
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Corrosion of copper in simulated waters during final disposal 
of spent nuclear fuel  
 

ABSTRACT 
The processing of a copper canister for the final 
disposal of spent nuclear fuel causes oxidation of 
the canister surface as the spent fuel will increase 
its temperature. The maximum surface 
temperature can be close to 100 °C. The oxide 
film on copper may protect from corrosion or 
increase the corrosion rate. Corrosion was studied 
using weight loss tests. The baseline corrosion 
rate was determined by using long-term interval 
tests at room temperature and the effect of 
temperature was studied using short-term tests at 
temperatures up to 80 °C. The test environments 
were synthetic groundwater with total dissolved 
solids of 10070 mg/l and pH = 8 and bentonite 
clay pore water with total dissolved solids of 3360 
mg/l and pH = 10. Both waters were tested under 
air and nitrogen purging. After 40 months of 
immersion at room temperature, the corrosion 
rates in groundwaters were 4-6 µm y-1 and in pore 
waters less than one µm y-1. At elevated 
temperatures, the corrosion rates increased with 
increasing temperature. The highest corrosion 
rates at 80 °C were 60-80 µm y-1 in air-purged
groundwater and about 30 µm y-1 in nitrogen-
purged groundwater. In air-purged pore water, the 
highest corrosion rates at 80 °C were 8-9 µm y-1

and in nitrogen-purged waters 2-4 µm y-1. In most 
of the tests, the air-formed oxide films protected 
from corrosion or did not affect corrosion. Only in 
the nitrogen-purged pore waters did the oxide 
films sometimes increase the corrosion rate. The 

corrosion rate increases were only a few µm y-1, 
and this was concluded not to have a significant 
effect on the copper canister lifetime. 
 
KEYWORDS: copper, corrosion, canister, spent 
nuclear fuel, lifetime prediction. 
 
