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Hydrogen absorption on copper

- In sulphide-containing environments corrosion (2Cu + HS- = Cu2S + H+ + 
e-) is supported by the evolution of hydrogen. Some water remains
trapped inside the fuel elements after the canister is closed and hydrogen
is then released in the corrosion reactions.
- Thus, hydrogen can be absorbed in copper canister both on outside and 
inside surfaces.
- A majority of the hydrogen atoms formed in corrosion combines to form
hydrogen gas, but a fraction enters the copper metal.
- 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.
- Ionizing radiation may enhance hydrogen absorption in copper in a 
number of ways.



Phase diagrams of Cu-H system



Hydrogen solubility, diffusivity and permeability in Cu
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Hydrogen solubility,diffusivity and permeability in Cu

- Diffusivity and solubility of hydrogen in copper are low, and therefore the equilibrium hydrogen
saturation in copper takes long times.

- Low permeability of hydrogen in copper is due to the combination of low diffusivity and low
solubility of hydrogen in copper �– permeability is the product of solubility and diffusivity.

- Since the equilibrium solubility of hydrogen in copper is small at ambient temperatures, the 
hydrogen absorption in copper will nucleate bubbles of hydrogen or water/steam in the presence
oxygen.

- Hydrogen bubbles occur first near the surface of copper preferably at the grain boundaries. 
Hydrogen diffuses to the bubbles where it forms hydrogen molecules.

- Hence, most of the absorbed hydrogen is in the bubbles and only a small fraction is in the solid
solution of copper.

- It is necessary to understand how the high hydrogen content in bubbles affects the diffusion and 
hydrogen effects on the bulk of copper.



Hydrogen solubility,diffusivity and permeability in Cu

- The equilibrium solubility of hydrogen in 
copper is about 3 x 10-6 at.ppm H at room
temperature and about 40 at.ppm H at 900ºC, 
i.e. copper absorbs almost no hydrogen at 
room temperature but at 900ºC the 
equilibrium solubility increases by a factor of 
107.

- Hydrogen in copper precipitates into a more
stable form, hydrogen gas bubbles
containing only molecular form of hydrogen
inside the bubbles. Molecular hydrogen can
remain in copper as a stable species at 
ambient temperatures and because of the 
high H2 dissociation energy it does not
readily diffuse out of copper.



Tensile testing of oxygen-free phosphorus-doped 
copper electrochemically charged with hydrogen



Tensile testing with electrochemical cell

� Mechanical tensile tests were performed  with 30 kN MTS Desktop Test System equipped with an 
environmental cell. 

� The electrochemical cell with controlled temperature is used for mechanical testing under continuous
hydrogen charging.  It keeps the testing temperature with accuracy of 1 oC.

� Electrochemical cell consisting of Hg/Hg2SO4 reference and Pt counter electrodes was de-aerated and kept 
under N2-gas bubbling during the tensile test.



Material

O Ag Al As Bi Cd Co Fe Mn Ni P S Se Zr
Cu-OFP 1.7 11 - 0.4 0.13 - - 0.65 0.2 0.7 50 5.1 0.1 <0.1

Oxygen-free phosphorus-doped copper produced by Outokumpu Poricopper Oy, 
Finland was chosen to study.

Average grain size in as-supplied material was 150 µm. 

� Flat, sub-sized specimens were cut with EDM from
the OFP-copper billet in longitudinal direction;

� Gauge length size: 1.4 x 5 x 25 mm.

� All specimens were mechanically polished
finishing with 1 µm diamond paste

� Wider parts of the specimens were protected with 
Teflon tape.



Hydrogen charging procedure

� Hydrogen was introduced electrochemically 
under controlled potential of -1.0 VHg/Hg2SO4
from 1N H2SO4 solution with addition of 20 
mg/l of NaAsO2 as a hydrogen poison. 

� Temperature of the electrolyte was kept at 20 
or about 50 oC.

� All tensile tests with hydrogen were 
performed after hydrogen pre-charging for 3 
h.

� All the tests with hydrogen were carried out under continuous hydrogen 
charging.

� Some reference tensile tests were performed with distilled water in the cell.



Effect of hydrogen on SSRT of Cu-OFP
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Side surface of Cu-OFP specimens after SSRT

Hydrogen-free. SR = 10-5 s-1, 
tested at 45 oC. Surface structure 
typical of high plastic strain. 

