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1. Introduction 

In a correspondence article (Comment), the authors made the 
comment on our paper entitled “Corrosion-induced microstructure 
degradation of copper in sulfide-containing simulated anoxic ground-
water studied by synchrotron high-energy X-ray diffraction and ab-initio 
density functional theory calculation”, published in Corrosion Science 
[1], arguing that there is no risk for such corrosion damage. Since 
polycrystalline phosphorous doped oxygen free copper (Cu-OFP) is a 
candidate material for containment of spent nuclear fuel, the behavior of 
this material under relevant conditions is important to understand. In 
the design of the KBS-3 Repository [2], the Cu canisters made of Cu-OFP 
will act as the corrosion barrier of the repository system. Because the 
spent nuclear fuel is highly radioactive, its safe disposal is one of the 
most important environmental issues of the society. Governmental 
regulations stipulate safe long-term isolation of nuclear waste for a 
minimum of 100,000 years. For the safety assessment, corrosion 
mechanisms of the Cu material under oxic and anoxic conditions, and 
the radiation-influenced and microbiologically-influenced corrosion 
must be thoroughly studied and understood. Despite of extensive in-
vestigations conducted over 40 years, there are still debates regarding 
the risks for several complex forms of Cu corrosion. In 2018, the Land 
and Environmental Court of Sweden concluded the statement to the 
Swedish Government that supplementary information related to the 
long-term behavior of the Cu canisters must be presented and evaluated 
regarding following five issues: (i) corrosion due to reaction in 
oxygen-free water; (ii) pitting due to reaction with sulfide; (iii) stress 
corrosion cracking due to reaction with sulfide; (iv) hydrogen embrit-
tlement; (v) the effect of radioactive radiation on pitting, stress corro-
sion cracking and hydrogen embrittlement [3]. This has motivated us to 
study the role of S and H in sulfide-induced stress corrosion cracking 
(SCC) and hydrogen embrittlement in the Cu material, and our paper 
reports the results from the first synchrotron-based high-energy X-ray 
diffraction (HEXRD) measurement on the three Cu-OFP samples 
including one exposed to realistic conditions, combined with density 

functional theory (DFT) calculation of the adsorption of H2S, HS, S, and 
H on Cu(110) surface, aiming to reveal S- and H-induced microstructure 
degradation of the Cu material [1]. 

The Comment concerns the following issues: (i) the claim that H 
penetration has caused the observed effects, (ii) unexplained phenom-
ena in the presented data, (iii) the DFT results being in conflict with 
those of other studies, and (iv) the conclusions drawn regarding sulfide- 
induced SCC of Cu-OFP in a final repository for spent nuclear fuel. In this 
Reply, we address each of these raised issues, giving our explanations, 
arguments and rebuttals. We believe that the discussions and debates 
will not only lead to an improved understanding of the important sci-
entific questions involved in the system, but also help to identify 
remaining questions that need further studies. We emphasize that uti-
lizing state-of-the-art techniques and modeling tools available today can 
provide new knowledge that was missing in the past. 

2. Experiments and results 

As described in our original paper, the three Cu samples were cut 
from the Cu-OFP material. Sample 1 was the non-exposed reference, 
sample 2 was pre-oxidized at 90 ◦C for 7 days to account for the 
oxidation during the initial oxic period, while sample 3 was pre-oxidized 
and then exposed to a simulated groundwater containing 32 mg/L 
(0.001 M) sulfide for 53 days, and they were denoted as “non-exposed”, 
“oxidized”, and “sulfur-exposed”, respectively. HEXRD measurement in 
transmission mode was done by scanning the sample layer by layer (in 
20 µm height) and detecting 2D diffraction pattern by a flat panel de-
tector. The X-ray beam size used was relatively small (20 µm vertical ×
55 µm horizontal), whereas the grains in the Cu microstructure were 
tens to hundreds of μm in size. The HEXRD measurement yields precise 
diffraction data from the sample, providing a depth profile of lattice 
parameters, from which local lattice expansion or contraction can be 
calculated. Moreover, the changes in the full-width at half maximum 
(FWHM) of the Bragg peaks indicates the micro-deformation, i.e., the 
deformation within grains. To help the discussion, Fig. 3 in our original 
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paper is reproduced as Fig. A here. The polar plots for the three samples 
display the variations in d-spacing as a function of depth from the sur-
face (outer circle) to the middle (center of the circle) of the sample, in 
different measuring directions (azimuthal angle). The polar plot pre-
sentation of diffraction data shows heterogeneous deformation of the 
microstructure. 

3. Issues relating to the claimed H penetration effect 

The Comment questions our interpretation of the observed alterna-
tions of the d-spacing for the oxidized sample (denoted as Ox) and the 
sulfur-exposed sample (denoted as Ox+HS-). 

