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1. Introduction

In a paper entitled “Corrosion-induced microstructure degradation of
copper in sulfide-containing simulated anoxic groundwater studied by 
synchrotron high-energy X-ray diffraction and ab-initio density func-
tional theory calculation” [1], the authors conclude that the micro-
structure of polycrystalline phosphorous doped oxygen free copper 
(Cu-OFP) is degraded when the metal is subjected to sulfide corrosion 
and that the cause for degradation is penetration into the copper lattice 
of atomic hydrogen, liberated in the corrosion process. The conclusions 
are based on high-energy X-ray diffraction (HEXRD) data and density 
functional theory (DFT) calculations. 

Cu-OFP is a candidate material for containment of spent nuclear fuel 
and the behavior of this material under relevant conditions is thus 
important to understand. To our knowledge, the application of HEXRD 
to corroded copper specimens is novel and therefore potentially of in-
terest. We do, however, have concerns regarding i) the claim that 
hydrogen penetration has caused the observed effects, ii) unexplained 
phenomena in the presented data, iii) the DFT results being in conflict 
with those of other studies and iv) the conclusions drawn regarding 
sulfide induced stress corrosion cracking (SCC) of Cu-OFP in a final re-
pository for spent nuclear fuel. 

2. Experiments and results

The authors have oxidized 2 mm thick specimens of Cu-OFP in air at
90 ◦C for seven days. Some specimens were subsequently exposed to a 
simulated groundwater with a sulfide concentration of 10− 3 mol/L for 
53 days at 22 ◦C. The microstructures of the specimens were then 
examined with HEXRD. From the HEXRD data, the d-spacing of the 
Bragg peak in the (111) orientation was calculated. 

Down to a depth of ~100 µm the calculated d-spacing averaged over 
the (111)-oriented diffraction ring increased by ~0.1% for both the 
oxidized (Ox) and the oxidized, sulfide exposed (Ox+HS− ) specimen, i.e. 
a small expansion as compared to an unexposed reference specimen. The 

effect was somewhat more pronounced for the Ox+HS− specimen. For 
depths larger than 100 µm the Ox specimen does not deviate appreciably 
from a reference sample whereas the Ox+HS− specimen exhibits an 
oscillating contraction of ~0.2% in the depth interval 100–400 µm and a 
smaller, oscillating expansion in the interval 400–600 µm. The net effect 
for depths larger than 100 µm is a clear contraction for the Ox+HS−

specimen. 

3. Issues relating to the claimed H penetration effect

The authors claim that the observed alterations of the d-spacing is
due to penetration of atomic hydrogen into the copper lattice, and that 
the hydrogen is liberated in the sulfide corrosion reaction. We have 
several concerns about this claim. 

The Ox specimen, where H is not liberated in the oxidation process, 
exhibits quite a similar expansion as the Ox+HS− specimen down to 
about 100 µm. 

It is unclear if the authors believe that the near-surface expansion of 
the Ox specimen is due to widening of the Cu lattice by the oxide layer, 
an effect they mention, but do not clearly suggest as an explanation. 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, as discussed in Ref. [2] and 
references therein. If this is not the suggested explanation, then the 
near-surface expansion of the Ox specimen seems to be unexplained. In 
our view, it is difficult to see that either of these surface films could 
affect the bulk material down to hundreds of µm. This view seems to be 
supported by a study of how surface stress affects the lattice dynamics in 
terms of altered phonon properties for a number of thin film-substrate 
combinations. For none of the systems studied did the surface tension 
affect the lattice beyond a depth of 100 monolayers or 10 nm [3]. 

Whatever the cause of the expansion of the Ox specimen, it seems 
unlikely that the near-surface expansion of the Ox+HS− specimen, that 
is quite similar in nature and extent, would have another explanation. 
However, for the latter specimen, the authors suggest “H-induced lattice 
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dilation” as the explanation, and, as mentioned, this cannot be the 
explanation for the Ox specimen. 

Furthermore, at depths larger than about 100 µm, the observed 
contraction in the Ox+HS− specimen according to the authors “might 
have been generated due to compensation of lattice expansion in the 
near-surface region”. If this is the case, it is puzzling that the Ox spec-
imen does not exhibit a similar compensation effect. 

In summary, we cannot see that H-induced lattice dilation as the 
explanation of the expansion of the Ox+HS− specimen is compatible 
with the full picture of experimental results. 