INTRODUCTION 
Deep geological disposal is planned for nuclear 
waste management in most countries. The only 
disposal site under construction is the Finnish 
Onkalo, and its commission is planned for 2024. 
Planned projects with a selected site are in France, 
Russia, Sweden, and Switzerland with commission
dates in the 2030s or later [1]. The Finnish plan 
for the final deposition of spent nuclear fuel is based
on the KBS-3 concept. The acronym KBS comes 
from the Swedish word Kärnbränslesäkerhet (nuclear
fuel safety), and the number 3 signifies the 
version. The acronym KBS has been used since 
1976, and version 3 with the corrosion-resistant 
copper canister was adopted in 1983 [2]. Copper 
was selected as the canister material because 
copper is the most noble and thermodynamically 
stable of the common construction materials. 
Metallic copper is still found in nature, and this 
was taken as evidence that copper can withstand 
corrosion in natural environments [2]. 
In the KBS concept, the spent fuel is encapsulated 
in canisters that are gas-tight, corrosion-resistant, 
and mechanically strong. Details of the disposal 
system safety functions are described in [3, 4]. 
The spent fuel assemblies are placed in load-
bearing inserts made of cast iron. These inserts are 
then placed into corrosion-resistant copper 
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canisters that are sealed by friction stir welding. 
The canisters are placed in bedrock at a depth of 
about 400 to 700 meters to isolate the encapsulated
spent fuel from the surface environment. In the 
deposition holes, the canisters are surrounded by a 
compacted bentonite clay buffer that prevents the 
flow of groundwater to the canister surface and 
protects canisters from rock movements. Finally, 
the tunnels and cavities in the bedrock used for 
the deposition of canisters are backfilled and 
closed. The long-term containment is planned so 
that the safety functions shall effectively prevent 
the release of disposed radioactive materials into 
the bedrock for at least hundreds of thousands of 
years.  
After the emplacement of the canisters in the 
bedrock, the corrosive environment around the 
canister will be a combination of initial bentonite 
clay pore water and groundwater saturating 
slowly the bentonite. The nature of the near-field 
environment will evolve with time as the repository
environment returns to its pre-excavation state as 
the heat dissipates, oxidants are consumed, and 
other redox processes start to take place [5]. When 
the canister cools down and the trapped atmospheric
oxygen has been used up, the repository 
environment will become cool and anoxic. From a 
corrosion point of view, the conditions will be 
saturated and anoxic for over 99% of the canister 
service life [6]. The first period with warm and 
oxidizing conditions is considered as the most 
corrosive. This period will last from less than a 
year to some years [5]. During this period chlorides
and entrapped oxygen are the major contributors 
to corrosion. In chloride-containing systems, cupric
species can also act as oxidants, and they can be 
reoxidized by entrapped oxygen [7]. General 
corrosion rates by model estimates are from 4-6 
µm y-1 [8] to about 10 µm y-1 [5]. Experiments in 
synthetic waters and brines have shown corrosion 
rates from 2 µm y-1 [9] to 20 µm y-1 [10, 11] 
depending on salinity, temperature, and oxidizing 
conditions. When the system contains bentonite 
clay and the environment pH is high, the 
measured corrosion rates have been from less than 
one µm y-1 [12-15] to 2-3 µm y-1 [15-17]. 
After loading and assembly of the canister, the 
spent fuel will cause an increase in the canister 
temperature. The canister surface temperature can
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reach close to 100 °C when in a radiation shield or 
deposition hole with unsaturated bentonite buffer 
[18, 19]. The time from assembly to final 
emplacement can be up to a few months, and most 
of that time the canisters are in underground 
storage [18, 20]. Before emplacement, the copper 
canister will develop an oxide layer of CuO and 
Cu2O, and its thickness has been estimated as a 
few tens or few hundreds of nanometers [19, 21]. 
In pH = 9.2 borate buffer, the oxygen reduction on 
copper was inhibited by a Cu/Cu2O/CuO duplex 
layer that formed when copper was oxidized [22], 
and the cupric species in the layer were responsible
for the inhibition [23]. In 1 M NaCl solution, a 
surface containing both metallic copper and Cu(I) 
species like Cu(OH)ads and Cu2O was reported to 
be more catalytic to oxygen reduction than metallic
copper [24]. On the other hand, a fully covering 
Cu2O layer inhibited oxygen reduction [24]. Cu2O 
can increase the total cathodic reaction rate by its 
own reduction, and this could result in slightly 
faster corrosion [25]. Also, in [26, 27] it is stated 
that both in sulfate and chloride solutions the 
partial reduction of existing Cu2O can increase the 
oxygen reduction rate. Based on mixed potential 
theory an increase in cathodic oxygen reduction 
reaction rate will increase copper corrosion rate. 
The copper canister is the most important barrier 
against the release of spent nuclear fuel. The 
general corrosion rate of copper depends on the 
cathodic reduction of cupric species and oxygen 
and copper surface passivation. The general 
corrosion rate can be affected by air-formed oxide 
films on copper. This is a detail that has not been 
included in canister life estimates documented for 
example in [6]. In this study, we have used weight 
loss tests in different synthetic waters and compared
the corrosion rates of non-oxidized and oxidized 
samples to find out, if there are general trends in 
how the oxide films affect corrosion rate, and if 
the oxide films can significantly affect the lifetime 
of the canister. 
 
MATERIALS AND METHODS 
The corrosion rates were measured as weight loss 
during immersion. The immersion tests were 
divided into long-term tests at room temperature 
and short-term tests at elevated temperatures of
40 °C, 60 °C, and 80 °C. The long-term tests were 
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cleaning times were kept as short as possible to 
get a sample without corrosion products but 
without an overestimated corrosion rate due to 
sample dissolution.  
The corrosion rate was calculated from the weight 
loss and immersion time using equation (1), 
where Δm is weight change [g], A is sample area 
[cm2], t is time [days], and ρ is density of copper 
8.96 g cm-3. Every sample set contained five 
replicate samples and the weight loss results are 
calculated as averages and error estimates as 
standard deviation divided by the square root of 
the number of samples. 

CR [µm y-1] = Δm / (A∙t∙ρ) ∙ 3650000     (1)