Firstly, regarding the lattice expansion in the near surface region of 
the Ox sample, we mentioned that the reason could be the widening of 
the Cu lattice by the oxide layer formed on the surface, i.e., in our 
opinion, this is a suggested explanation. Meanwhile, we think that it is 
remarkable that the lattice deformation was observed in a depth of ca. 
90 µm while the thickness of the oxide film is expected to be in the range 
of hundreds of nm. One possible explanation could be that the oxide 
thickness is not uniform and the grain boundaries in the near surface 
region may have an influence on the deformation depth. More detailed 
analysis of the oxide-metal interfacial region is needed to clarify this 
issue. 

Secondly, the Comment argues that “if this is the suggested explanation, 
it is unclear why the sulfide layer would not cause a similar, or even larger 
widening since the mismatch of the Cu matrix with a sulfide layer is even 
greater”, and cites a new publication [4]. In fact, being the corrosion 
product formed during the exposure, the sulfide layer may consist of 
different types of sulfide compounds, so the mismatching is unknown. In 
our paper we mentioned 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.” To elaborate further, the sulfide layer on the Ox+HS- 

sample was formed due to transformation from the pre-formed oxide, 
plus its further growth in the sulfide-containing environment. It is likely 
that widening occurred on some azimuthal angles whereas shrinking 
happened on other directions. Anyway, in our view, the lattice widening 
due to the sulfide layer is only one of the contributions for the observed 
lattice deformation for the Ox+HS- sample, while the difference be-
tween the two samples can be attributed to the effects of S and H that 
entered into the microstructure. We mention H-induced lattice dilation 
based on the consideration of the available diffusion data, i.e., under the 
exposure conditions H could penetrate tens of μm in depth. However, S 
may also have entered the near surface region contributing to the 
deformation. The HEXRD results in Fig. A show that the Ox+HS- sample 

had significantly more lattice deformation than the Ox sample, seen 
from the color scales of the polar plots. When averaging the data over all 
azimuthal angles (Fig. 5 in [1]), the in-depth variation of the d-spacing 
show significant differences between the Ox and the Ox+HS- samples in 
the extent and character of the lattice deformation. Clearly, the lattice 
deformation was more pronounced and more heterogeneous on the 
Ox+HS- sample than the Ox sample. In our view, this indicates that the 
formation of corrosion products (i.e., sulfide layer) alone cannot explain 
the large lattice deformation observed in the sulfide-exposed sample. 
Probably, in addition to the surface oxide or sulfide layer, the ingress of 
H and S in the near surface region, and penetration of H into the bulk 
along the grain boundaries, have contributed to the lattice expansion in 
the near-surface region, and also caused the lattice deformation deep 
into the bulk. The new publication [4] reported a theoretical study of 
properties of the interfaces between Cu and its sulfide/oxide films, 
where DFT and thermodynamic approach were used in combination to 
study the geometrical aspects, energetic aspects, and properties of the 
Cu corrosion films. This work demonstrated the influence of 
facet-specific interactions on the nano-level differences between Cu2S 
and Cu2O film behavior. The facet-specific interactions may be one of 
the reasons for the heterogenous lattice deformation observed in our 
HEXRD measurement. The authors of [4] concluded that it is necessary 
to study orientation-resolved (anisotropic, facet-specific) interactions 
between the Cu surface and the corrosion film to obtain a nano-level 
understanding of the corrosion behavior. This is in line with our 
opinion that the microstructure features (including the grain orienta-
tions) need to be considered in the study of the corrosion mechanism. 

Thirdly, regarding the “observed contraction in the Ox+HS− sample 
at depths larger than about 100 µm”, we speculated that it might have 
been generated due to compensation of lattice expansion in the near- 
surface region. The Comment argues that, if this is the case, the Ox 
sample should exhibit a similar effect. Apparently, the averaged data in 
Fig. 5 in [1] give an impression that the Ox sample did not exhibit a 
similar compensation effect. On the other hand, Fig. A shows detailed 
local variations of the d-spacing in the samples, where the red color 
represents expansion while the blue color represents contraction. It can 
be seen that both local expansion and contraction are also present in the 
Ox sample, but the extent is much less than that in the Ox+HS− sample. 
Further studies are necessary to enable detailed quantitative analysis of 
local expansion and contraction as well as their balance in the surface 
region and in the bulk. 

Copper corrosion in the ground water containing sulfide and a high 
level of chloride is a complex system involving the interactions with 
water, sulfide and chloride, combined. Based on the above-mentioned 
explanations and considering the deformation depth, we believe that, 
among several factors (e.g., water, sulfide and chloride), the H ingress 
and H-induced lattice dilation played an important role in the lattice 

Fig. A. 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. 
Reproduced from Fig. 3 in our original paper [1]. 
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expansion of the Ox+HS− specimen, despite of some yet unexplained 
details. 

The Comment points out the importance of direct evidence of 
increased H content in the exposed samples. We agree that the direct 
evidence of increased H inside the Cu material is crucial for any sug-
gested H-related corrosion mechanism. Indeed, in our first paper we did 
not report the direct measurement of H content in the samples. We are 
planning to do H measurement by using suitable techniques and in a 
proper way. 