Furthermore, the authors report no direct evidence of increased H 
content in the exposed specimens. In contrast, Forsström et al. [4] report 
no significant increase of hydrogen content in Cu-OFP specimens 
exposed to a 10− 3 mol/L sulfide solution at 90 ◦C for 28 days. That study 
concerned sulfide-induced stress corrosion cracking, where coupon 
specimens subjected to corrosion but not to mechanical stress were 
studied as reference material. For these reference specimens, the authors 
of Ref. [4], based on their thermal desorption spectroscopy data, state 
“An important finding is that significant hydrogen uptake did not occur in the 
unloaded coupon specimens…”. The thickness of the corrosion products 
for these specimens are reported to be 10–30 µm [4]. Zhang et al. [1] do 
not report corrosion layer thicknesses, but data in Chen et al. [5] suggest 
that for the exposure conditions in Zhang et al. (10− 3 mol/L at 22 ◦C for 
56 days), a thickness of around 1.5 µm may be expected, see Fig. 1 in 
Ref. [5]. It would thus be reasonable to expect that the extent of 
corrosion in Forsström et al. [4], where no significant hydrogen uptake 
was observed, was larger than that in the study by Zhang et al. 

4. Additional unexplained experimental observations 

A further issue to note is the oscillating nature of the curve of the 
Ox+HS− specimen in Fig. 5 in Ref. [1]. The oscillations as such are 
puzzling and it is quite unclear why the half-period of the oscillations 
should coincide with the distance between the scanlines in the HEXRD 
measurement, as evidenced by the fact that a local maximum is seen for 
every second data point in the regions of oscillations, with local minima 
at interlaying points. In more detail, since 2 mm/20 µm + 1 = 101 
scanlines were obtained in the HEXRD measurement and since there are 
51 datapoints for each curve in Fig. 5 in Ref. [1], we assume that each 
datapoint is the mean value of two scanlines, one taken at a certain 
distance from the upper specimen surface and one from the same dis-
tance from the lower surface, except the scanline at 1 mm depth to 
which there is only one scanline that can contribute. The oscillating 
nature of the curves and the coincidence of the oscillation half-period 
with the distance between scanlines suggest to us that the oscillation 
could be an artefact related to the HEXRD measurement itself, which 
needs to be explained in order for the data to be reliable. We note that 
the same effect, but with smaller amplitude, is seen for the Ox specimen, 
throughout the depth interval. 

As regards the observed difference between the Ox and the reference 
specimens, it would have been helpful if a second reference sample had 
been heated to 90 ◦C for seven days in an inert atmosphere, to investi-
gate any influence of the raised temperature during oxidation of the Ox 
and Ox+HS− specimens. 

5. DFT results in conflict with other studies 

Regarding the DFT results presented, we note that the results are in 
direct conflict with those presented in other papers. For example, Lou-
sada and Korzhavyi [6] show that the segregation energy of H to a Cu 
surface is at least 0.5 eV for surface coverages of H of both 25% and 
100%. This suggests that the H concentration in the bulk material in 
equilibrium with a surface with a very high H coverage can be estimated 
to be exp(− 0.5 eV/kBT) ≈ 3.5 × 10− 3 at ppm where kB is the Boltzmann 
constant and T the absolute temperature. A concentration of 3.5 × 10− 3 

at ppm is a very low value and many orders of magnitude smaller than 

the initial concentration of H in Cu-OFP, which is typically around 30 at 
ppm. 

It is further unclear whether Zhang et al. have included H2 in their 
calculations. As discussed in Refs. [7,8] the desorption of adsorbed 
hydrogen (Had) from copper surfaces to form gaseous hydrogen (H2) is 
an exergonic and spontaneous process, meaning that this state must be 
accounted for in any assessment of the thermodynamics of 
hydrogen-copper interactions. The propensity 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 Ref. [1]. The fact that H insertion 
to interstitial lattice sites may preferentially occur via vacancies at the 
surface, as indicated by the results in the paper, does not alter the basic 
fact that H segregates strongly to the surface of Cu, so that at thermo-
dynamic equilibrium the lattice concentration of H is very low. 

Another problematic aspect of the paper is that the authors try to 
apply the results of their single adsorbate DFT models directly in their 
interpretation of the experiments. However, in the experiments the 
surfaces (which are most certainly composed of Cu2S and/or Cu2O) are 
covered with a mixture of adsorbates derived from water and/or 
hydrogen sulfide (e.g. Sad, Oad, HSad, OHad). Previous work has shown 
that the initial copper sulfide layers formed at the Cu(110) surface are 
complex in terms of composition and structure [9,10]. Furthermore, it 
has been demonstrated that adsorption energies depend on 
adsorbate-adsorbate interactions and thus on the degree of coverage. 