The test waters were synthetic groundwater 
(coded GW) and bentonite clay pore water (PW). 
Both waters were purged with air and nitrogen to 
control the concentration of dissolved oxygen. 
The groundwater was adapted from Olkiluoto 
final deposition site groundwaters [28] and pore 
water was adapted from [29]. The water 
compositions are shown in Table 1. 
The effects of oxide films were studied by using 
non-oxidized samples (coded CU) and samples 
oxidized in a drying oven with continuous air 
flow (Pol-Eko SLW 53 Smart, Pol-Eko Aparatura, 
 

arranged as interval tests using 2-month and 10-
month intervals. The first tests were started in July 
2019 and the last ones finished in December 2022. 
Short-term tests lasted 3 to 6 weeks. 
Samples were 30 mm by 30 mm cut from 1 mm 
thick oxygen-free copper sheet CW008A with a 3 
mm hole drilled for mounting. The weight of the
sample was about 8 grams, and the surface area 
19.05 cm2. Before the tests samples were 
degreased in ethanol and pickled in 10 wt-% citric 
acid at room temperature three times for five 
minutes and then rinsed with Millipore purified 
water and ethanol. The oxidized samples were put 
in the oven immediately after cleaning and 
weighing. Sets of five replicate samples were 
hung using thin PVDF-insulated copper wire with 
short plastic tubes separating the samples. After 
the tests, the samples were cleaned by immersion 
in 10 wt-% citric acid and using a soft nylon 
brush. In some cases, the corrosion product films 
were very adherent, and cleaning required hours. 
Too long immersion in cleaning was noticed as a 
risk of excessive weight loss and therefore too 
high calculated corrosion rate. Immersion of clean 
samples in citric acid caused sample weight loss 
rate of 3-3.5 µg min-1 corresponding to a 
corrosion rate of 90-110 µm y-1. Therefore, 
 

Table 1. Composition of the test waters. 

Component Ground water (GW), mg/l Pore water (PW), mg/l 
Na 3610 1000 
Cl 5340 80 

SO4 582 1300 
Ca 279 4 
Mg 102 4 
K 87.5 12 
Br 42  

HCO3 13.7 960 
Sr 7.71  
Si 6.25  
B 1.38  
F 0.74  

Mn 0.168  
pH 7.9 10 

TDS 10070 3360 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

study the effect of temperature. Corrosion product 
film analyses give indications of copper passivation. 

Long-term room temperature tests 
The long-term tests at room temperature lasted 
from July 2019 to December 2022. One 10-month 
interval and three 2-month interval tests were 
completed, Figure 1. During the tests the pH in 
groundwaters varied between 7.7 and 8.9, and in 
pore waters between 9.6 and 10.6. The concentration
of dissolved oxygen was between 4.7 and 8.0 ppm 
in air-purged waters and between 0.3 and 4.9 ppm 
in nitrogen-purged waters. The purging of 
nitrogen was 0.5 dm3 min-1 and it was not always 
enough to keep the dissolved oxygen at the target 
level less than 1 ppm. In short-term tests the 
concentration of dissolved oxygen in air-purged 
waters was 6-7 ppm and in nitrogen-purged waters
less than 1 ppm. Problems with the gas purging 
were due to the blocking of gas distribution 
sinters by deposits and the unintentional closing 
of gas distribution lines in the building. In the 
groundwater tests, the total dissolved solids 
increased from about 12000 ppm to 15000 ppm. 
In pore water tests the total dissolved solids 
(TDS) was between 2300 ppm and 3200 ppm. 
The corrosion rates measured in the long-term 
tests are shown in Figures 2-5 in the chronological 
order the sample sets were taken out from 
immersion. In long-term tests in groundwater with 
air purging the corrosion rate decreased with time, 
Figure 2. The decrease in corrosion rate with 
increasing test length is usually due to the 
formation of reaction product layers. This can be 
seen in the 2, 4, and 8-month tests in 2019 and 
2020. The nearly constant corrosion rates after the 
8-month test of 2020 indicate that the corrosivity 
of the test water was lower than in the first tests. 
In groundwater with nitrogen purging the corrosion
rates were nearly constant, Figure 3. A small 
decrease in corrosion rates can be seen in the 2, 4, 
and 8-month tests in 2019. In the pore water test 
with air purging the corrosion rates showed the 
same decreasing trend as in air-purged groundwater
in the 2019 and 2020 tests, Figure 4. There is a 
strong indication of passivation in the longer tests, 
even though this was not seen in all 8-month and 
10-month tests. The corrosion rates in nitrogen-purged
pore water were low, and they showed large