The Comment cites the paper by Forsström et al. [5], which studied 
sulfide-induced SCC and H adsorption of Cu in deoxygenated water at 90 
ºC. In that work, thermal desorption spectroscopy (TDS) method was 
used to measure the H content in the samples, which gave the total 
amount of H in the sample that can be removed by the heating, and the H 
content was given in weight percent (wt.ppm). In the original report 
entitled “Sulfide-induced stress corrosion cracking and hydrogen ab-
sorption in copper exposed to sulfide and chloride containing deoxy-
genated water at 90 ◦C, SSM 2020:01, Swedish Radiation Authority, 
Sweden, 2020′′, which is the basis for this publication, the measured H 
contents in at.ppm are also given (Table 3 in the report, 1 wt.ppm is 
approximately 63.6 at.ppm). Such studies are very valuable, and the 
results should be discussed thoroughly in order to draw correct con-
clusions. The Comment claims “no significant increase of H content in 
Cu-OFP specimens exposed to a 10− 3 mol/L sulfide solution at 90 ºC for 
28 days”. In the Forsström paper [5], Figs. 16 and 17 display the raw 
data of the measured H desorption rate in at.ppm/s, while Fig. 18 shows 
a summary of the measured H content in wt.ppm for different specimens. 
The high H uptake detected in the air-welded coupons was explained by 
“The embedded oxide particles in the weld metal act as local H trapping 
sites and selectively react with the sulfide solution”. Another conclusion 
from the H measurements is “an increase in H uptake of the plastically 
deformed specimens”. Regarding the statement in [5] “An important 
finding is that significant H uptake did not occur in the unloaded coupon 
specimens…”, it is not clear how the authors define “significant”. 
However, we note that this statement was not included in the abstract, 
nor in the conclusions in [5]. The Fig. 18 shows that one coupon spec-
imen of the base metal (denoted as B3_HS/B5_LS) had a H content of 
1.01 wt.ppm, which is higher than that of the two base metal specimens, 
0.66 and 0.72 wt.ppm, respectively. In fact, the TDS measurement re-
sults show that H uptake in the Cu occurred (at least in some samples) 
during the exposure in the deoxygenated water at 90 ºC. As concluded in 
that paper, the H uptake is increased by plastic deformation, and oxide 
particles act as local H trapping sites and selectively react with the 
sulfide solution. Besides, in ref. [5], SEM and EBSD examination of the 
cross-sections of the Cu samples show that the oxide particles were 
present in some open grain boundaries (Figs. 13 and 14). The question 
is: will the surface oxide formed during oxic conditions also act as 
hydrogen traps? and what will be the local H concentration if the 
detected H is mostly segregated along some grain boundaries? 

In short, the statement “no significant hydrogen uptake was observed 
in [5]” is doubtable, and probably H is segregated in some grain 
boundaries instead of uniformly distributed in the microstructure. 
Therefore, in addition to the total amount, it is necessary to map the H 
distribution in the microstructure using suitable techniques. In fact, 
local accumulation of H along phase/grain boundaries has been 
revealed in some alloys by H mapping using 
second-ion-mass-spectroscopy (SIMS), and such reports are starting to 
appear in peer-reviewed publications. Moreover, the development of 
neutron scattering and imaging techniques enable the measurement of H 
distribution simultaneously with imaging of crack formation inside the 
microstructure. Moreover, detailed analysis of the interfacial region 
between sulfide film and the Cu substrate should be done by SEM/EBSD 
and TEM/EDX as well as SIMS mapping to reveal local penetration of the 
corrosion frontier and the distribution of S and H along the grain 
boundaries. 

4. Additional unexplained experimental observations 

The Comment raises the concern about the oscillating nature of the 
curve of the Ox+HS− specimen in Fig. 5 in [1], which is indeed puzzling 
and need some explanation. The data in Fig. A show quite uniform 
d-spacing of the non-exposed sample, as expected for the Cu metal, and 
heterogeneous distribution of the d-spacing of the Ox and Ox+HS−

samples, which is more pronounced in the Ox+HS− sample. Because the 
large grains in the Cu microstructure and the relatively small X-ray beam 
used in the HEXRD measurement, the diffracted X-rays were originated 
from a limited number of grains. To increase the number of diffracting 
grains, the measurements were performed in S-shaped movements, i.e., 
y translation from left to right during one illumination, then from right 
to left during next illumination at the next sample height. If the two y 
translation directions cause grains to contribute to the diffraction pat-
terns with weights due to imperfect synchronization between the 
translation movement and data recording, this might cause such oscil-
lations when we integrate the d-spacing over entire 2D-diffraction ring 
of a specific orientation, due to insufficient grain statistics. This effect is 
more pronounced for more heterogenous grains. The situation is quite 
different from ideal powder diffraction where the X-rays are diffracted 
by a larger number of grains. In future measurements, we will modify 
the beam size and/or the sample dimensions, or rotate the sample, to 
improve the grain statistics. Another alternative is to use a small X-ray 
beam to do diffraction analysis of the individual grains. 

