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To ensure the safe encapsulation of spent nuclear fuel elements for geological disposal, SKB of Sweden are
considering using a canister, which consists of an outer copper canister and a cast iron insert. Previous
work has investigated the rate of gas generation due to the anaerobic corrosion of ferrous materials over
a range of conditions. This paper examines the effect of radiation on the corrosion of steel in repository
environments. Tests were carried out at two temperatures (30 �C and 50 �C), two dose rates (11 Gray h�1

and 300 Gray h�1) and in two different artificial groundwaters, for exposure periods of several months.
Radiation was found to enhance the corrosion rate at both dose rates but the greatest enhancement
occurred at the higher dose rate. The corrosion products were predominantly magnetite, with some indi-
cations of unidentified higher oxidation state corrosion products being formed at the higher dose rates.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

To ensure the safe encapsulation of spent nuclear fuel ele-
ments for geological disposal, SKB (Swedish Nuclear Fuel and
Waste Management Co.) of Sweden are considering using the
Advanced Cold Process Canister (ACPC), which consists of an outer
copper canister and a cast iron insert. A programme of work has
been carried out to investigate a range of corrosion issues associ-
ated with the canister, including measurements of hydrogen gen-
eration due to the anaerobic corrosion of ferrous materials
(carbon steel and cast iron) over a range of conditions [1–8]. To
date, all this work has been conducted in the absence of a radiation
field. Further experiments have been carried out to investigate the
rate of gas generation in the presence of representative radiation
fields and to analyse the composition of the corrosion product
formed, to determine whether radiation has an effect on anaerobic
corrosion behaviour [9].

2. Experimental

2.1. Test environments and materials

The measurements were carried out using gas cells of the de-
sign used in previous work [7]. Four different environments were
examined. These conditions were chosen so that comparison could
be made with gas generation rate data obtained previously in the
absence of radiation. The four conditions were:
ll rights reserved.
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� Modified Allard groundwater 300 Gray h�1 at 30 �C.
� Bentonite equilibrated groundwater 300 Gray h�1 at 50 �C.
� Modified Allard groundwater 11 Gray h�1 at 30 �C.
� Bentonite equilibrated groundwater 11 Gray h�1 at 50 �C.

The dose rates given above are representative of the radiation
fluxes expected to impinge on the inner and outer surfaces of the
cast iron insert in the ACPC, respectively.

The solutions for the experiments were prepared from analyti-
cal grade reagents and demineralised water, according to recipes
and preparation procedures provided by SKB. The composition of
the artificial groundwaters is shown in Table 1.

Cold drawn carbon steel wires with the same composition as
used previously were used. They were 1 mm diameter and the total
exposed surface area was 0.1 m2. The composition of the wires was
as follows (wt%): C 0.21; Si 0.22; Mn 0.70; P 0.017; S 0.017; Fe bal.
To minimise the amount of surface oxide present at the start of the
experiments, the metal samples were pickled in inhibited hydro-
chloric acid, then thoroughly washed, before placing them in the
test environment.

2.2. Experimental procedure

The rate of hydrogen production due to the anaerobic corrosion
of steel wires in artificial groundwaters under irradiation was mea-
sured using a barometric gas cell technique of a design used previ-
ously [1–4] (Fig. 1). The cell consisted of two compartments; the
first compartment, containing the test specimens, was connected
via a gas line to the second compartment, which was a reservoir
for a low vapour pressure liquid, di-butyl phthalate (dbp). The sec-
ond compartment was equipped with a glass manometer column.
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Table 1
Composition of artificial groundwaters used for corrosion experiments

Ion Bentonite-
equilibrated water

Allard water for
radiation experimentsc

Allard water for previous
measurements [7]

mM ppm mM ppm mM ppm

Na+ 560 12880 2.3 52.5 2.84 65.3
Ca2+ 0.13 5.1 0.45 18.0
Mg2+ 0.03 0.7 0.18 4.4
K+ 0.10 3.9 0.10 3.9
Cl� 540 19170 1.4 48.8 1.96 69.5
HCO�3 1.1 65.0
CO2�

3 10 600 2.00b 120.0
SO2�

4 0.10 9.6 0.1 9.6
SiO2 0.03 1.7 0.21 12.6
pHa 10.4 8.8 8.1

a pH was adjusted by addition of NaOH or HCl as necessary.
b Total carbonate.
c Prepared in nitrogen-purged glovebox.
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Any gas produced by the test pieces caused a pressure increase,
which reduced the level of dbp in the reservoir and increased the
level in the manometer tube. By measuring the height of the liquid
in the manometer tube and the volume of dbp displaced by
expanding gas it was possible to calculate the volume of hydrogen
produced by anaerobic corrosion. The results were corrected for
the external atmospheric pressure. The volume of liquid in the test
cells was �150 ml.

