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Abstract

The decommissioning and dismantling of nuclear research reactors can lead to a large
amount of low- and intermediate-level radioactive waste. For repositories, the materials
must be kept confined and safety must be ensured for extended time spans. Waste is
encapsulated in concrete, which leads to alkaline conditions with pH values of 12 and
higher. This can be advantageous for some radionuclides due to their precipitation at
high pH. For other materials, such as reactive metals, however, it can be disadvantageous
because it might foster their corrosion. The Studsvik R2 research reactor contained an
AlMg3.5 alloy with a composition close to that of commercial A15154 for its core internals
and the reactor tank. Aluminum corrosion is known to start rapidly due to the formation of
an oxidation layer, which later functions as natural protection for the surface. The corrosion
can lead to pressure build-up through the accompanied production of hydrogen gas. This
can lead to cracks in the concrete, which can be pathways for radioactive nuclides to migrate
and must therefore be prevented. In this study, unirradiated rod-shaped samples were cut
from the same material as the original reactor tank manufacture. They were embedded in
concrete with elevated water—cement ratios of 0.7 compared to regular commercial concrete
(ca. 0.45) to ensure water availability throughout all of the experiments. The sample
containers were stored in pressure vessels with attached high-definition pressure gauges to
read the hydrogen-induced pressure build-up. A second set of samples were exposed in
simplified artificial cement—water to study similarities in corrosion characteristics between
concrete and cement-water. Additionally, the samples were exposed to concrete and
cement-water in free-standing sample containers for deconstructive examinations. In
concrete, the corrosion rates started extremely high, with values of more than 10,000 pm/y,
and slowed down to less than 500 pm/y after 2000 h, which resulted in visible channels
inside the concrete. In the cement-water, the samples showed similar behavior after early
fluctuations, most likely caused by the surface coverage of hydrogen bubbles. These trends
were further supported by mass loss evaluations.
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1. Introduction

Decommissioned nuclear reactors produce low- and intermediate-level radioactive
waste, which necessitates proper disposal to ensure environmental and public safety [1,2].
This waste requires repositories with extended lifetimes capable of withstanding both
natural degradation and waste-induced alteration processes [2]. Encapsulating decommis-
sioned and other low- and intermediate-level radioactive waste in concrete, as conducted in
Swedish repositories, can serve as an effective barrier, as the high pH and low permeability
of concrete are known to promote long-term radionuclide retention through sorption and
limited solubility [3-5]. However, the initially high pH of more than 13 in concrete porewa-
ter, which eventually decreases to below 10 through carbonation over time, can adversely
impact the corrosion resistance of reactive metals like aluminum [1,4,6]. Aluminum and
its alloys are commonly employed in nuclear research reactors [1]. These materials are
susceptible to fast initial corrosion under alkaline environments. Corrosion then gradually
slows down, owing to the rapid formation of an oxide layer through surface oxidation by
water. This oxide coating impedes, while not eliminating, further corrosion, effectively
slowing the generation of aluminum oxides and hydroxides over a timeframe ranging from
seconds to weeks, contingent on the material’s surface characteristics [1,6]. Solid corrosion
products under repository conditions primarily consist of amorphous Al,Oj3 in the initial
stage (Equation (1)), followed by the formation of thermodynamically unstable AIOOH
(Equation (2)) and Al(OH)3 (Equation (3)) and with the development of the oxide layer, as
observed at pH values exceeding 12 [1,6-8]. The dominating species in the aqueous phase,
the [Al(OH)4] ™ ion, as described in Equation (4), is believed to be the primary driver for
the eventual dissolution of the oxide layer under high-pH conditions [8]. Furthermore,
hydrogen gas build-up can induce pressure that may lead to the formation of cracks and
channeling in the concrete [1,4,6,9,10]. These cracks can then serve as pathways for the
ingress of groundwater and migration of radionuclides, potentially compromising the
long-term safety assessment of the repository [1,2].