We agree with the Comment regarding further measurements of 
different reference samples to investigate the effects of the pre-oxidation 
including heating in an inert atmosphere. Moreover, we believe that 
more measurements should be done to investigate the effects of elastic 
and plastic deformation, as well as the effects of radiation on the 
degradation of the microstructure. 

5. DFT results in conflict with other studies 

The Comment claims that “Regarding the DFT results presented, we 
note that the results are in direct conflict with those presented in other 
papers.” By this they mean “the energetics of hydrogen intrusion/ 
segregation in copper is in direct conflict with other studies.” 

We don’t agree with the Comment with the wording “direct conflict”. 
In our DFT study, we used simple models to calculate adsorption en-
ergies (Ead) of single H2S and HS in their molecular form (H2S or HS) and 
full dissociation form (H_S_H or H_S), and of individual S and H on Cu 
(110) surface, as well as the insertion energies of H, but we did not 
calculate segregation energies at the grain boundaries which require 
complex models and heavy computations. Regarding the adsorption 
energies, although the calculated values may differ slightly depending 
on the differences in the model setting, reference point (the total en-
ergies of H2S and H2 with the optimized structure are defined as the 
reference energy), computational tool and procedure used, our results 
(Fig. 7(a) in [1] are in good agreement with other papers. For a single H 
atom, our calculated adsorption energy of − 0.2 eV is in agreement with 
the results of Tang et al. [6]. In the DFT calculations by Lousada et al. 
[7], the molecular H2S and dissociative HS adsorption energies are 
− 0.530 eV and − 1.378 eV, respectively, which agree well with our re-
sults. These results show energetically possible adsorption of the 
hydrogen-sulfide species, especially the dissociated ones on Cu surface. 
The purpose of our DFT calculation was to assess the possibility for 
surface adsorption of hydrogen-sulfide species and H insertion. The 
main conclusion is that the presence of S promotes H adsorption on Cu, 
and the water environment causes surface reconstruction, which pro-
motes H insertion into Cu. 

H adsorption and trapping in Cu have been studied by combined DFT 
and molecular dynamic (MD) simulations. Ganchenkova et al. have 
shown that H dissolved in the Cu lattice readily accumulates in vacancy- 
type defects, a single vacancy can accommodate up to six H atoms, H 
stabilizes divacancies and promotes vacancy cluster nucleation, and 
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impurities including O, S and P contribute to void formation by 
capturing vacancies in their vicinity [8]. In parallel, Korzhavyi et al. also 
reported that a single vacancy is able to trap up to six H atoms which 
tend to be situated inside the vacancy at off-center positions [9]. It has 
also been shown that, in anoxic H2O environment, H2O molecules 
dissociate and form OH and H on the surface of perfect and defective Cu 
lattice [10–12]. Lousada et al. systematically studied molecular and 
dissociative adsorption of hydrogen-sulfide species on Cu(110) 
including the polarizability and cooperativity effects. Their results show 
that the surface site specificity observed for single adsorbates can be 
largely affected by the presence of other adsorbates, especially, the 
presence of S at the surface enhances the adsorption of the other species, 
and the adsorption of H2S, HS and S can drive extensive surface re-
constructions and relaxations [7,13]. Moreover, Belonoshko et al. 
studied diffusion of the dissociation products and found that the OH in a 
grain boundary of the Cu quickly dissociates and O and H atoms diffuse 
independently of each other, and, such a diffusion is markedly larger 
than the diffusion in bulk Cu, which suggests that grain boundary 
diffusion could be a possible mechanism of Cu corrosion in anoxic water 
[14]. Besides, Li et al. studied the impurity effects on the grain boundary 
cohesion in Cu, and found that a strong segregation of S can reduce the 
work of grain boundary separation below the work of dislocation 
emission, thus embrittling Cu, which is in agreement with experimental 
observations [15]. Recently, Lousada et al. studied H sorption capacity 
of crystal lattice defects and low Miller index surfaces of Cu [16]. The 
authors calculated the bonding of H-atoms with crystal lattice defects of 
Cu including three types of symmetric tilt grain boundaries (GBs), Σ3, Σ5 
and Σ11, and the low Miller index surfaces, (111), (110) and (100). The 
study on the effects of the fcc lattice expansion on the binding energies 
of H-atoms show that the main driving force for the segregation of 
H-atoms at some GBs is the larger volume at those interstitial GB sites 
compared to the interstitial bulk sites. The results show that the most 
open type of grain boundary (Σ5 GB) can accommodate up to 3 H-atoms 
per unit area of GB [16]. These theoretical studies provide different 
pieces of information of the atomic processes of the adsorption, disso-
ciation and interactions of H2O and hydrogen-sulfide species on the Cu 
surface, as well as the insertion and trapping of S and H in the lattice and 
GBs, which are helpful for understanding the experimental observations. 
It should be noted that most of the DFT studies of the adsorption of 
hydrogen-sulfide species on Cu were done in “dry” conditions without 
presence of H2O. In our work [1], we found that for a thick H2O layer 
(relevant for real environment) where a continuum solvent model is 
needed to describe the H2O environment, the H2O causes a considerable 
reconstruction of the Cu surface leading to a large decrease in the 
insertion energy of H. 