Wodzisław Śląski, Poland). The oxidation times 
were 3 days at 60 °C (light oxidation, coded LI) or 
7 days at 100 °C (heavy oxidation, coded HE). 
The light oxidation resulted in 40 nm thick layer 
of Cu2O and heavy oxidation in 100 nm thick layer
with mostly Cu2O and a small amount of CuO [21]. 
Samples were weighed using Mettler TOLEDO 
XSE205 balance with 81 g range and 0.01 mg 
resolution. At the beginning of every weighting 
session, the balance was checked using a 20 g 
reference weight. All weightings were done 3 to 6 
times. 
The test vessels in long-term tests were 75-liter
food-grade polyethylene vessels containing 50 
liters of test water. In short-term tests, one-liter 
water-jacketed glass reactors were used. Water 
monitoring was done using Hanna Instruments 
HI98194 Multiparameter Meter. The parameters 
that were followed were pH, dissolved oxygen, 
total dissolved solids, and temperature. In long-
term tests, the evaporated water was topped up 
with purified water during water monitoring or 
sample changing. 
To estimate the effect of the oxide film on 
corrosion, the corrosion rates of non-oxidized and 
oxidized sample sets were analyzed using the 
Microsoft Excel Data Analysis Tool t-Test: Two-
Sample Assuming Unequal Variance combined 
with Box-and-Whisker plots. The null hypothesis 
of the analysis was that the corrosion rates of 
oxidized and non-oxidized samples are the same. 
Surface morphology and composition of corrosion 
products were studied using Mira2 Tescan GM 
(Czech Republic) scanning electron microscopy 
(SEM) equipped with an energy dispersive X-ray 
(EDS, Thermo Fisher Scientific, U.S.A.) unit. The 
accelerating voltage for SEM and EDS was 10 kV 
and 20 kV, respectively. Live time limit for EDS 
spectrum was 20 sec. The copper corrosion layer 
chemical composition and crystal structure after 
corrosion tests were further studied using X-ray 
diffraction (XRD) (Bruker D8 Advance) with Cu 
Kα irradiation. The 2θ range was 10–90° and the 
step size was 0.05 °s-1. 
 
RESULTS 
The results include long-term weight loss tests to 
get baseline corrosion rates and short-term tests to 
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rates presented in Table 2 are averages of all the 
tests shown in Figures 2-5. The corrosion rates in 
Table 2 provided a baseline for corrosion rates at 
room temperature. In both waters, the initial corrosion
rates are higher in air-purged waters than in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variations. The corrosion rates in nitrogen-purged 
waters did not show any clear decreasing trend 
with time. 
The corrosion rates from long-term immersion 
tests are summarized in Table 2. The corrosion 
 

 

I 10 month
II 20 month

III 40 month
IV 10 month

V 2 month (2019)
VI 4 month (2019)
VII 8 month (2019)

VIII 2 month (2019)
IX 2 month (2020)
X 4 month (2020)
XI 8 month (2020)

XII 2 month (2020)
XIII 2 month (2021)
XIV 4 month (2021)
XV 8 month (2021)

XVI 2 month (2021)

07/2019 01/2020 07/2020 01/2021 07/2021 01/2022 07/2022 01/2023

Figure 1. Timeline of long-term immersion tests.

Figure 2. The corrosion rates in groundwater with air purging. 
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Short-term elevated temperature tests 
Short-term elevated temperature tests were done 
at 40 °C, 60 °C and 80 °C. In the analysis, the 20 °C
test corrosion rates are taken as averages of the six 
2-month tests done at room temperature shown on 
the 1st row in Table 2. The corrosion rates increased
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nitrogen-purged waters. In groundwater, the corrosion
rates decrease to the level of approximately 5 µm y-1

with time. In pore water, the corrosion rates decrease
to less than one µm y-1 with time. The relative 
error was less than 5% except with oxidized samples 
in pore water, where it was 10 20%. 

 

 
 

Figure 3. The corrosion rates in groundwater with nitrogen purging. 

Figure 4. The corrosion rates in pore water with air purging. 
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absolute temperature in K. By determining the 
slope of ln(CR) vs. 1/T it is possible to calculate 
the activation energy by multiplying the slope 
value and error of the linear fit by the constant R. 
The slope and error were determined using 
Microsoft Excel Linest command. 

CR = A‧exp[-EA/(R∙T)]                    (2)

The calculated activation energies are shown in 
Table 3. The activation energies in groundwaters 
and in pore water with nitrogen purging indicate 
that the corrosion rate is determined by either a 
 

with temperature, but some of the pore water 
samples could not be properly cleaned because of 
the risk of excessive dissolution. The corrosion 
rates as a function of test temperature are shown 
in Figure 6. 
To study the effect of temperature on the reaction 
mechanisms, activation energies were calculated 
using the Arrhenius equation (2), where CR is 
measured corrosion rate, A is the pre-exponential 
factor, EA is the activation energy J mol-1, R is the 
general gas constant 8.314 J mol-1 K-1 and T is 
 

 
 

Table 2. Average corrosion rates in µm y-1 from long-term immersion tests. 