2Al + 3H,0 — Al,O3 + 3H, (1)
2Al + 4H,0 — 2AI00H + 3H, )
2A1 + 6H,0 — 2AI(OH); + 3H, 3)
2A1 + 6H,0 — 2AI(OH); +3H, (4)

While limited research has been conducted on aluminum corrosion under repository or
simulated repository conditions, the available studies have reported high initial corrosion
rates in the range of 103 um/y after two weeks to 20 days [1,6]. However, these rates
declined rapidly, attributed to the formation of a protective oxide layer, eventually reaching
values around 10? pm/y within 26 to 80 days [1,6]. Previous investigations have primarily
utilized electrochemical methods (e.g., [7,9]) or mass loss evaluations (e.g., [1,6,11]) to
assess aluminum corrosion behavior under alkaline environments. Furthermore, it is
well-established that the presence or absence of oxygen does not influence the corrosion
of aluminum [12]. The decommissioned Studsvik R2 reactor contained an AlIMg3.5 alloy
for its core internals and reactor tank, with a similar composition to 5154 aluminum alloy.
As the magnesium content is less than 7%, stress corrosion cracking of this material can
be excluded from consideration [13]. Nevertheless, the evolution of hydrogen gas, a
known by-product of magnesium corrosion, must be taken into account (e.g., [14-18]).
Since no data was available on the alkaline corrosion behavior of this specific alloy, an
investigation was conducted in this study. For this purpose, rods cut from the original
AlMg3.5 alloy batch of the decommissioned R2 reactor were subjected to corrosion testing,
simulating cementitious conditions of a Swedish repository for low- and intermediate-
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level radioactive waste. Pristine samples encased in concrete with an elevated water
content simulate severe initial corrosion conditions. A set of experiments in simplified
simulated granitic cement-water was also evaluated. The simulated cement-water solution
was deliberately simplified to only contain 10 mM NaCl, which approximates the salt
content in granitic groundwater. An excess of solid CaO immersed in a perforated tube
creates a saturated Ca(OH); solution with a pH of 12.4, simulating simplified weathered
cement-water conditions. The experiment was performed at room temperature (ca. 19 °C).
Corrosion rates were calculated based on hydrogen-induced pressure measurements and
were compared to the mass loss. X-ray imaging was performed with separate samples in
concrete and cement—water. This study is a follow-up examination of a previous paper
based on the same alloy with a simplified overpressure bottle setup [19].

2. Materials and Methods

Sample preparation. Cylindrical samples, measuring 15 mm in length and 5 mm in
diameter, were fabricated by cutting and machining from unirradiated reference samples
obtained during the production of the Studsvik R2 reactor tank. The average roughness
factors resulting from the machining process are not expected to substantially alter the
order of magnitude of the results, particularly considering that the evolution of surface
area through the corrosion would likely induce a more significant change in surface area.

Production of concrete. To produce 250 g of concrete, 65.8 g of standard CEM 1
Portland cement (Chalmers Building Materials Lab, Gothenburg, Sweden), 13.2 g of calcium
carbonate (Limus 40, Nordkalk, Képing, Sweden), 132 g of standard sand (EN 196-1
standard sand), and 46.1 mL of ultrapure water (Milli-Q, Merck Life Science AB, Solna,
Sweden, 18.2 M()-cm at 25 °C) were used. Higher water—cement ratios of 0.7 compared to
commercial concrete were obtained to guarantee the continuation of the corrosion due to a
higher pore water content.

Production of cement-water (CW). The artificial CW was produced in a very sim-
plified manner by dissolving 0.74 g of NaCl as background electrolytes in 200 mL MQ
water (10 mM NaCl). The pH was buffered and kept at a constant level of 12.4 by adding
0.43 g of CaO to 1.5 mL microcentrifuge tubes (Eppendorf, Hamburg, Germany) with a
perforated lid to create an excess of solid CaO. The constant pH was confirmed by pH
paper (VWR chemicals, Radnor, PA, USA). Considering pH and composition, the water
reflects old /weathered cement conditions in crystalline bedrock and can therefore display
longer-term repository conditions better than fresh concrete.