In order to argue for “no significant hydrogen can enter the copper 
metal under the exposure conditions”, the Comment cites the recent 
paper by Lousada et al. [16] and made a calculation of H concentration 
in the bulk of Cu assuming a high coverage of H on the surface. The 
calculated H concentration in the bulk of Cu is 3.5×10− 3 at.ppm, which 
is many orders of magnitude lower than the initial concentration of H in 
Cu-OFP (typically around 30 at.ppm). In the ref. [16], the DFT calcula-
tions concern the number of H-atoms per unit area of GB. It is not clear 
what assumptions were made in the calculation of the H concentration 
in the bulk Cu. Nevertheless, the huge discrepancy between the calcu-
lated value and typical H concentration in Cu-OFP indicates that the 
calculation of the bulk H concentration is questionable. Moreover, in the 
ref. [5], the measured H content is 0.66–0.72 wt.ppm (42–46 at.ppm) for 
the base Cu material, and 0.73–1.01 wt.ppm (46–64 at.ppm) for the base 
metal samples after the test in the sulfide-containing water at 90 ◦C. All 
the measured H concentrations are many orders of magnitude higher 
than the calculated value in the Comment. These facts indicate that, 
while DFT calculation can provide fundamental understanding of 
various atomic processes, it does not provide a reliable base for the 
calculation made in the Comment. This is because the real metal ma-
terial contains different kinds of defects, e.g., vacancies, voids, grain 

boundaries, dislocations, etc. Moreover, residual strains remaining from 
the processing and mechanical loading during the service also can 
generate large amounts of defects in the microstructure, which in turn 
may enhance the H uptake, as evidenced by the welded samples and 
oxides at grain boundaries observed in the ref. [5]. 

The Comment also raises the following issues in our paper: (i) 
desorption of adsorbed Hads to H2 gas; (ii) applying the simple DFT 
calculation in the interpretation of the experiments; (iii) computational 
models and calculation details. 

Firstly, we did not include the desorption of Hads to H2 gas in our 
calculation. Such desorption can readily happen on open metal surface 
and even when the surface is immersed in water. However, it is well 
known that the desorption of adsorbed Hads can be hindered by some 
adsorbed species (so-called “poison”), which is widely used in electro-
lytic H charging experiments. Moreover, it is doubtful that the same 
desorption process occurs when the metal surface is covered by a solid 
corrosion product film. In the Cu corrosion system, there are many ions 
in the ground water that may adsorb on the surface, and there is an 
initial oxide film formed on the Cu surface that is transformed into a 
sulfide film due to the corrosion reactions. These facts need to be taken 
into account in the interpretation and discussion of the experimental 
observations. Therefore, we don’t agree with the Comment “The pro-
pensity of H liberated in a corrosion reaction to penetrate into the bulk 
rather than residing on the surface or desorbing from the surface, is thus 
very limited, contrary to what is suggested by the discussion in [1]”, 
which is based on the calculations without taking into account the 
presence of other ions and a solid oxide and/or sulfide film on the Cu 
surface [17,18]. 

Secondly, the Comment criticizes that “the authors try to apply the 
results of their single adsorbate DFT models directly in their interpre-
tation of the experiments”. In fact, with our simple DFT calculation we 
mainly discuss the possibility for adsorption of sulfide species on Cu and 
insertion of H into Cu in order to understand the experimental obser-
vations. We are well aware that caution must be taken in the application 
of DFT results in the interpretation of the experiments, because the 
theoretical studies including those recent works by Lousada et al. [7,12, 
13,16] are far from reality. For example, the ground water contains a 
high level of Cl ions, which are likely to involve in the corrosion re-
actions leading to localized corrosion and accelerating the corrosion 
process. In the recent paper [4], the authors acknowledge that for a 
complete understanding of Cu corrosion in deep geological environ-
ments, other corrosion products such as Cu2(OH)3Cl, as observed in 
some field studies, and possibly CuO and CuS, may also affect the 
corrosion behavior, and should be considered in future work. There are 
also other important issues: S and P tend to segregate and thus accu-
mulate at a certain type of grain boundary in Cu [19]; the presence of S 
enhances the adsorption of the other species [7,13]; and a strong 
segregation of S can cause embrittlement of Cu [15]. As stressed above, 
the effects of the oxide and sulfide films on the surface, the effects of 
water on the surface reconstruction, the effects of strains and plastic 
deformation in the Cu microstructure, the presence of other ions 
(especially chloride) in the water, and the segregation of S and P, all 
have to be taken into consideration in theoretical studies claiming to be 
of realistic relevance. 

