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Hydrogen sources during deposition

Design of the KBS-3 canister with BWR internal
structure
- The final disposal canister consists of two
different structures, copper canister and
cast iron insert. Sources of hydrogen in
the system are both outside and inside
the canister.

Hydrogen evolution outside from sulphide corrosion
Once oxygen in the repository is consumed by general corrosion and anaerobic conditions are established, the major concern to the long-term durability of
the copper canisters is corrosion by sulfide induced reactions.
Corrosion studies (Chen et al. 2011, 2014, 2017) in aqueous solutions containing sulfide ions (SH-) have shown that sulfide corrosion is a two-step process
where adsorption on copper surface occurs first to form the chemisorbed species Cu(SH)ads, which leads to deposition of Cu2S on the Cu surface by
reaction of the chemisorbed species with Cu and SH-:
Cu + SH- → Cu(SH)ads + eCu + Cu(SH)ads + SH- → Cu2S + H2S + e-

Hydrogen evolution under anoxic conditions is the viable cathodic reaction:
2SH- + 2e- → H2 + 2S2This leads to H2 formation at the Cu2S-electrolyte interface on the conducting Cu2S film. Whether or not this reaction can partially shift to copper surface at
the base of the pores, when porous films are present, is not known, but if so the cathodic reaction may lead to hydrogen uptake in the copper metal itself.
The majority of the hydrogen atoms formed in corrosion combines to form hydrogen gas, but a fraction may enter the copper.
Corrosion on copper surface is also controlled by the transport rate of gaseous H2 away from the canister surface. Diffusion in compacted, water-saturated
bentonite is low.
J. Chen, Z. Qin, and D. Shoesmith, “Long-term corrosion of copper in a dilute anaerobic sulfide solution”, Electrochem. Acta, vol. 56, pp. 7854–7861, 2011.
J. Chen, Z. Qin, L. Wu, J. J. Noël, and D. W. Shoesmith, “The influence of sulphide transport on the growth and properties of copper sulphide films on copper”, Corros. Sci., vol. 87, pp. 233–238,
2014.
J. Chen, Z. Qin, T. Martino, and D. W. Shoesmith, “Non-uniform film growth and micro/macro-galvanic corrosion of copper in aqueous sulphide solutions containing chloride”, Corros. Sci., vol.
114, pp. 72–78, 2017.
Localized deformation in spent nuclear fuel disposal canisters, Antti Forsström, 2019

Hydrogen sources from inside the canister
There are possible sources of hydrogen inside the canister from which H may diffuse
into the copper shell:
- The maximum amount of water inside the canister is set at 600 grams,
which can lead to corrosion of the DCI insert which will produce hydrogen
gas as a by-product.
- The radioactivity may lead to formation of hydrogen by water radiolysis and
through (n,p) reactions.
- Zirconium alloys of the fuel assembly have a tendency to form hydrides
which may decompose.
Hydrogen effects on the mechanical performance of ductile cast iron, Patrik Sahiluoma, 2020

Hydrogen uptake by copper induced by gamma radiation

Plot of the desorption rate of hydrogen from copper samples (at.ppm·s-1) as a function of
temperature (K) measured by temperature-programmed desorption (TPD). 69 kGy γ-irradiated
copper sample (●); non-irradiated sample, background (●).

C. Lousada et al., 2016

Hydrogen uptake by copper induced by gamma radiation

Amounts of H2 (●) and H2O (♦) measured in samples of copper metal irradiated in
water as a function of the total dose of γ-radiation deposited (D) (Gy). The
measurements of H2 and H2O were performed after irradiation. Each data point
corresponds to a different irradiation experiment. Both sets of data are normalized for
the background values.

C. Lousada et al., 2016

Hydrogen entry and evolution in copper

Hydrogen entry mechanism in metallic material
•
•
•

Hydrogen can enter from liquid or gaseous atmosphere
Hydrogen evolution process is step-wise (Fig. 1)
Results in
- Hydrogen entering material through Hydrogen
Absorption Reaction (H.A.R.)
- Formation of hydrogen bubbles in copper due to low
solubility

McCright, R.D. 1973. Effects of environmental species and metallurgical structure on the hydrogen entry into steel. Stress Corrosion Cracking and Hydrogen
Embrittlement of Iron Base Alloys. Unieux-Firminy, France: National Association of Corrosion Engineers. pp. 306-325.

