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Radiation-induced corrosion of Cu nuclear waste containers

The radiation from spent fuel penetrates the canister wall and will be absorbed by
the surrounding environment of copper canisters.
The process and mechanism of radiation-induced corrosion of copper is not well understood.
The corrosion of copper during gamma irradiation vastly exceeds what is expected (Björkbacka, 2015;
Ibrahim, 2015)
The oxidants, H2O2, HO. in pure water and HNO3 in humid air are able to oxidize copper.
However, hydrogen effects on corrosion processes and mechanisms have not been
considered, yet.
In Swedish Nuclear Waste Council State-of-the-art report SOU 2014:11 study of
radiation-Induced hydrogen absorption mechanism of copper in the final disposal
conditions was recommended.

SEM-images of Cu exposed to water and radiation.
Dose rate: 0,135 Gy/s, total dose: 69 kGy

Islands of needle-shaped crystals formed on the surface of metallic copper in oxygen-free
water after the γ-radiolysis (irradiation dose of 69 kGy): (a, b, c) scanning electron
microscopy images taken at different magnifications, (d) optical image, (e) scanning electron
microscopy backscattered electron image and corresponding energy dispersive X-ray maps
C. Lousada et al., 2016
obtained using K-lines of O, Cu and C.

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

Conclusions
- The corrosion of copper during gamma irradiation exceeds what is expected.
Dose rate >0.1 Gy/h has significant effect.
- Enhanced radiation chemical yield of HO. in pure water and HNO3 (NO2 and
N2O) in humid air on the copper surface are supposed to be responsible for
enhanced corrosion. H2O2 alone caused no enhanced corrosion.
- The irradiated preoxidized copper corrodes faster than the polished copper
metal surface.
- Deposits of the corrosion nodules indicate that corrosion propagates across
the surface rather than penetrates deeply into it.
- Radiation-induced corrosion of copper is several times more efficient in
humid atmosphere (H2O/Ar < H2O/air) than in anoxic bulk water.
- The dose rate dependence of copper corrosion showed that a lower dose
rate during longer irradiation time gives a higher yield of copper in solution.
- Oxidation of copper in aqueous environments during exposure to gamma
radiation equivalent to the total doses during the initial hundred years will not
threaten the integrity of the canister from corrosion point of view.
- Hydrogen uptake in copper is induced by gamma irradiation and the amount
of hydrogen depends on the total radiation dose.

Hydrogen-induced free volume and
cavitation in oxygen-free copper

Motivation. Hydrogen-induced voids in pure
copper
Electrical resistivity measurements

.

What is the mechanism for the void
nucleation in copper?

Pure vacancy-vacancy interaction?

Vacancies in Copper
Ø Vacancy formation energy
Ef (V) = 1.07 eV
V1
V2

Ø Two vacancies almost do not interact at
1NN distance
Eb (V-V) = 0.04 eV
Ø Similarly two vacancies almost do not
interact at 2NN distance
Eb (V-V) = -0.04 eV

V – Vacant lattice site

This mechanism for void nucleation
does not work!

Hydrogen in pure copper
•
T

H atom occupies Octahedral interstitial
sites in Copper lattice (O)
Es (O) = 0.43 eV
Es (T) = 0.63 eV

O

•

H(O) – H(O) do not interact with each other
Eb (O-O) = -0.02 eV

•
O – Octahedral interstitial site
T – Tetrahedral interstitial site

H(O) – H(T) repeal each other
Eb (O-T) = -0.20 eV

NO interstitial Hydrogen agglomeration!

Hydrogen in vacancy
O – Octahedral interstitial site
H(T)
H(O)

V

V – Vacant site in the lattice
H atom can be trapped by the
vacancy
Eb (V-H(O)) = 0.27 eV
Eb (V-H(T)) = 0.20 eV

Hydrogen decreases the vacancy formation energy!

Hydrogen in vacancy
O – Octahedral interstitial site
V – Vacant site in the lattice
H(O)

V

H(O)

Eb (V-H(O)+H(O)) = 0.26 eV
Second H(O) atom is trapped
by the vacancy with the same
energy

Hydrogen in vacancy
O – Octahedral interstitial site
V – Vacant site in the lattice
H(O)

V

H(O)

Eb (V-H(O)+H(O)) = 0.26 eV
Eb (V-H(O)+H(T)) = 0.15 eV
H2 molecule does not formed
in the vacancy. It prefers to
dissociate into two H atoms
at Octahedral positions

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

Hydrogen stabilizes vacancy complexes!
•

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

H(O)

V1

•

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

V2
H atom is more tightly bound to divacancy
than to monovacancy !
Eb (V-H(O)) = 0.27 eV
Eb (2V-H(O)) 1NN = 0.44 eV
The same is for V2 at 2NN

Eb (V-V) 2NN = -0.04 eV
Eb (V-V+H) 2NN = 0.22 eV

Eb (2V-H(O)) 2NN = 0.45 eV

Motivation. Hydrogen effects in FCC metals

Hydrogen affects early stage of plastic deformation in austenitic stainless steel resulting
in:

•

refining of the dislocation slip pattern with a markedly reduced spacing between slip
lines forming, in turn, broad slip bands;

•

appearance of the long-term life time component in positron annihilation spectra
evidencing on hydrogen-induced generation of the free volume in form of vacancy
agglomerates.