Thirdly, regarding the computational models and calculation details, 
as mentioned in the reply above, we used simple models and considering 
only single adsorbates for the DFT calculation, but our results are not in 
direct conflict with other DFT works. Indeed, the recent works by Lou-
sada et al. [7,12,13,16] have addressed more possible adsorbing sites, 
the defective Cu surface, coverage of the adsorbates, the cooperative 
effects, and H binding at GBs. These works show important steps to-
wards more parameters that should be taken into account. 

However, as mentioned above, the systems considered in the calcu-
lation models still are far away from the reality, and many important 
facts (e.g., dislocations, strains, synergistic effects with oxides, and S 
segregation at GBs, etc.) have not been studied by the calculations yet. 
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Therefore, it is not possible to apply the DFT calculation results from the 
models far from reality to draw the conclusion “The propensity of H 
liberated in a corrosion reaction to penetrate into the bulk is very 
limited”. And, it is definitively not possible to draw the conclusion that 
there is no risk for sulfide-induced microstructure degradation of Cu. 

6. Discussion of implications for SCC 

In our paper [1], we discuss the implications of our experimental and 
theoretical results for sulfide-induced SCC, taking relevant information 
in literature into account. These literature reports include diffusion data 
of S and H [20], production of sulfide species (mainly HS- ions) [21,22], 
dissociation of sulfide species to atomic S and H on a Cu surface [7,13], 
liberation of H from sulfide-induced corrosion reaction of Cu [23,24] 
and through radiolysis of water [25,26], H-induced formation of voids 
and bubbles [27,28], H-enhanced creep rate and formation of micro-
cracks showing an intergranular dimpled fracture [29,30], H-induced 
strain localization in the Cu material in the initial stage of plastic 
deformation [31], and increased H uptake in the weld zone and strain 
localization near the weld zone [32]. Based on our own results (espe-
cially the observed lattice widening and lattice expansion occurring in 
the near-surface region induced by the 2-month exposure to the simu-
lated groundwater containing sulfide) and also the literature informa-
tion, we draw the general conclusion that there is a risk for H-induced 
SCC of Cu as canister material during long-term storage of nuclear fuel 
when exposed to sulfide-containing ground water. 

Surprisingly, the authors of the Comment give no real scientific ar-
guments against our discussion above. Instead, they note that (i) the 
exposure conditions in our experiment and in most of the references 
cited in our discussion are considerably more aggressive (regarding e.g., 
temperature and sulfide flux) than what is expected in a final repository 
at the candidate site Forsmark in Sweden [3], (ii) the results of almost all 
these studies have been evaluated as part of the assessment of 
post-closure safety for such a repository [3] by the Swedish Nuclear Fuel 
and Waste Management Co. (SKB). They emphasize that the Swedish 
Radiation Safety Authority (SSM) has considered that a license for a 
repository at the suggested site can be granted by the Swedish govern-
ment in the light of this assessment and all other material presented in 
SKB’s license application. 

Regarding the influence of the S concentration on the SCC of the Cu 
material, there are experimental findings reported in literature. Already 
in 2008, based on the experimental results from slow strain rate testing 
(SSRT), Taniguchi et al. reported that the Cu material is susceptible to 
SCC at a high S concentration (0.01 M) and intergranular attack in the 
form of selective dissolution at low S concentration (below 0.005 M) 
[33]. In a SSM report published in 2017, similar results showing SCC of 
the Cu material were obtained, and the maximum depth of the cracks 
was of the order of 50 µm. The aim of this study was to define the S 
threshold concentration, which was found to be 0.001 M [34]. Further, 
in a new paper published in 2021, intergranular corrosion/cracking was 
found in the high S environment (0.001 M) and slight corrosion on grain 
boundaries and slip lines occurred in the low S environment 
(0.00001 M) [5]. These consistent observations indicate that the Cu 
material is susceptible to SCC in the ground water containing S at a level 
of 0.001 M, and intergranular corrosion also occurs at lower S levels. The 
S concentration found in ground water of the Forsmark area is up to 
0.0001 M [34], which is only one order of magnitude lower (not far 
from) than the S threshold concentration for SCC [34]. 

Regarding the sulfide flux, microbiological studies have revealed a 
vast diversity in microbial community in deep bedrock groundwater at 
the planned disposal site. L. Hallbeck and K. Pederson analyzed the 
groundwater from boreholes at 450 m depth in the Äspö Hard Rock 
Laboratory (HRL), Sweden, and from two potential sites for a final re-
pository of spent nuclear fuel, Forsmark and Laxemar. They reported 
that the microbial community consists of microorganisms such as iron-, 
manganese-, nitrate- and sulfate reducing bacteria (SRB) as well as 

acetogens and methanogenic archaea [35]. In their conclusions, it was 
mentioned that “Results from the Äspö HRL suggested that pumping 
water from borehole sections before sampling may lower the analysed 
sulfide concentration”. Several other studies have reported the enrich-
ment of SRB in the ground water and the presence of sulfide species in 
the environment at the disposal sites, which play an important role in 
the corrosion of the Cu [36–40]. Wersin et al. analysed the groundwater 
of the Finish disposal site Olkiluoto, the measured sulfide levels were 
generally in the range of 0.01–0.1 mg/L (~ 0.0003 – 0.003 M). However, 
some local concentrations were measured up to several mg/L and one 
measurement was as high as 12.4 mg/L (~ 0.39 M), and local concen-
tration peaks were found to occur [41]. This study shows that the local 
sulfide concentration at the disposal sites can be high, at least at some 
sites and during some period. 