Mobility and solubility of H
The solubility of hydrogen in the copper lattice is very
low. The solubility increases by temperature and
pressure. Thermal hydrogen charging, e.g., at 600°C
results in an oversaturation of the copper lattice by
hydrogen once the material is rapidly cooled down.
After cooling, hydrogen does not fit in the lattice
anymore and it is not mobile enough to escape from
the lattice either. Thus, it forms hydrogen bubbles
in the metal with tangled dislocations forming
around the bubbles, which accommodate the plastic
deformation. Most of the hydrogen bubbles are
formed on grain boundaries and dislocations.
W. R. Wampler, T. Schober, and B. Lengeler, “Precipitation and trapping of hydrogen in
copper”, Philos. Mag., vol. 34, pp. 129–141, 1976

TEM image of hydrogen bubbles with
dislocation loops ejected in [011ത ] direction
W. R. Wampler, T. Schober, and B. Lengeler, “Precipitation and
trapping of hydrogen in copper”, Philos. Mag., vol. 34, pp.
129–141, 1976

Local hydrogen uptake from oxide particles
Copper is known to be sensitive to hydrogen when oxide particles are present in the
material. Hydrogen reacts in high temperatures with the oxide particles by forming
water vapor, which in turn induces microvoid generation. To avoid this kind of
hydrogen embrittlement, oxygen-free phosphorous-alloyed copper (Cu-OFP) is used
for the canisters. However, oxide particles may be present in the welds if FSW is
performed in air without shielding gas. The oxide particles in FSW welds increase
locally the hydrogen uptake.
Localized deformation in spent nuclear fuel disposal canisters, Antti Forsström, 2019

H absorption in Cu-OFP bulk
Martinsson & Sandström observed hydrogen bubbles in
CU-OFP even without presence of oxide particles:
Cu-OFP was cathodically charged in 10 % H2SO4 at 10
mA/cm2 for up to 3 weeks. The amount of hydrogen as a
function of the distance from the surface was measured
by two methods: glow discharge optical emission
spectrometry and melt extraction.
The absorption depth was numerically calculated as 280
μm, but experimentally it was measured to be only 50
μm. Bubble formation in the electrolytic hydrogen
charging was observed near the surface in the absence of
oxide particles.
A. Martinsson and R. Sandström, “Hydrogen depth profile in phosphorus-doped, oxygen-free copper after cathodic charging”, J. Mater. Sci., vol. 47, pp. 6768–6776, 2012
Yuriy Yagodzinskyy, Evgenii Malitckii, Filip Tuomisto & Hannu Hänninen (2018) Hydrogen-induced strain localisation in oxygen-free copper in the initial stage of plastic deformation,
Philosophical Magazine, 98:9, 727-740, DOI: 10.1080/14786435.2017.1417647

Hydrogen bubbles in Cu-OFP
(Martinsson & Sandström, 2012)

Microvoid observations in Thermal Desorption
Spectroscopy (TDS)
TDS measurements of H-charged copper show
spikes during heating. The spikes evidence on the
opening of the voids/bubbles, which are filled
with hydrogen gas of elevated pressure and
located just beneath the specimen surface. The
spiking event corresponds to a sudden increase
of the pressure in the ultrahigh vacuum chamber
of TDS apparatus, when the neck of material
between a void and the specimen surface breaks
under increasing hydrogen gas pressure in the
void with increasing temperature.

Hydrogen effects in mechanical performance of copper

Hydrogen Embrittlement
-

-

Hydrogen of high fugacity affects the deformation and cracking of copper by lowering the
tensile strength, by increasing the creep rate, and by enabling cracking of the grain
boundaries.
Under tensile loading in continuous electrolytic hydrogen charging voids form preferably
along the high-angle grain boundaries. The enhanced deformation of copper in continuous
hydrogen charging may be due to hydrogen interactions with dislocations and vacancies.
According to a simulation study (Ganchenkova et al., 2014), hydrogen lowers divacancy
formation energy and stabilizes the neighboring vacancies and multi-hydrogen trapping
over the available octahedral sites around the vacancy may enable vacancy cluster
formation.

Localized deformation in spent nuclear fuel disposal canisters, Antti Forsström, 2019
M. G. Ganchenkova, Y. N. Yagodzinskyy, V. A. Borodin, and H. Hänninen, “Effects of hydrogen and impurities on void nucleation in copper: Simulation point of
view”, Philos. Mag., vol. 94, pp. 3522–3548, 2014.