Pressure measurements. Samples were immersed in 20 mL of concrete in plastic test
tubes and stored in 165 mL pressure vessels (Precision Fabrication LLC, Ligonier, IN, USA)
(Figure 1). Leak tests were repeatedly performed with a semi-conductor hydrogen detector
(Multitec 540, Sewerin, Giitersloh, Germany), with no indication of leakages. The pres-
sure was measured with a pressure gauge designed for hydrogen use (LEO-Record-H2Ej,
Keller, Basel, Switzerland). The measured pressure was observed in PressureSuite (Keller,
Switzerland). The sample size was selected so that the possible pressure of full corrosion
of the samples would not exceed the operating pressure (3447 kPa) of the vessels (design
pressure 6895 kPa). The experiment was conducted in duplicates at room temperature
(ca. 19 °Q).
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Figure 1. Pressure vessel setup for hydrogen pressure measurements. Customized steel autoclave
with pressure gauge designed for hydrogen use.

Mass loss evaluation. Separate samples in triplicates were immersed in concrete
and CW in unpressurized containers at room temperature and were exposed for one to
twelve months. Afterwards, destructive measurements were conducted by cracking open
the concrete and pickling the samples. Full removal of the concrete and oxide layer was
performed by pickling the samples in an ultrasonic bath (Thermo Fisher Scientific, Waltham,
MA, USA) for 20 min in 20% nitric acid. Thereafter, the samples were soaked in silicon
oil for about 24 h to soften and loosen residues of the oxide layer. The residues were
carefully scraped off and the samples were pickled in 20% nitric acid again. This process
was repeated until no further mass loss was registered. The samples were cleaned in
acetone, dried, and weighed, and the mass loss was determined by weighing. Figure 2
shows a sample after one year of exposure in concrete (left) and after fully removing the
concrete and oxide layer (right).

Figure 2. Retrieved R2 alloy sample after one year of exposure embedded in concrete (left) and
sample after fully removing concrete residues and oxide (right).
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Calculation of corrosion rates. Equations (1)—(4) were used for the calculation of the
corrosion rates. Al,O3 was assumed to be an product of the oxide layer formed early on.
Al(OH)3 was assumed to be the main solid corrosion product. The pressure increase was
recorded and then used to calculate the amount of substance n Hy and from that, n Al.
Considering the molar mass M of Al, it was possible to calculate the mass m of Al. Based on
the mass, the corrosion rate could be calculated in g/m?/y. After including the geometric
surface area, it was also possible to calculate the corrosion depth and therefore the corrosion
rate in um/y. Corrosion rates were also studied using mass loss. At mass loss evaluation,
the rate was calculated and extrapolated to um/y from the respective corrosion-induced
weight loss.

X-ray imaging. X-ray scans were made as an exploratory supporting analysis with an
Oralix AC (65 kVp, Gendex Corp., Hatfield, PA, USA). Samples in CW were measured with
an exposure time of 0.12 s while the ones in concrete were exposed for 1.6 s. The pictures
were exported with the preferred imaging extension tool of the software Dentalmind Digital
X-ray II (Dentalmind, Falkenberg, Sweden).

3. Results
3.1. Corrosion Rates

The corrosion rates from the gas pressure measurements in um/y of the R2 alloy in
concrete over a time period of 2000 h are shown in black in Figure 3. Uncertainties were
calculated, using duplicates of the samples in identical setups, as standard deviations with
Bessel’s correction. The corrosion rates start at very high values of more than 10,000 um/y
and then decrease significantly after only a few days. After 2000 h, the rate is below
500 um/y. The blue points are the corrosion rates of the R2 alloy calculated by mass
loss evaluation after six months and one year. The rates were 684 um/y after one month,
161 um/y after six months, and 155 um/y after one year. A power fit with a 95% confidence
interval is shown to highlight the compatibility of both methods.

10000
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Figure 3. Corrosion rate of R2 alloy in concrete over a time period of 2000 h calculated by H;-induced
pressure (black) in logarithmic scale. Uncertainties calculated from sample duplicates as standard
deviations with Bessel’s correction. Corrosion rate of R2 alloy in concrete calculated by mass loss
evaluation (blue). Uncertainties calculated from sample triplicates. Power fit with 95% confidence
interval to highlight compatibility of methods.