As mentioned above, the energetics of hydrogen intrusion/segrega-
tion in copper is in direct conflict with other studies. Without access to 
the computational raw data and a detailed description of how the 
modeling was performed (e.g. reference states for reactants, equations 
defining the calculated relative energies), it is difficult to deduce the 
exact reason for this contradiction. One possibility could be that the 
consideration of adsorption and/or absorption configurations was 
incomplete, i.e. that global minima on the potential energy surfaces (or 
rather Gibbs free energy minima) has not been properly identified and 
used in the computation of intrusion/segregation energetics. However, 
it is known that the DFT (exchange-correlation) functional PW91 
employed by Zhang et al., although providing accurate descriptions of 
many simple properties (e.g. lattice constants, bulk moduli, and atomi-
zation energies) performs poorly for the determination of monovacancy 
energies for some metals when compared with experimental data [11, 
12]. The paper by Zhang et al. does not demonstrate that the PW91 
functional can provide accurate vacancy formation energies for copper 
by comparing their data with the literature. 

Due to the issues mentioned above, we do not consider that the DFT 
calculations presented by Zhang et al. give any support for their proposal 
that hydrogen penetration is the cause for e.g. their measured alterations 
in d-spacing. 

6. Discussion of implications for SCC 

The authors discuss the implications their proposed findings would 
have for sulfide-induced stress corrosion cracking (SCC) in copper and 
how this process could affect copper canisters in a final repository for 
spent nuclear fuel in the long term, citing a number of contributions by 
other authors. Here, we note that i) the exposure conditions in the 
experiment reported by Zhang et al. and in most of the references cited 
in their 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 [13], ii) the results of almost 
all these studies have been evaluated as part of the assessment of 
post-closure safety for such a repository [13] by the Swedish Nuclear 
Fuel and Waste Management Co. (SKB). The competent authority, the 
Swedish Radiation Safety Authority, 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. We also note that, whatever has been 
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observed by Zhang et al., if it is a real effect, should have also been 
present in the other cited sulfide corrosion studies. The evaluations of 
those results have thus applied to situations where the proposed effect is 
present. 

The authors point out that, more than a decade ago, the assessments 
of post-closure safety by SKB did not treat sulfide-induced SCC and the 
role of hydrogen in this process in a comprehensive way. We note that, at 
that time, these processes were only just beginning to be discussed in the 
scientific community, and that the few available studies were indeed 
mentioned [14,15] in the scientific foundation on which the safety 
assessment was based and it was noted that the issue warranted further 
investigations [15]. Furthermore, the authors fail to mention that both 
sulfide-induced SCC and hydrogen ingress have indeed been thoroughly 
evaluated in SKB’s most recent account of post-closure safety as regards 
the copper canister [13], which they themselves cite in their paper. As 
argued in Refs. [13,16], the flux of sulfide to the copper surface de-
termines whether the observed micro-cracks in the surface of the copper 
are formed if the sample is simultaneously strained in the various 
studies. The sulfide fluxes in most of the cited SCC related studies are, as 
in Zhang et al., many orders of magnitude higher than those expected 
under the most extreme long-term conditions in a final repository in 
Sweden. As also described in Ref. [13], there are other mechanisms than 
SCC that can explain the surface cracks observed even under the most 
aggressive laboratory conditions. 

7. Conclusions 

In conclusion, we consider the claim that H penetration has caused 
the observed effects in sulfide exposed copper in the study by Zhang 
et al. [1] to be far from proven. The claim is contradicted by other 
studies where the H content has been shown not to increase for com-
parable exposures. The suggested explanations of the different depth 
trends reported appear inconsistent and there are unexplained features 
in these trends. Employment of a wider range of material characteriza-
tion methods would potentially have allowed clearer conclusions to be 
drawn. Also, the DFT results claimed to support the notion of H pene-
tration are in conflict with results of other studies. 

With regard to the implications of the study for sulfide induced SCC 
for a geological repository, it is noted that the exposure conditions in 
Zhang et al. are much more aggressive than in the proposed repository in 
Sweden. Furthermore, if the observations by Zhang et al. shows a real 
effect, it should have also been present in other sulfide corrosion studies, 
the evaluations of which have been found not to compromise the safety 
of a repository. 

Finally, we note that the novel use of HEXRD to study the micro-
structure of copper could possibly be of use in further efforts to clarify 
the behavior of copper as a container material for spent nuclear fuel and 
other applications, but also note that issues such as those raised in this 
Comment need to be addressed before allowing conclusions to be drawn 
from HEXRD results in studies similar to that presented by Zhang et al. 
[1]. 
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