•
•

.

Does hydrogen affect the dislocation slip similarly to that in austenitic stainless steel
and does it originate from the hydrogen-induced voids?
What is the mechanism of the HELP manifestation in the presence hydrogen in pure
copper?
19

Experimental. Mechanical testing with optical
monitoring
6N copper single crystal plates supplied
by MaTecK GmbH, Jülich, Germany

(101)
(001)
.

Deben 2 kN loading cell equipped with
optical microscope and DC.
Frame rate of movie was about 1 s-1.
Strain rate: 9 ×10-5 s-1.
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Experimental. Hydrogen charging
Hydrogen introduced from 1N H2SO4 + 20 mg/l NaAsO2 solution at controlled
electrochemical potential of -0.45 VSHE and 50 oC for 250 ks.

DH = 1.14×10-6exp(-0.403 eV/kBT), m2/s
CH aver = 113 at. ppm (1.79 wt. ppm), CH 0 = 329 at. ppm
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Results. Tensile testing
Charging of pure copper with
hydrogen results in a remarkable
increase of the plastic flow stress.
Hydrogen increases also the
deformation strengthening at initial
Stage I of plastic deformation of
pure copper.
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H-charged

H-free

Results. Optical monitoring

.
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Results. AFM

H-free

H-charged
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Hydrogen effect on dislocation slip in OFHC
copper single crystal oriented to easy glide
H-free

H-charged

.

Strain rate 10-4 s-1
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Results. Positron annihilation spectroscopy

.
PA spectra were decomposed in two components τ1 and τ2 with relative intensities
I1 and I2 .

26

Deformation mechanism. Double cross slip

J.J. Gilman, W.G. Johnston,
Phys. Stat. Sol. (a), 13, 147
(1962);
M. Widersich,
J. Appl. Phys., 33, 3 (1962).

.

h > h0

h < h0

27

Dislocation dipoles their role in strengthening
of the pure copper.

.
Dislocation
dipoles in copper,
Z. S. Basinski, Disc. Farad. Soc.,
1964, 38, 93.
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Hydrogen-DD interactions

?
.
F. Kroupa, J. De Phys.,
27, C 3-154 (1966)

29

Hydrogen-DD interactions. Free volume
generation
b

b

b

b
b

J. Friedel,
Dislocations, 1964

.

UDH = UD - EbH

EbH ≈ 0.26 eV for H in Cu
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M. Ganchenkova, et al.
Phil. Mag, 94, 3522, 2014

Effect of hydrogen on SSRT of Cu-OFP
Hydrogen-free.
SR = 10-5 s-1,
tested at 45 oC.
Surface relief
typical of high
plastic strain.
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Hydrogen-charged.
SR = 10-5 s-1,
tested at 45 oC. In
addition to GB
cracking some
cracks form along
the shear bands.
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Constant load creep testing of hydrogen-charged OFP
copper. Norton equation.
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OFP Copper
Constant Load Tests
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The hydrogen-filled micro-voids are formed preferably along the
GBs which are close to the direction of the maximum shear stress
component of the applied stress.

Summary
•

Hydrogen in copper, similar to the austenitic stainless steel, affects markedly
the dislocation slip manifestation: broad slip bands formed at easy glide Stage I
consist of a large number of fine slip lines with a separation of a few tens of
nanometers.

•

PAS of the copper specimens with hydrogen plastically pre-strained by tension
to about 2 % shows a component with life time of about 216 ps which is
markedly longer then the positron life time in monovacancy (180 ps in copper).
It clearly evidences that hydrogen promotes a free-volume generation already
at early stage of plastic straining of pure copper.

•

Hydrogen-dislocation interaction in copper seems to be sufficient providing at
room temperatures the observed tendency for strain localization. Role of the
free-volume and nanometer size voids in the hydrogen-induced strain
localization in pure copper needs, however, further studies.
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Future work
- Radiation chemistry at solid surfaces is still not well understood and it can be
very different from that in the bulk water.
- Copper nitrates, Cu2(NO3)(OH)3, can form on canister surface when exposed
to humid air. They are soluble in water and dissolve later in water. The role of
nitrates in Cu corrosion, specificly stress corrosion cracking, is of interest.
- Radiation-induced corrosion of copper has been studied in anoxic pure
water as well as in humid argon and air, but solutions containing chloride,
sulfur and carbonates would give data more applicable to reality, in contact
with ground water of the deep geological repository.
- Only copper base metal has been studied, but weld metals containing diffrent
amounts of impurities, specificly oxygen, should be included in the studies.
- The mechanism of Cu corrosion in bentonite clay with combinations of
humidity and pore water and possibility of localized corrosion should be
examined.
- Hydrogen uptake in copper either due to radiation or sulfide corrosion affects
mechanical strength, creep ductility and structural integrity of copper canister.
- Determination of the effects of radiation on bentonite clay, montmorillonite,
and radiolysis of pore water should be clarified in detail.