-

-

-

Hydrogen affects the dislocation dynamics in copper, which
is observed at the first, transitional stage of creep. The
hydrogen–dislocation interaction and its possible effects on
hydrogen-enhanced localized plasticity (HELP) is a proposed
mechanism for HE.
Hydrogen introduced electrochemically into Cu-OFP has a
minor effect on the tensile SSRT properties of copper. The
small reductions in uniform elongation and tensile strength
in the tests with continuous hydrogen charging at 50°C
originate from the cracks forming in the hydrogen-enriched
subsurface layer.
Tensile testing of copper at continuous hydrogen charging
and constant applied nominal stress clearly shows that
hydrogen enhances the creep rate of copper. The hydrogen
effect on the creep rate acceleration is more pronounced at
lower applied stresses (lower creep rates). Creep fracture of
the studied copper enhanced by electrochemical charging
with high-fugacity hydrogen manifests a dimpled
intergranular mode of cracking, which originates from the
hydrogen-filled microvoids formed at GBs. In the course of
creep, the voids form preferably at GBs on the planes of the
maximum shear component of the applied stresses.

Y. Yagodzinskyy, E. Malitckii, T. Saukkonen, H. Hänninen, Hydrogen-enhanced creep and cracking of oxygen-free phosphorus-doped copper, Scripta Materialia, Volume 67, Issue 12, 2012, Pages 931-934, ISSN 1359-6462,
https://doi.org/10.1016/j.scriptamat.2012.08.018.

The effect of H–charging compared
to distilled water (DW) in CL test of
Cu
Y. Yagodzinskyy, E. Malitckii, T. Saukkonen, H. Hänninen,
Hydrogen-enhanced creep and cracking of oxygen-free
phosphorus-doped copper, Scripta Materialia, Volume 67,
Issue 12, 2012, Pages 931-934, ISSN 1359-6462,
https://doi.org/10.1016/j.scriptamat.2012.08.018.

Microvoid formation
-

-

-

Thermal hydrogen charging from a hydrogen gas atmosphere at elevated temperatures results in the
creation of hydrogen-filled microvoids after cooling the copper to ambient temperatures. The voids start
to grow above 0°C, but the growth appears to be completed at about 50°C . Alongside the void growth,
dislocations and dislocation loops are emitted from the void surface. (Wampler et al. 1976)
The electro-chemical hydrogen charging provides markedly higher hydrogen fugacity than that in a
thermal charging procedure (Yagodzinskyy et al. 2012). One may expect that the hydrogen-filled
microvoids that form rapidly at 50°C can affect the tensile deformation process in SSRT and especially in
CLT.
Tensile loading during electrolytic hydrogen charging may enable cracking of the grain boundaries, which
can enable further absorption of hydrogen in the metal at the crack tip and consecutive fracture.
In the presence of hydrogen, the dislocation climb and dislocation–dislocation reactions, which define
the creep rate and amount of creep strain, are promoted by an enhanced vacancy generation. On the
other hand, the vacancy excess is a prerequisite of the hydrogen-filled microvoid nucleation and growth.

W.R. Wampler, T. Schober, B. Lengeler, Philos. Mag., 34 (1976), p. 129
Y. Yagodzinskyy, E. Malitckii, T. Saukkonen, H. Hänninen, Hydrogen-enhanced creep and cracking of oxygen-free phosphorus-doped copper, Scripta Materialia, Volume 67, Issue 12, 2012, Pages 931934, ISSN 1359-6462, https://doi.org/10.1016/j.scriptamat.2012.08.018.

Assessing Hydrogen Embrittlement through microvoid formation in
Cu-OFP in Aalto University
Patrik Sahiluoma
YuriyYagodzinskyy

Determining conditions for hydrogen-induced
microvoid formation in canister copper
-

-

Hydrogen-induced microvoids are the critical form of HE in Cu-OFP. The
mechanism and threshold conditions for formation of hydrogen bubbles in copper
are studied.
The research is ongoing and a scientific article will be published in 2022.
Purpose of the study is to determine conditions in which Cu-OFP used in KBS-3
canisters starts to exhibit hydrogen-induced microvoid formation.

→

↓

-

Critical electrochemical potential has been determined to be -1,1 V in 1 N H2SO4 at
45 C
̊ .
Effects of material conditions (surface roughness) and temperature for void
opening and the role of grain boundaries are determined.