In the SKB reports written by Pederson and King et al., microbial 
processes on the Cu surface are considered unlikely in the case of an 
intact layer of highly compacted and defect-free bentonite, and the 
microbiological activity is expected to be in the far field [21,42]. It is 
claimed that, under the expected conditions, the sulfide concentration at 
the canister surface is controlled by the transport in a tightly compacted 
medium, which would be orders of magnitude lower. However, this 
claim has been questioned because of the extremely long life-time of 
service of the Cu canister. The concentration of sulfide reaching the 
canister surface in geological repository depends on many processes and 
is hard to predict. Many unexpected things may happen during the 
lifetime of the canister, which may cause local damages of the bentonite 
barrier leading to the loss of protection, e.g., due to nonuniform swelling 
or formation of channels in bentonite (piping), or erosion. A more recent 
SKB report shows new evidence for highly dynamic environmental and 
climate conditions during 130,000 years, so the geological conditions 
may change significantly during the long-term disposal [43]. Moreover, 
as to the sources of atomic H, it should be mentioned that there are 
multiple processes that can lead to liberation of H atoms on the surface 
of Cu, e.g., dissociation of sulfide species on Cu surface, cathodic reac-
tion of sulfide corrosion of Cu, radiation-induced H in water, and even 
Cu corrosion in pure water. One important issue is the cooperative 
adsorption and reactions between S and H, especially at the grain 
boundaries. It is well known that H2S can cause serious SCC and H 
embrittlement of metals and alloys, in some case, although H alone does 
not lead to SCC and embrittlement. An important fact is that S acts as a 
“poison” to hinder the recombination of adsorbed H atoms and thus 
promotes the ingress of H atoms into metals. Experimental and theo-
retical studies are needed to clarify the role of H and S, and their syn-
ergistic effects, in the sulfide-induced SCC and H embrittlement. All the 
disasters of engineering constructions ranging from historical Wasa ship, 
Titanic, to modern time incidences of nuclear power plants occurred 
because of unexpected problems. Therefore, for the safety assessment of 
such an important system for such a long time, one needs to consider not 
only expected conditions, but also unexpected conditions and unlike 
events. 

It is not possible to simulate the whole lifetime of the canister in 
research. Laboratory studies without bentonite provide scientific basis 
for the risk assessment. In the studies by Huttunen-Saarivirta et. al and 
Carpén et al., the effect of bentonite to the ground water was taken into 
account by modifying the ground water recipe so that it would represent 
water that had been in contact with bentonite, and the chemistry was 
balanced according to that [36–40]. The research was focused on the 
scenario where the bentonite has lost it protective nature due to 
nonuniform swelling or erosion or piping phenomena, so that water 
including the microbes can reach the Cu surface. The studies showed 
that if the protection of the bentonite buffer is locally destroyed the 
amount of produced sulfide can be locally very high on the surface. 

The Comment states that “the results of almost all these studies have 
been evaluated as part of the assessment of post-closure safety for such a 
repository by SKB” [3], in fact, we cited this report in our original paper. 
In this report (Supplementary information on canister integrity issues), 

Correspondence                                                                                                                                                                                                                                  



Corrosion Science 199 (2022) 110183

6

different forms of corrosion of Cu canister under expected repository 
conditions were assessed, mostly based on so-called conservative as-
sumptions and using a uniform corrosion rate in the calculation of 
corrosion allowance, like in ref. [44], thus concluded that there is no 
considerable risk for canister failure. The report summarizes available 
literature but, in our opinion, fails to critically analyse the results and 
observations that are relevant for the sulfide-induced SCC and H 
embrittlement of the Cu material, many of which are cited in our paper 
and in this Reply. The report [3] relies on “so-called” expected condi-
tions and the simple modeling of sulfide transport (without taking into 
account the presence of local defects and damages) for the risk assess-
ment. In particular, the corrosion allowance calculation in terms of 
corrosion depth (corroded thickness per unit time) for the S- and 
H-induced corrosion can be completely wrong, since the propagation of 
SCC could be very fast and the embrittlement leads to brittle failure of 
the material. In that report there is no consideration of S- and H-induced 
microstructure degradation of the Cu material. In our opinion, that 
report has by far not provided sufficient scientific insights that are 
needed for a reliable assessment of several complex forms of corrosion of 
the Cu as requested by the Land and Environment Court in Sweden. In 
our study, we utilized synchrotron-based HEXRD technique in trans-
mission mode to measure the local lattice deformation of the Cu without 
H charging and without applied strain. The technique is able to detect 
the lattice deformation underneath the corrosion product film, and the 
results indicate that, during only two months exposure at room tem-
perature to a simulated ground water containing sulfide at 0.001 M 
level, significant heterogenous lattice deformation in the microstructure 
and a quite large deformation in the surface region occurred, most likely 
due to H (probably also S) infusion into the microstructure. These ob-
servations are helpful to understand previous experimental results such 
as those reported in ref. [5,33,34], and provide new insights into the role 
of H and S in the sulfide-induced SCC and H embrittlement of Cu 
canister. Based on our findings and other observations from the SCC and 
creep studies, we believe that the corrosion allowance calculation based 
on uniform corrosion rates is not enough, and the risk for H-induced SCC 
and H embrittlement should be taken into account in the safety 
assessment. 