It was thought probable that exposure of the gas cells and the
water in them to radiation would result in some gas release due
to radiolytic breakdown of the materials of construction and for
Fig. 1. Diagram of gas cell used to measure hydrogen production due t
this reason it was necessary to set up a control cell for each test
environment. To minimise the gas release due to radiation, the test
solutions and samples were placed in zirconia crucibles, rather
than the polyethylene vessels used previously, as polyethylene
was likely to suffer from radiolytic degradation. Zirconia was cho-
sen rather than alumina because it is less susceptible to alkaline at-
tack. The four control cells were identical to the four test cells, but
did not contain any steel wires. The control cells were used to
monitor the amount of gas produced by radiolytic degradation of
the materials.

The cells were prepared by posting all the cell components into
a nitrogen-purged glovebox, with the exception of the precision
bore manometer tube, which was too large to fit into the glovebox,
but including the freshly pickled wires. This procedure was to en-
sure that the residual oxygen concentration in the nitrogen cover
gas at the start of the experiments was minimised. The test solu-
tions were prepared inside the glovebox. After adding the deaer-
ated test solution to the crucible containing the test wires, the
cell was assembled by joining the ground glass joints of the gas cell
using two-part epoxy resin (Araldite MY753 HY951 hardener).
When the epoxy resin had cured, the cells were sealed by closing
the tap above the dbp reservoir and removed from the glovebox.
The manometer tube was then attached and the cells were then
ready to be inserted in to the radiation cell.

After assembly, each pair of cells (i.e. one test cell plus one con-
trol cell) was maintained at the required test temperature by plac-
ing them in ovens, which had openings in the top to accommodate
the manometers. Lagging was placed around the exit hole for the
manometers. The temperature in each of the ovens was controlled
o anaerobic corrosion of carbon steel under irradiated conditions.
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using a Eurotherm temperature controller and type K thermocou-
ple. The required c-radiation dose rates were achieved by placing
the ovens at appropriate distances from the cobalt-60 source (aver-
age energy 1.25 MeV) in a gamma irradiation facility at Harwell,
Oxfordshire, UK. The dose rates were measured directly using a
Farmer dose meter and ion chamber, which were calibrated to na-
tional standards.

Gas production measurements were made at appropriate inter-
vals to accommodate the expected initial high rate and the subse-
quent rate reduction. The procedures for measuring the amount of
gas generated and calculating the corresponding corrosion rates
are given in [9]. From time to time it was necessary to refill the
dbp reservoir as the level was reduced by the evolution of gas.
The procedure for doing this is given in [9]. Due to essential refur-
bishment work on the radiation cell it was necessary to remove
some of the gas cells from the radiation test facility cell for a few
weeks during the course of the experiments.

2.3. Analysis of samples

At the end of the experiments the cells were dismantled and the
pH values of the solutions were measured. Photographs were taken
to show the condition of the test specimens at the end of the expo-
sure period. One wire from each cell was analysed by Raman spec-
troscopy to determine the composition of the corrosion product.
The cells were dismantled in a nitrogen-purged glove box and sin-
gle wires, which were still wetted by the test solution, were sealed
in capillary tubes to ensure that they were not exposed to air. The
capillary tubes were sealed with a blob of epoxy resin, which was
allowed to harden. The tubes were then removed from the glove-
box and the glass was sealed by rapidly fusing it in a gas flame
at a point well away from the sample so that the latter was not
heated significantly. The sample was then transferred to the
Raman spectrometer for analysis.

A Renishaw Laser Raman Microprobe was used to analyse the
surface of the corroded wires through the glass walls of the capil-
lary tubes. The exciting laser wavelength of 688 nm was obtained
using a red HeNe laser, capable of delivering up to 100 mW total
power, measured at the output from the laser. The detector was
a peltier-cooled CCD array. The laser was coupled to the sample
via a 180� backscattered arrangement using a Leitz optical micro-
scope with high numerical aperture objective lenses (20� and
50� magnification). The Rayleigh scattered light was removed
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Fig. 2. Gas evolution rate
via a notch filter and the Raman scattered light dispersed via holo-
graphic diffraction gratings. The spectrometer was capable of
recording over a wide wavenumbers shift range, but spectra were
recorded over a limited range of ca. 200–800 cm�1, which covered
the main bands expected from iron corrosion products.

