacancy, as illustrated in Fig. 10, which is not observed in
the non-solvation case. Such reconstruction could be responsible for the
large decrease of the insertion energy. When the H atom moves deeper
into the Cu lattice, the effect of solvation on the insertion energy quickly
weakens (Fig. 8b).

4.5. Diffusion of H in Cu

The diffusion of H, S, and O in Cu, and self-diffusion of Cu have been
reviewed concerning the safety assessment of the copper canister [51].
The transport mechanism and kinetics of these elements depend on the
service condition, such as temperature and time [52]. Cu and S are
substitutional elements and their diffusion takes place through the
movement of point defects in the crystalline lattice. Lattice diffusion via
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Fig. 10. A snapshot shows a surface Cu atom moves to and finally occupies a
subsurface Cu vacancy when H atom is located at the first octahedral intersti-
tial site.

vacancy is the dominating mechanism for diffusion of such large sub-
stitutional elements in metals at high temperatures. At temperatures
below 100 °C, however, diffusion of Cu and S occurs almost entirely
along grain boundaries, and the diffusivity of S is higher than the
self-diffusion of Cu. S has very low solubility in Cu due to the formation
of sulfides, which is a pinning effect. Estimated by using the diffusion
data at room temperature, it takes 100,000 years for S and more than a
million years for Cu to diffuse 5 cm distance (the thickness of the
canister) along the grain boundaries in Cu [51].

O and H are the interstitial elements that can permeate the whole
material via the interstitial sites. The interstitial diffusion occurs typi-
cally much faster than substitutional diffusion. However, similar to S,
the solubility of O in Cu is very low at ambient temperature due to the
formation of oxides. There are experimental data of self-diffusion of Cu
at grain boundaries down to 250 °C [53], whereas no experimental data
of S and O diffusion in Cu below 500 °C can be found because that is not
detectable [51]. Thus, diffusion of S, O, and Cu is negligible at ambient
temperature [51,52]. In contrast, H produced from the sulfide-induced
corrosion of Cu can diffuse into the Cu [54], along the grain bound-
aries and also through the grains of Cu lattice. H has high mobility and
permeability down to room temperature [55], and hydrogen depth
profiles in hydrogen-charged copper specimens could be measured [35,
36]. H diffusion in Cu lattice is much faster than S and O. By using the
diffusion data in [51], it is estimated that H diffusion in Cu can reach 5
cm diffusion distance within 1000 years at room temperature. Based on
the literature reports about H, S and O diffusion in Cu reviewed recently
[561, only H diffusion in Cu lattice is considerable in our system.

4.6. H-induced lattice deformation and its implications

During long-term storage in the repository of the Cu canister, H may
be produced on the Cu surface in contact with the groundwater by
multiple processes. Microbiological activity in the vicinity, near-field
and far-field [12,14,16,57], or on the surface of the canister if the
bentonite barrier is damaged [15,19-21], produce sulfide species
(mainly HS™ ions), and dissociation of the sulfide species on the Cu
surface releases atomic S and H, which is a spontaneous process ac-
cording to the DFT calculation [45, and this work]. Moreover,
sulfide-induced corrosion reaction of Cu can generate H on the surface
[24,25]. Furthermore, atomic H can also be produced at water/Cu
interface through radiolysis of water, and it has been reported that
gamma radiation from spent nuclear fuel greatly increases the H infu-
sion into Cu, up to several orders of magnitudes depending on the dose
of the radiation [10,11]. The DFT calculations suggest that H adsorption
on Cu is energetically favorable, and co-existence with S promotes the H
adsorption. H diffusion into Cu via interstitial sites is enhanced in the
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presence of vacancies in the Cu lattice. Moreover, water environment
leads to a reconstruction of Cu surface, which facilitates the H insertion
into Cu lattice. Thus, there is a risk for H-induced damage of the copper
material associated with H infusion.

H absorption and diffusion in Cu are affected by the microstructure,
and H can be trapped in defects such as grain boundaries and disloca-
tions. H atoms entering the Cu material may lead to formation of voids
and bubbles [30,34], and also enhance the creep rate and formation of
microcracks showing an intergranular dimpled fracture [58,59]. At
atomic level, H insertion into Cu lattice via interstitial sites leads to local
lattice dilation, which also indicates a weakening of the Cu—Cu bond
strength, implying a tendency for embrittlement. In the Cu material, the
grains have different sizes and orientations, and the H-induced lattice
deformation may vary and distribute heterogeneously in the micro-
structure. The lattice dilation due to H insertion is not directly related to
macroscopic stress; however, if there is a depth gradient, then stresses
may arise, which changes the lattice spacing. So changes of lattice
spacings have two superimposed reasons: lattice dilation from H inser-
tion and stresses caused by heterogeneous hydrogen distribution.
Therefore, as a result of these two effects, H infusion can lead to the
formation of a macroscopic lattice expansion, especially when accu-
mulated in the surface region leading to a depth gradient.