Test Groundwater, air Groundwater, N2 Pore water, air Pore water, N2 
months CU LI HE CU LI HE CU LI HE CU LI HE 
2 11.1 9.9 10.0 7.6 7.2 6.3 4.2 4.2 3.2 1.0 1.6 1.2 
4 10.9 9.3 9.1 6.9 6.9 5.7 4.6 3.7 2.0 0.9 1.2 0.6 
8 9.2 7.8 7.6 6.8 6.4 6.6 3.2 2.5 1.3 1.2 1.1 0.4 
10 7.5 7.3 6.9 6.0 5.8 5.2 2.8 1.5 1.6 1.0 0.9 0.5 
20 7.3 6.6 6.5 5.5 5.7 4.8 1.1 0.6 0.8 0.6 0.3 0.2 
40 5.3 5.2 5.1 5.0 4.3 6.2 0.6 0.3 0.4 0.3 0.2 0.1 

Figure 5. The corrosion rates in pore water with nitrogen purging. 
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solutions with a porous reaction product layer, 
corrosion has been controlled by mass transfer 
with activation energy in the order of ~10 kJ mol-1

[33] and in natural sea water 15 kJ mol-1 [34]. In 
our tests, in every test environment the activation 
energies of oxidized and non-oxidized samples 
were the same. Therefore, it can be concluded that 
the air-formed oxide films did not affect the 
reaction mechanism. 
Using the results shown in Figure 6 and Table 3, it 
was estimated that in groundwater with air 
purging the corrosion rate increases by a factor of 
6-7 when temperature increases from 20 °C to 80 °C. 
In groundwater with nitrogen purging the 
corrosion rate increases by a factor of 3-4, in pore 
water with air purging by 2, and in pore water 
with nitrogen purging by 6-8. 

chemical or electrochemical process. The measured
activation energies were lower than in various 
environments, where the reaction mechanism has 
previously been determined as chemical or 
electrochemical dissolution. For example, in 3% 
NaCl solution the activation energy has been 
measured as 39 kJ mol-1 [30]. In acid system with 
oxygen reduction as cathodic reaction the 
activation energy was 47 kJ mol-1 [31]. In alkaline 
solution the activation energy for oxidation of 
clean copper surface to Cu2O was 81 kJ mol-1

[32]. The measured activation energies indicate 
that in the synthetic waters both charge transfer 
and mass transfer affect the corrosion rate. In pore 
water with air purging the activation energies 
were low, indicating that the rate-determining step 
is mass transfer. For example, in bicarbonate 
 

Figure 6. The effect of temperature on corrosion rates in all test environments. 
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and the corrosion rates of neither lightly oxidized 
nor heavily oxidized samples differ much from 
the non-oxidized ones. The first analysis from 
Figure 8 is that the oxide films do not increase the 
corrosion rate significantly. Even though the 
corrosion rates varied between tests in the same 
environment (Figures 2 to 5), comparisons 
between oxidized and non-oxidized samples can 
be done. The tests in groundwater with air purging 
show that the oxide films gave some protection 
with short immersion times where corrosion rates 
were the highest. In air-purged groundwater, the 
corrosion rates of oxidized samples were lower 
than the non-oxidized ones, and these points are 
below the diagonal line. In groundwater with 
nitrogen purging, there is not as clear a difference. 
In pore water with air purging the oxide films 
seem to give some protection, whereas in pore 
water with nitrogen purging the oxide film can 
increase the corrosion rate. 
To determine whether the differences in Figure 8 
were significant, all tests were analyzed using the 
t-test as shown in Figure 7. A summary of the t-
test analysis is shown in Figure 9. The 
comparisons using the t-test between oxidized and 
non-oxidized samples in the same test indicated 
that the oxide film produced by light oxidation 
protected in 23 cases, increased corrosion rate in 7 
cases, and in 34 cases there was no difference. 
The oxide film produced by heavy oxidation 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The effect of oxide film on corrosion 
The effect of the oxide film on corrosion was 
analyzed by comparing the corrosion rates between
non-oxidized and oxidized samples in each test 
using the t-test: Two-Sample Assuming Unequal 
Variance. Examples of the t-test analysis and 
corresponding box-and-whisker chart are shown 
in Figure 7. Figure 7(a) shows the statistical analysis
result when comparing the corrosion rates of the 
sample set CU GW-AIR with LI-GW-AIR and 
CU-GW-N2 with LI-GW-N2. If in the t-test the 
calculated two-tailed p-value, marked in Figure 
7(a) as P(T<=t) two-tail, is smaller than the 
confidence level (α = 0.05) then there is a 
statistically significant difference in the mean 
values. In Figure 7(a), the comparison in air-
purged water shows a difference, but the nitrogen-
purged water does not. This is also shown in the 
box-and-whisker plot in Figure 7(b) as in the air-
purged test the corrosion rate ranges do not 
overlap but in the nitrogen-purged test they do.  
Figure 8 shows comparisons of corrosion rates 
between non-oxidized and oxidized samples.
Every point in Figure 8 is an average of the five 
replicate samples from each of the 16 tests shown 
in the timeline Figure 1, and each of these tests 
included four environments. On the horizontal 
axis are the corrosion rates of non-oxidized 
samples and on the vertical axis are the oxidized 
samples from the same test. The pattern is clear, 
 