Hydrogen-charged. SR = 10-5 s-1, 
tested at 45 oC. In addition to GB 
cracking some cracks form along 
the shear bands.



Tensile testing of oxygen-free phosphorus doped 
copper electrochemically charged with hydrogen

- Hydrogen introduced electrochemically in the OFP copper has a minor effect on 
the tensile properties of copper. Some reduction of the uniform elongation and 
tensile strength under continuous hydrogen charging at  45ºC originates from the 
cracks forming in the hydrogen-enriched sub-surface layer at the initial stage of 
loading.

- Surface cracks are dimpled and the shape and spacing of the dimples suggests
that surface cracking occurs mainly by the growth and coalescence of the grain
boundary hydrogen bubbles.

- Hydrogen in copper reduces the yield stress and the flow stress of copper which
obviously is related to the hydrogen bubble formation in the sub-surface layers.  

- There are other studies which show that the increased hydrogen content reduces 
the mechanical properties and ductility of copper.



Creep testing of oxygen-free phosphorus-doped 
copper electrochemically charged with hydrogen



Constant load tests. Hydrogen-induced creep acceleration
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Constant load tests. Norton equation
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Cracks forming on side surface of Cu-OFP after CLT

CLT with hydrogen and applied stress of 140 MPa shows dimpled intergranular
facets which look similar to those obtained in SSRT with hydrogen at 45oC.



Hydrogen-induced void formation on grain
boudaries under CLT

CLT specimen tested under 
continuous hydrogen charging at 
applied stress of 80 MPa for 6 
103 min without rupture. 
The hydrogen-filled micro-voids 
are formed preferably along the 
GBs which are close to the 
direction of the maximum of the 
shear component of the applied 
stress. 
It may evidence that the GBs 
which manifest enhanced void 
formation take an active part in 
the processes of accommodation 
of the shear loading component, 
e.g., by grain boundary sliding.



Creep testing of oxygen-free phosphorus-doped 
copper electrochemically charged with hydrogen

- Continuous hydrogen charging under constant applied stress shows clearly that 
hydrogen enhances the creep rate of copper. The hydrogen effect on the creep rate 
acceleration becomes more pronounced at lower applied stresses (lower creep 
rates). The increase of the creep rate at higher applied stresses is related to the 
growth of the existing surface cracks induced by hydrogen charging.

- Creep rupture of the studied copper enhanced by the electrochemical hydrogen of 
high fugacity exhibits dimpled intergranular cracking, which originates from the 
hydrogen-filled bubbles at GBs. In the creep the voids form preferentially at GBs on 
the planes of maximum shear component of the applied stress.

- There are other studies which show that the increased hydrogen content shortens 
the creep life and reduces markedly the creep strain of copper. For example, Nieh
and Nix (1980) observed shortening of the creep life by 10 to 100 times and 
reduction of the creep strain by a factor of 2 to 3. They also concluded that  
deformation played small role in the fracture process which was controlled by 
diffusion (grain boundary and surface diffusion). 



State of hydrogen in oxygen-free phosphorus 
doped copper 



State of hydrogen in oxygen-free copper
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Abstract. Doppler broadening measurements have been
performed on Cu samples containing vacancies and/or
hydrogen. Trapping of hydrogen by vacancies is indicated
above about 150 K. Vacancies occupied by hydrogen show a
strongly reduced positron-trapping probability as compared to
hydrogen-free vacancies. Detrapping of hydrogen is not
observed below 450 K. Therefore, the vacancy-hydrogen
binding energy must be greater than 0.4 eV. The positron
measurements also show that quenched-in vacancies become
mobile at about 273 K and form clusters.



Thermal Desorption Spectroscopy (TDS)

Hydrogen desorption in the temperature range 25 to 850˚C 
with background vacuum level as low as to 10-8 mbar. Heating rate is 6 K/min.
Pumping rate of the system is 6.6 x 10-2 m3/s, and LabView software is used.

Thermal Desorption Spectroscopy (TDS) apparatus 
developed in Aalto University



Hydrogen uptake in OFE and OFP copper

As-supplied. Hydrogen released from deep
traps, presumably, comes from hydrogen-
filled nano-voids and/or vacancy clusters.
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 OFE copper, 
          applied potential -1.0 mVHg/Hg2SO4
             total H content 113.1 at. ppm
            (1.78 wt.ppm)
            

 OFP copper, 
          applied potential -1.0 mVHg/Hg2SO4
             total H content 104.2 at. ppm
            (1.64 wt. ppm)
            

  Cu_OFP, as-supplied
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After hydrogen charging at 40 oC for 20 h.
The major peak corresponds to hydrogen
desorption from the copper crystal lattice
or vacancies.