The HEXRD measurements in this work show that deformation of Cu
lattice induced by the 2-month exposure to the simulated groundwater
occurred from the surface and extended deep into the bulk. The most
lattice widening and lattice expansion occurred in the near-surface re-
gion down to 90 pm into the bulk. Based on the solubility and diffusion
data, only H infusion could explain the measured Cu lattice deformation
of this length scale, and the DFT calculation provides support for H-
induced expansion of the Cu lattice. In this case, the hydrogen originated
only from the corrosion reactions occurring during the exposure. The
water environment facilitated the surface degradation, and S diffusion
via grain boundaries may have contributed to the lattice deformation in
the near-surface region. The measurement results provide clear evidence
for highly heterogeneous lattice deformation, which is due to the
microstructural heterogeneities in the Cu material. The tensile strain/
stress curves were measured for the Cu material in sulfide-containing
synthetic seawater, which show initial yielding starting at about 70
MPa and the maximum stress after about 40 % deformation is about 170
MPa [17]. Taking Young’s modulus as 120 GPa, the respective elastic
strains are 6 x 10~ %and 1.4 x 103, These numbers should be considered
as macroscopic averages over many grains. It was concluded that the Cu
material is susceptible to intergranular attack (selective grain boundary
dissolution) at low sulfide concentration (<0.005 M) and SCC at higher
sulfide concentration (0.01 M). Recent experimental studies have
confirmed the susceptibility of the Cu material to intergranular attack
and SCC at high sulfide concentration [8,9]. In our work, without
hydrogen charging and without applied strain, the two months exposure
in the sulfide-containing groundwater already led to highly heteroge-
neous lattice deformation in the microstructure, and the measured lat-
tice expansion in the surface region (within a depth of 90 pm) reached a
magnitude of 103, which shows the risk for a transition from elastic to
plastic deformation and thus initiation of cracks at individual local sites.

Hydrogen-induced strain localization was observed in the Cu mate-
rial in the initial stage of plastic deformation [60], and friction stir
welding to seal the canister was found to increase hydrogen uptake in
the weld zone and lead to strain localization near the weld zone [61].
Most likely, hydrogen infusion and associated local strain development
play an important role in the reported susceptibility of Cu to SCC in the
ground water containing sulfide [8,9,17]. During long-term storage in
the repository of the Cu canister in the ground water containing sulfides,
the sulfide-induced corrosion and hydrogen infusion may occur and lead
to local strain development to a significant level and extend to a
considerable depth. At grain boundaries in the surface region (interface
between Cu and corrosion product), the H infusion and associated local
tensile strain may lead to the initiation of microcracks, as reported in the
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literature [30,34,58,59]. In a review report focusing on SCC of copper
canisters, a conclusion of low risk for SCC was made based on consid-
erations of classical SCC mechanisms caused by SCC agents (ammonia,
acetate, nitrite, etc.), but the role of hydrogen in the sulfide-induced
corrosion was ignored [62]. In the safety assessment reports, the
corrosion allowance calculation mainly considers the rates of uniform
corrosion in different forms [5,12,13]. For the sulfide-induced corro-
sion, the consequence was calculated as uniform corrosion thickness
based on the amount of sulfur-species that reacts with copper and forms
copper sulfide (CusS) on the surface [54], without considering the effect
of hydrogen that can enter the copper material. However, our HEXRD
measurements clearly demonstrate the risk for H-induced SCC of the Cu
material exposed to sulfide-containing groundwater. The DFT calcula-
tions provide a fundamental understanding of the role of S and H in the
lattice degradation (embrittlement), which can result in highly hetero-
geneous microstructure degradation in the near-surface region leading
to SCC of the canister. Considering the new findings from this work and
recent studies of S- and H-induced corrosion and SCC [8,9,19-21,45,60,
61], in the safety assessment of Cu canister, the risk for such complex
forms of corrosion, i.e., SCC and hydrogen embrittlement, must be
considered based on the state-of-the-art of the knowledge. Since the
level of sulfide is a crucial issue, further studies are needed to improve
our understanding at the atomic level in order to fully assess the risk for
SCC and hydrogen embrittlement of Cu canister induced by
sulfide-species in the groundwater, and by the radiation of spent fuel,
alone and combined. It is necessary to consider not only the general
corrosion as measured by the formation of corrosion products on the
surface, but also the consequence of SCC and hydrogen embrittlement
induced by H infusion into the Cu lattice and the influence of the
microstructure.

5. Conclusion

Synchrotron HEXRD measurement and ab initio DFT calculation were
combined to investigate the effects of pre-oxidation and exposure to
simulated anoxic groundwater containing sulfide on the degradation of
the lattice of the Cu material. The HEXRD measurement yielded 3-
dimensional d-spacing data of the Cu samples, showing heterogeneous
lattice deformation. The DFT calculation provided energetics of
adsorption of H and S on Cu surface, as well as lattice relaxation induced
by H insertion via interstitial sites in Cu lattice. The following conclu-
sions can be drawn:

e The pre-oxidation of the Cu sample caused a lattice expansion mainly
in the near-surface region ca. 90 pm deep.

e The exposure to the sulfide-containing simulated anoxic ground-

water for two months caused a significant lattice deformation

extending several hundreds of pm into the bulk, with an in-depth
gradient of lattice expansion in the near-surface region ca. 90 pm
deep and lattice contraction beneath the expansion region.

Dissociation of HyS and HS are exothermic processes, indicating

spontaneous adsorption of H, H.S and H_S_H on Cu surface. The

presence of S promotes the adsorption of H on the Cu surface.

Water environment causes a considerable surface reconstruction of

Cu lattice, leading to a large decrease in the insertion energy of H in

the surface layer facilitating H ingress.

e H insertion via interstitial sites in Cu lattice occurs preferably in the
presence of vacancies, and causes lattice expansion, mainly in the
vertical direction to the surface. H insertion leads to a weakening of
Cu-Cu bond strength.

e Only H infusion can explain the measured lattice dilation in the
surface region after the exposure to the S-containing simulated
anoxic groundwater, which indicates a risk for H-induced initiation
of microcracks.
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e As an overall implication the results clearly demonstrate the risk for
H-induced SCC of Cu as canister material during long-term storage of
nuclear fuel when exposed to sulfide-containing ground water.
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