Table 3. Activation energies of oxidized and non-
oxidized samples. 

Water Gas Oxidation EA (kJ mol-1) 
GW 
GW 

Air 
Air 

None 
60°C, 3 days 

26.0 ± 2.1 
27.8 ± 2.8 

GW Air 100°C, 7 days 28.5 ± 1.5 
GW 
GW 

N2 
N2 

None 
60°C, 3 days 

15.4 ± 1.8 
16.8 ± 1.8 

GW N2 100°C, 7 days 19.8 ± 1.2 
PW 
PW 

Air 
Air 

None 
60°C, 3 days 

10.5 ± 2.6 
8.9 ± 1.7 

PW Air 100°C, 7 days 10.5 ± 2.7 
PW 
PW 

N2 
N2 

None 
60°C, 3 days 

28.8 ± 3.6 
25.7 ± 4.9 

PW N2 100°C, 7 days 30.1 ± 4.9 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                                          (a)                                                                      (b) 
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Figure 7. Statistical (a) and visual (b) analysis to determine, whether oxidized and non-oxidized samples 
have different corrosion rates. 

Figure 8. Corrosion rates of oxidized samples compared to non-oxidized samples in all test environments.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

difference, and in 6% the oxide film resulted in a 
higher corrosion rate. The short-term tests at 
elevated temperatures (Table 4) show that in 25% 
of the tests, the oxide film protected, in 54% there 
was no statistical difference and in 21% corrosion 
rate increased. To determine whether the oxide 
film can have a significant effect on the canister 
lifetime, it is necessary to study the absolute 
increases in the corrosion rate. In room 
temperature groundwater the oxide films did not 
increase the corrosion rate and in pore water, the 
maximum increase was 1.5 µm y-1 in 2-month 
tests. At elevated temperatures, the maximum 
increase in corrosion rate was 2.5 µm y-1. 
The nominal wall thickness of the KBS-3 copper 
canister is 50 mm. The maximum general corrosion
allowance due to entrapped oxygen is 0.77 mm 
[6]. The increase of corrosion rate by a few µm y-1

during the first years will not significantly affect 
the canister’s lifetime. 

protected in 39 cases, increased corrosion rate in 
one, and in 24 cases there was no difference. 
To determine the effect of oxide film at elevated 
temperatures the corrosion rates of non-oxidized 
and oxidized samples were compared by using t-
test with unequal variances. The comparison 
results are shown in Table 4. In most of the test 
environments (19 out of 24), the oxide film did 
not affect the corrosion rate or gave protection. In 
some of the nitrogen-purged tests, the oxide film 
resulted in a higher corrosion rate. 
The long-term corrosion tests provided a baseline, 
and as shown in Table 2, with immersion times of 
tens of months the corrosion rates in room 
temperature groundwaters decreased to 4 6 µm y-1

and in pore waters to less than one µm y-1. The t-
test results of the long-term tests (Figure 9) show 
that in 49% of the long-term tests the oxide films 
protected copper, in 45% there was no statistical 
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Figure 9. The results of t-test analysis to determine the significance of corrosion rate differences in the long-term tests. 
 