TDS measurements of OFP copper



Effect of polishing on hydrogen and water accumulation in OFP Copper 



State of hydrogen in oxygen-free phosphorus 
doped copper

- Thermal desorption spectroscopy (TDS) of hydrogen for as-
received OFP copper manifests a complicated hydrogen peak 
at temperatures from 350 to 450ºC. Hydrogen is released from 
the deep traps, presumably from hydrogen-filled bubbles 
and/or vacancy clusters.
-Electrochemical hydrogen charging results in a new peak  at 
200ºC which corresponds to  hydrogen desorption from from 
the copper crystal lattice or vacancies.
-After exposure to distilled or sea water  TDS analyses show 
that  hydrogen accumulates mainly in the sub-surface layer and 
water comes from the oxide film. Specimen polishing does not 
affect the hydrogen content.



Hydrogen-induced void nucleation in copper



Hydrogen-induced void nucleation in copper

What is the mechanism for the
void nucleation in copper?
A combination of methods:
� Quantum mechanical molecular statics
� Quantum mechanical molecular dynamics
� Classical molecular dynamics



Hydrogen-induced void nucleation in copper

H(O)

� Multi-Hydrogen trapping will lead to the hydrogen atom distribution 
over available Octahedral interstitial sites around the vacancy

Eb (V-H(O)+H(O)) = 0.26 eV

O – Octahedral interstitial site
V – Vacant site in the lattice

V

Eb (V-H(O)+H(T)) = 0.15 eV

H(O)

H2 molecule does not form in 
the vacancy. It prefers to 
dissociate into two H atoms 
at Octahedral positions

Hydrogen in a vacancy in Copper



Hydrogen stabilizes vacancy complexes!

V1

V2

H(O)

� Two vacancies at 1NN without H
Eb (V-V) = 0.04 eV

� Two vacancies at 1NN with H
Eb (V-V) = 0.21 eV

� H atom is more tightly bound to 
divacancy than to monovacancy! 

Eb (V-H(O)) = 0.27eV
Eb (2V-H(O)) = 0.44eV



X

X – Impurity atom

V

X Eb(X-V)
O 0.74
S 0.38
P 0.26

Ag 0.13

Effect of impurities on vacancy formation 

Presence of Oxygen may decrease the 
vacancy formation energy to Ef(V)=0.4 eV !

Due to the presence of oxygen concentration 
of vacancies can reach 

~1018 cm-3 at RT

Binding energies of impurities with a vacancy, in eV



X

X – Impurity atom

V1

X Eb(X-V) Eb(X-V+V) Eb(X-2V+V)
O 0.74 0.28 0.37
S 0.38 0.35 0.37
P 0.26 0.26 0.29

Ag 0.13 0.25 0.70

Effect of impurities on vacancy formation 
Binding energies of impurities with vacancies, in eV

V2

V3

Ag can also play an 
impor t ant  r ole!



Hydrogen-induced void nucleation in copper

- Hydrogen atoms do not locate in the vacancy position, but in 
the octahedral sites around the vacancy.
- Hydrogen is more strongly bound to divacancy than to 
monovacancy and therefore hydrogen stabilizes vacancy
complexes.
- Impurity atoms, especially oxygen, enhance vacancy
formation.
- Impurity atoms enhancing vacancy formation act indirectly as 
important hydrogen trapping sites in copper increasing the 
hydrogen content in copper.



Summary
-It is important to study hydrogen absorption in copper from corrosion
tests performed under ionizing radiation, simulating as well as possible
the final disposal conditions of the nuclear waste canisters.
-Hydrogen absorption leads to vacancy generation in copper which
enhances the mechanisms of hydrogen precipitation on grain boundaries
as hydrogen bubbles. Trapping of dissolved hydrogen at vacancies
enhanced by various impurities (O, P, S, Ag, Ni) seems to be the 
mechanism of bubble nucleation in copper. 
-Effects of hydrogen on mechanical properties and especially creep
behavior of copper are not entirely consistent at the moment and they
have to be known better.
-It is well known that copper with oxide inclusions is embrittled by
hydrogen which reduces the copper oxides forming steam/water. The 
presence of oxide inclusions in FSW welds may, thus, reduce the 
mechanical properties and creep life of copper canisters.