3. Results

3.1. Measurements in Allard groundwater

The gas evolution rates from the control cells are shown in
Fig. 2. The results of the gas generation experiments in Allard water
at two radiation levels at 30 �C are shown in Figs. 3 and 4. The cor-
rosion rate data are based on the assumption that the final corro-
sion product was magnetite (Fe3O4), formed by the overall
reaction:

3Feþ 4H2O! Fe3O4 þ 4H2 " ð1Þ

For comparison, the data obtained for carbon steel in unirradiated
Allard water at 30 �C are also given in Figs. 3 and 4; the data for
unirradiated conditions were taken from earlier studies [3,5,7].
The Allard water used for the unirradiated tests had a slightly differ-
ent composition to that used for the irradiated tests, as shown in Ta-
ble 1.

3.2. Measurements in bentonite-equilibrated groundwater

The results of the gas generation experiments in bentonite-
equilibrated groundwater at two radiation levels at 50 �C are
shown in Fig. 5–7. For comparison purposes, the data for carbon
steel in unirradiated bentonite-equilibrated groundwater at 50 �C
[4] are also shown.

3.3. Analysis of corrosion product

The samples tested at the low dose rate were black and the
solution was clear, whereas the solution tested at the high dose
rate had a milky appearance and the corrosion product had a slight
brown tinge to it [9]. It was also found that there was a layer of
dark brown sludge at the bottom of the test cell.

Multiple Raman spectra were recorded from each of the sam-
ples and a representative spectrum from each is shown in Figs.
8–10. All three wire samples displayed a strong Raman band at
00 6000 7000 8000 9000 10000
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ca. 660 cm�1 and this is indicative of magnetite. For comparison,
the reference spectrum of magnetite is overlaid on these spectra
[10]. Other phases of oxidised iron, in particular the oxyhydrox-
ides, may also have been present, although no definitive attribu-
tion could be made from the data. For comparison, Table 2 lists
the peak positions of three different FeOOH phases [11]. There
were no indications of iron carbonate, or green rusts, a series of
Fe(II)–Fe(III) compounds, for which a characteristic peak at
430 cm�1 would be expected [12].

The pH of the test solution in the cells containing the wires was
measured after dismantling and the results are shown in Table 3.

4. Discussion

Tests have been carried out to measure the anaerobic corrosion
rates of steel and the corresponding hydrogen generation rates un-
der radiation levels simulating those on the inner and outer sur-
faces of the cast iron insert, using two simulated groundwaters,
two test temperatures and two radiation levels. Some gas genera-
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Fig. 4. Hydrogen evolution rates and corrosion rates for carbon steel in anoxic Allard wa
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tion was measured from the dummy cells (Fig. 2) but it was consid-
erably less than that measured for the test cells containing wires.
The gas generation rate in the dummy cells appeared to be highest
at the highest radiation dose, presumably due to radiolytic break-
down of the cell components or contents.

At 30 �C and a dose rate of 11 Gray h�1, the corrosion rate in Al-
lard water was higher than in unirradiated conditions (Fig. 3) by a
factor of about 6 initially, but after 7000 h the corrosion rate was
similar to the corrosion rate for unirradiated conditions, suggesting
that once the corrosion product film had become fully developed
the effect of radiation was negligible. At the same temperature,
but at a dose rate of 300 Gray h�1 (Fig. 4), the initial corrosion rate
was also higher than in unirradiated conditions, but the increase in
corrosion rate was maintained over the entire test period. This test
was interrupted, because it was necessary to remove the cell from
the radiation cell during the course of the experiment for essential
maintenance, but when the cell was re-exposed to the radiation
source, there was an increase in gas generation. This supports
the view that the presence of radiation increased the corrosion
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rate. The final reading on the test cells gave a corrosion rate value
of �3 lm year�1, compared to <0.1 lm year�1 without radiation.