Table 4. Comparison of oxidized and non-oxidized sample corrosion rates in different 
environments: + indicates protection by oxide film, o no statistically significant effect, and – 
increased corrosion rate by oxide film. 

T, °C GW air GW N2 PW air PW N2 
 LI HE LI HE LI HE LI HE 

40 o o o - o o - - 
60 o + o o o + - - 
80 o o o o + + + + 
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During the immersion tests, the copper samples 
developed different reaction product layers. Some 
examples of these are shown in Figure 11 with 
non-oxidized samples after 40 months of immersion
at room temperature. SEM and XRD analyses 
showed that in groundwater with air purging the 
corrosion product layer consisted of 72-78% Cu, 
19-22% O, 3-5% Cl, and less than 1% of S and 
Mg, and the identified compounds were Cu, Cu2O 
and CuCl. In groundwater with nitrogen purging 
the product layer of non-oxidized and lightly 
oxidized samples consisted of 60% Cu, 25-28% 
O, 10-13% Cl and <1% S, and the compounds 
were Cu, Cu2O and CuCl. The heavily oxidized 
samples had 90% Cu and 10% O, and only Cu and 
Cu2O were identified. In air-purged pore water, 
the reaction product layers of non-oxidized 
samples consisted of 76% Cu and 24% O, and 
those of oxidized samples 61% Cu, 38% O and 
<1 % Mg. In nitrogen-purged pore water, the 
corrosion product layers consisted of 73-77% Cu 
and 23-27% O with small amounts of hardness 
salts Ca and Mg. The identified compounds were 
Cu, Cu2O and CuCO3‧Cu(OH)2. Some samples 
had excess oxygen when compared to copper 
oxides, so there were most likely copper sulfates 
and hydroxides even though they were not 
identified by XRD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Passivation 
The passivation of copper depends on the pH of 
the environment. The concentration and speciation
of dissolved copper depend on the nature of the 
solid copper compounds, pH, chloride concentration, 
and temperature. In alkaline solutions, the 
thermodynamically favored solids are Cu2O and 
CuO. According to [35] there is a minimum 
solubility of copper at pH 9-12, and the minimum 
solubility is seen at higher pH when chloride 
concentration increases. At pH 8-8.5 the reaction 
product layer is CuCl/Cu2O/CuO that changes to 
Cu2O/CuO/Cu(OH)2 at pH 10-10.5. The 
CuO/Cu(OH)2 is at least partly formed from the 
Cu2O [35]. Passivation is more probable in a high 
pH and low chloride system. High sulfate, high 
carbonate, and low temperature promote passivation. 
Chloride concentration above 0.1 mol dm-3

(~3500 ppm) can prevent passivation [36]. 
Figure 10 shows copper samples after cleaning 
and after oxidation at 100 °C. There are no visible 
features on the clean copper surface and the 
analysis shows only Cu. The oxidized sample 
shows some darker islands that can be CuO. The 
Cu:O ratio, 91.5 at-% Cu, 8.3 at-% O, is higher 
than for the oxides Cu2O and CuO. This is due to 
the thin oxide layers and the analysis also includes 
signals from the copper base material.  

Figure 10. Surface features of cleaned and oxidized copper surfaces. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
The copper corrosion in neutral water with less 
than 1 M (35.45 g dm-3) chlorides can follow 
different reaction mechanisms. The initial 
oxidation step can be reaction (3), or (4) & (5), or 
(6) & (7), where the mechanisms (3) and (4) & (5) 
represent the direct formation of a cuprous 
chloride species from the metal and (6) & (7) 
involve the dissolution of copper as a cuprous ion 
in the first instance [23].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cu + 2 Cl- → CuCl2

- + e-                    (3)

Cu + Cl- → CuCl + e-                    (4)

CuCl + Cl-  CuCl2
-                    (5)

Cu → Cu+ + e-                     (6)

Cu+ + 2 Cl- CuCl2
-       (7)

The cuprous chloride complex can react to cuprous
oxide by hydrolysis reaction (8) and increasing 
pH will favor the formation of the oxide [23]. The 
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Figure 11. Corrosion product films after 40 months of immersion at room temperature. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cuprous chloride complex can also be oxidized to 
cupric ions (9) that could act as oxidants or most 
likely precipitate [7]. 