Finally, the Comment mentions the considerations of SCC and the 
role of H in early and recent SKB assessments of the post-closure safety. 
We note that, in early SKB reports and publications, King et al. wrote 
extensively about the S-induced SCC and claimed explicitly that there is 
no such risk for the Cu canister in the Swedish repository system, which 
was mainly based on classical SCC mechanisms caused by the known 
SCC agents, while the role of S and H have been ignored because of the 
lack of mechanistic understanding of these complex corrosion forms 
[45]. However, this claim has been questioned because several factors 
were overlooked in those reports. Although these processes were dis-
cussed in the scientific community [42,44,45] already two decades ago, 
and it was noted that the issue warranted further investigations [42], no 
serious efforts have been made by using state-of-the-art techniques to 
explore the underlying mechanisms of these complex processes. Instead, 
the arguments for no such risks have been made based on the “expected 
low sulfide content” conditions based on the simple modeling of the 
sulfide flux and the claim that “no significant hydrogen can enter the 
copper metal under the exposure conditions” that is based on the DFT 
calculations of the thermodynamics of some simple processes that are far 
from the complex corrosion reactions involved in the real disposal 
environment, as mentioned in our Reply. Based on the important ar-
guments we listed above, we believe that further scientific research, 
especially experimental efforts utilizing state-of-the-art techniques as 
mentioned in this Reply, are needed to gain an improved fundamental 
understanding of the sulfide-induced SCC and H embrittlement of Cu, 
which enables a reliable risk assessment of such an important system. 

7. Conclusions 

In conclusion, we have provided explanations to the questions raised 
in the Comment about our experiments, and also rebuttal to the state-
ments that we don’t agree with the Comment. Although further studies 
are needed to clarify some issues, our HEXRD measurement yielded 
unique information about heterogeneous lattice deformation in the Cu 
microstructure caused by the two months exposure to a simulated 
ground water containing 0.001 M sulfide. Our findings indicate that H 
and probably also S entered the microstructure during the exposure, 
most likely via the grain boundaries, leading to the microstructure 
degradation, especially in the near surface region. 

In the interpretation the experimental observations, careful analysis 
of the data should be done before drawing the conclusion of “no sig-
nificant H uptake”. In the measurement and discussion of H uptake, not 
only the total amount/concentration of H in the bulk, but also its local 
distribution/segregation at the grain boundaries, should be considered. 

We agree with the Comment that further analyses employing a wider 
range of material characterization methods should be done in order to 
draw clear conclusions. In particular, we emphasize the need to utilize 
state-of-the-art techniques, e.g., high resolution TEM/EDX to exam the 
corrosion frontier, SIMS to map the local distribution and segregation of 
H and S at the grain boundaries, synchrotron HEXRD to reveal the 
microstructure deformation beneath the corrosion product film, and 
neutron techniques to simultaneously detect local accumulation of H 
and formation of cracks in metals. 

Our DFT results indicate the possibility for dissociative adsorptions 
of hydrogen-sulfide species on the Cu surface, and an enhanced H 
adsorption by the presence of S, in agreement with other studies. 
Moreover, our results suggest that the water environment leads to sur-
face reconstruction and thus promotes H insertion into the Cu lattice. We 
agree that more extended models should be used to study the coopera-
tive surface adsorption and reactions between different species. We 
emphasize that the cooperative segregation of S and H at the grain 
boundaries should be studied in order to provide fundamental under-
standing of the role of S and H in the sulfide-induced SCC and embrit-
tlement of Cu. 

With regard to the implications of the studies of sulfide-induced SCC 
for a geological repository, our results, together with the previous re-
ports from experimental studies of sulfide-induced SCC and creep of Cu, 
indicate that there is a potential risk for such complex corrosion of the 
Cu canister in the repository environment. We emphasize that, the risk 
assessment for such an important system should not only consider the 
expected conditions, but also unlikely events, such as the defects and 
local damages in the bentonite barrier and the risk for sulfide-induced 
SCC and H embrittlement. In the calculation of the corrosion allow-
ance, the serious consequence of SCC and embrittlement (i.e., micro-
structure degradation causing cracking and brittle failure) should be 
taken into account instead of the corrosion depth which is only valid for 
uniform corrosion. 
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