The corrosion rates of the R2 alloy in CW over a period of 1700 h are shown in black
in Figure 4. Uncertainties were calculated using duplicates of the samples as a standard
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deviations with Bessel’s correction. A closer view of the early rates can be seen in the
cutout. The corrosion rates have high uncertainties initially. After approximately 100 h,
they start to rise up to 800 um/y, while the uncertainties decrease. Afterwards, a decrease
is noticeable, to rates of approximately 100 pm/y. The blue points represent the corrosion
rate of the R2 alloy in CW calculated from mass loss evaluation after six months and after
one year. The corrosion rates were 55 um/y after six months and 3 um/y after one year.
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Figure 4. Corrosion rate of R2 alloy in CW over a time period of 1700 h calculated by Hy-induced
pressure (black). Uncertainties calculated from sample duplicates as standard deviations with Bessel’s
correction. Cutout shows the rates detailed. Corrosion rate of R2 alloy in CW calculated by mass loss
evaluation (blue). Uncertainties calculated from sample triplicates.

The corrosion rates in CW were plotted against the corrosion rates in concrete in
Figure 5. A time span of approximately 275 h between 225 and 500 h of exposure time was
chosen. The uncertainties were calculated as standard deviations with Bessel’s correction
from the sample duplicates. A linear trend with R? = 0.98 was fitted to highlight the linear
dependency of the corrosion of the R2 alloy in both media.
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Figure 5. Corrosion rate in CW against corrosion rate in concrete over a time span of ca. 275 h
between 225 and 500 h of exposure to highlight linear dependency. Uncertainties calculated from
sample duplicates as standard deviations with Bessel’s correction.
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3.2. X-Ray Imaging

An X-ray scan of an uncorroded sample of the R2 alloy showed the visible outer edges
of the sample, as seen in Figure 6. The second sample was corroded for nine months in
artificial CW. The edges do not seem to be as clearly visible anymore. The third sample was
exposed for 12 months in concrete. The scan was conducted in situ through the concrete;
therefore, the samples could be exposed further during and after the measurement. The
outline was clearly noticeable, and the oxide layer could be seen to have a darker color
on the X-ray scans. The exact orientation of the sample in concrete is not determinable;
however, an approximate thickness of the oxide layer could be assumed. The evolution of
hydrogen bubbles on the sample surface could also contribute to the darker color.

uncorroded

9 months corrosion in CW

12 months corrosion in concrete

Figure 6. X-ray scans of uncorroded R2 alloy sample, sample that was corroded for 9 months in CW,
and embedded sample that was corroded for 12 months in concrete. Exact orientation of sample in
concrete cannot be determined.

4. Discussion
4.1. Corrosion Rates by Hy-Induced Pressure Build-Up

The corrosion rates of the alloy in concrete up to 2000 h are shown in Figure 3. High
corrosion rates in the beginning come with higher uncertainties due to the immediate start
of the corrosion [1,6,7,19]. Small time differences in starting the experiment in the setup can
quickly lead to high uncertainties, which diminishes as the experiment proceeds. The high
corrosion rates of more than 10,000 pm/y are assumed to be caused by the early formation
of an oxide layer on the sample surface, mainly composed of amorphous Al,O3 in acute
corrosion and crystalline AI(OH); in chronic corrosion [1,6-8,19]. The rates decreased
strongly only after a few hours because the oxidation layer functioned as protection and
therefore as a natural prevention of further rapid corrosion rates [1,6-8,19]. Corrosion
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slowed down constantly afterwards. Other factors contributing to the decrease in the
corrosion rate, such as the dehydration of concrete, precipitation of Ca(OH)y, or changes in
pH due to corrosion processes, were assumed to be negligible due to the given W/C ratio
in the experiments and the limited amount of exposure time [20,21].