2 CuCl2
- + 2 OH- → Cu2O + H2O + 4 Cl-     (8)

4 CuCl2- + O2 + 2 H2O → 4 Cu2+ + 8 Cl- + 4 OH    (9)

The cathodic reaction is the reduction of oxygen 
(10) with intermediate hydrogen peroxide species. 
The hydrogen peroxide intermediates can oxidize 
cuprous ions to cupric [23]. 

O2 + 2 H2O + 4 e- → 4 OH-                 (10)

Reduction of oxygen on cuprous oxide can result 
in the formation of cupric oxide by (11) & (12) 
and the cuprous oxide is regenerated by (13) [23].

Cu2O + O2 + H2O → 2 CuO + H2O2                         (11)

Cu2O + H2O2 → 2 CuO + H2O                 (12)

2 CuO + H2O + 2 e- → Cu2O + 2 OH-                     (13)

The air-formed oxide film contains mainly Cu2O. 
This oxide film can cover the metal surface fully 
and protect it from corrosion or it can have 
damages and promote cathodic reduction of 
oxygen and copper corrosion. The first reaction 
product of copper dissolution is CuCl2

- that can 
react to Cu2O and further to CuO. CuO can be 
reduced back to Cu2O. Cu2O can react with 
chlorides, sulfates, and carbonates in the solution 
to form different corrosion products.  
In the long-term tests at room temperature the 
oxide film produced by heavy oxidation (100 °C, 
7 days) protected in 60% of the tests, and 
increased corrosion in one test (2%). The effect of 
the oxide film was not dependent on the test 
environment. In the short-term tests at elevated 
temperatures, the oxide films protected in 33% of 
the tests and increased corrosion rate in 25%. The 
corrosion rates increased in tests with nitrogen 
purging. The oxide film produced by light 
oxidation (60 °C, 3 days) protected in 36% of the 
long-term tests, and increased corrosion in 10%. 
In the short-term tests, the oxide films produced 
by light oxidation protected in 17% of the tests 
and increased corrosion rate also in 17% of the 
tests. The oxide film produced by light oxidation 
increased corrosion rates in tests with nitrogen 
purging. 

The trends shown in Figure 9 and Table 4 indicate 
that the oxide films produced by the heavy 
oxidation are dense and protective. These oxide 
films can also contain CuO which inhibits oxygen 
reduction and decreases the rate of electrochemical 
corrosion reactions. The oxide films produced by 
light oxidation are thinner and not as dense as 
oxides produced by heavy oxidation. The presence
of both metallic copper and Cu(I) species can 
increase the rate of oxygen reduction reaction 
causing an increase in corrosion rate. 
The environmental variables in the tests were 
water composition, gas purging, and temperature. 
The most important variable in test water is pH. 
The higher pH of the pore water can result in the 
production of Cu2O that can lead to more 
protective corrosion product film, reaction (8). In 
the long-term tests, the corrosion rates in air-
purged pore water (pH = 10) were on average 25-
40% of those in groundwater (pH = 8) and in 
nitrogen-purged pore water 12-18% of those in 
groundwater. The gas purging affects the 
concentration of dissolved oxygen. In the tests,
the systems were either saturated with oxygen or 
oxygen-deficient, but with nitrogen-purging, it 
was not possible to get anoxic or reducing 
conditions. In nitrogen-purged groundwater, the 
corrosion rates were 70% of those in air-purged 
waters and in pore water 25-40%. An increase in 
temperature resulted in higher corrosion rates, but 
the reaction mechanism was not affected by the 
oxide films. Based on the activation energies, the 
corrosion in groundwater and in nitrogen-purged 
pore water was controlled by a chemical or 
electrochemical step. In pore water with air purging 
corrosion was controlled by a mass transfer step. 
The systems, where oxide film was seen to increase
corrosion rate, were high pH and nitrogen-purging.
These systems should show the lowest corrosion 
rates, see Figure 8. It is possible that the oxide 
films could promote oxygen reduction so that a 
change in corrosion rate was seen even though the 
actual corrosion rates are very low. 
The copper canisters for the spent nuclear fuel 
should last intact for hundreds of thousands of 
years. Information about the corrosion rates is 
available only from tests with maximum test times 
of years. The topic of this study was to determine 
whether an oxide film can result in a higher 
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