At 50 �C and 11 Gray h�1, both tests in bentonite-equilibrated
groundwater gave a higher corrosion rate initially compared to
the results obtained previously under unirradiated conditions
(Fig. 5). However after �2000 h, the corrosion rate was very similar
to that measured in the absence of radiation (Fig. 6), and after
�4000 h the corrosion rate for both irradiated and unirradiated
conditions was �0.05–0.2 lm year�1. At the higher dose rate (i.e.
300 Gray h�1), the corrosion rate remained higher throughout
the test (Fig. 7), and after 5000 h the corrosion rate was
�0.8 lm year�1 compared to 0.05 lm year�1 without radiation.
Approximately 25% of this apparent increase in corrosion rate at
5000 h was probably attributable to gas production from
other materials within the cell apart from the steel, as shown by
the dummy cell results (Fig. 2). Nevertheless there appears to be
a real increase in corrosion rate as a result of the high radiation
dose.
For comparison, Marsh and Taylor [13] carried out corrosion
experiments on 0.2% carbon forged steel in argon-purged synthetic
groundwater (pH 9.4), with and without radiation. The ionic
strength and pH of the artificial groundwater used in their work
were similar to the Allard water used in the present tests (Table
1). On the basis of weight loss measurements, Marsh et al. found
that the integrated corrosion rate after 5000 h in unirradiated con-
ditions was �0.1 lm year�1, with no localised attack. In the same
environment with a radiation dose of 1000 Gray h�1, the corrosion
rate was constant at �3 lm year�1, for test periods of up to 5236 h,
with no localised attack developing. These corrosion rates are sim-
ilar to those measured in the current work in the Allard water, as
shown in Fig. 4. No localised attack was observed in the current
tests either. The fact that similar corrosion rates have been ob-
served on the basis of weight loss and hydrogen generation mea-
surements suggests that the increased volume of hydrogen
produced is a result of corrosion, rather than radiolysis processes
in the test cell.
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Table 3
pH of test solutions containing wires at end of gas measurement experiments

Cell
number

Environment pH at end of
test

5 Allard groundwater 300 Gray h�1@ 30 �C Not
dismantled

2 Bentonite equilibrated groundwater 300 Gray h�1@
50 �C

9.07

7 Allard groundwater 11 Gray h�1@ 30 �C 9.30
1a Bentonite equilibrated groundwater 11 Gray h�1@

50 �C
8.97

Table 2
Raman peak positions of FeOOH phases

Mineral Formula Peak positions

Goethite a-FeOOH 243, 299, 385 (main), 479, 550
Lepidocrocite c-FeOOH 245 (main), 373, 522 (minor)
– d-FeOOH 400 (very broad), 680 (broad)
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Other workers have reported that the corrosion rates of iron-
based alloys under irradiated conditions are generally 2–3 times
higher than those obtained on similar materials under non-irradi-
ated conditions at 150 �C [14].

The main corrosion product detected by Raman spectroscopy
was magnetite, although there is a possibility that there was also
a small amount of FeOOH present. Comparison with Raman spectra
acquired for wires that had been corroded in the absence of radia-
tion [15] shows that radiation may lead to the formation of some
additional iron oxy-hydroxide species, which showed up as addi-
tional peaks in the Raman spectra at lower wavenumbers than
the magnetite peak, but it has not been possible to conclusively
attribute these peaks to specific species. It was observed that the
corrosion product formed under a high dose rate was a different
colour to the specimens produced at 0 Gray h�1 or 11 Gray h�1 –
it had a brownish tinge to it, rather than being completely black.
There also appeared to be more corrosion product produced, which
collected as a sludge at the bottom of the cell. These results suggest
that the presence of radiolysis species in the solution leads to the
formation of different higher oxidation state iron corrosion prod-
ucts, as well as magnetite, but their exact composition has not
been characterised.
When water radiolysis occurs, hydrogen, hydrogen peroxide,
hydroxyl radicals, aqueous electrons, oxygen and a number of
other reactive species may be formed [16]. However the concentra-
tion of the various species will depend on a number of factors
[17,18] including the composition of the solution under irradiation
[19], the dose rate and the concentration of hydrogen produced by
the corrosion reaction. In addition it is possible that the nitrogen
used as a cover gas in the test cells may have been consumed in
radiolysis reactions, for example to produce nitric acid. To obtain
a fuller understanding, more detailed radiochemical modelling of
the conditions in the present tests would be required.

5. Conclusions

The main conclusions from this work are as follows:

1. The presence of gamma radiation fields increases the anaerobic
corrosion rate of carbon steel in artificial groundwaters simulat-
ing those expected in the SKB repository. At 11 Gray h�1 the
increase only lasts for approximately 7000 h, but at
300 Gray h�1 the enhancement is longer lasting and may be
continuous.

2. The enhancement in the corrosion rate is greater in Allard
water, where a 30 fold increase in corrosion rate was observed,
than in bentonite-equilibrated groundwater, which had a
higher ionic strength and a higher initial pH, where the radia-
tion-induced enhancement was 10–20 times.

3. The predominant corrosion product of anaerobic corrosion of
iron under irradiated conditions is magnetite, but there was
some evidence of higher oxidation state oxyhydroxides under
the high dose rate conditions.

4. A more detailed analysis of the radiochemical conditions in the
tests is required to develop an improved understanding of the
reasons for the increase in corrosion rate under irradiation.
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