The corrosion rates of the R2 alloy in CW calculated using the build-up of hydrogen
pressure are shown in Figure 4. The cutout shows a closer view after 1700 h of exposure time.
Strong uncertainties were detected in the initial stage of the experiments. This was most
likely caused due to small differences between the replicates in the preparation times of the
experiments and also due to the initial formation of hydrogen bubbles on the surface of the
samples [19]. These could, depending on the relative coverage of the surface, prevent the
alloy from rapid corrosion. After approximately 100 h, the corrosion rate increased rapidly
up to rates of 800 um/y, which might be caused by the release of the hydrogen bubbles and
therefore the disappearance of the potentially protective gas layer. Acute corrosion and
the formation of the oxide layer lead to a strong increase in the corrosion rate [1,6-8,19].
Another factor with a smaller impact on the delayed increase in the corrosion rates could
be the diffusion of hydrogen in the cement—water solution [22]. After only a short period
of time, the corrosion rates decreased again due to the protection provided by the oxide
layer of the sample surface [1,6-8,19]. The overall lower corrosion rates in the simulated
old cement-water compared to the concrete are consistent with the slightly higher pH in
the concrete and our previous report on the R2 alloy [19]. This is also supported by a linear
dependency between corrosion in CW and concrete, with R? = 0.98 after 225 to 500 h, as
seen in Figure 5. It can be assumed that the CW conditions predict the corrosion rate in
concrete in the longer term. A study showed significantly higher corrosion rates at the
beginning of their experiment [19]. This could not be seen in the present study and can be
explained by the longer preparation time after exposure in the setup and, therefore, the
decrease in the initial corrosion rates. Fluctuations due to the hydrogen bubbles were also
not seen in the previous study [19]. This can be explained by the higher sensitivity of the
setup used in this study and the corrosion rates being the average of specific time spans in
the previous study, which most likely canceled out the effect observed.

4.2. Corrosion Rates by Mass Loss Evaluation

The corrosion rates of the R2 alloy calculated by mass loss evaluation are shown in
Figures 3 and 4 after the samples were exposed for six months and one year in concrete
and CW. The higher corrosion rates after this period of time for the samples in concrete
compared to those in CW were consistent with the results of the Hj pressure-induced
calculations and with the findings of the previous study [19]. However, the corrosion rates
in both media, concrete and CW, were relatively low and the differences between them were
considered to be negligible in the long term (several years), which is consistent with the
conditions of the artificial cement-water replicating those of weathered cement in crystalline
bedrock, and represents longer-term exposure than that with the fresh cement [3,23-25]. To
compare the corrosion rates in concrete calculated by Hp-induced pressure and by mass loss
evaluation, a power fit was used. After one month in concrete, the extrapolated corrosion
rate was 650 um/y, while the one calculated by mass loss was 684 um/y. After six months,
the extrapolated rate was 220 um/y, which is slightly higher than the rate calculated by
mass loss. However, after 12 months, the extrapolated rate was 147 pm/y, which is in the
uncertainty range of the mass loss evaluated rate. The difference after six months could be
considered to be caused by the long-term extrapolation. Overall, the lower corrosion rates
in CW compared to concrete due to the additional protection from hydrogen bubbles and
the lower pH were also seen in the mass loss evaluation. The trends were consistent with
the previous study on the same material with the simplified overpressure bottle setup [19].
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In conclusion, the corrosion rates of the R2 alloy seemed to be slower than those in previous
studies on pure aluminum metal [1]. Larger differences were seen in CW, which could be
caused by different compositions of the solution [1]. The trends from the previous study
are, thus, consistent with the results from this examination [19].

Cracks in the concrete were observed even after the short exposure duration of
only one month. The evolution of microcracks in ordinary Portland cement concrete
due to the embedding of aluminum has been observed before through acoustic emis-
sion detection [26,27].

4.3. X-Ray Imaging

On the X-ray scans (Figure 6), the surfaces are sharply visible for the uncorroded
sample, while the outer borders of the samples corroded for nine months seem to be less
visible, which is consistent with the ongoing corrosion of the alloy and the formation of
an oxidation layer [1,6-8]. This was also proven by the X-ray scan of the sample corroded
in concrete after one year. The edges were not distinctly visible anymore and the sample
surface was surrounded by a black layer, which could be considered to be hydrogen
bubbles [1,4,6,9,10], and/or more likely, in concrete, the formed oxidation layer [1,6-8].
These observations support the observed data for the corrosion rates. They also point out
the difficulty of imaging the R2 alloy in concrete due to the similar densities of aluminum
and the oxide.

5. Conclusions and Future Outlook

The corrosion of the Studsvik R2 alloy under simulated repository conditions was
examined by hydrogen gas-induced pressure build-up and mass loss evaluation. Both
methods gave consistent trends that were in line with results from previous studies. This
confirmed the trend of the R2 alloy corroding slower than pure aluminum metal in CW, as
shown in Table 1. In concrete, the corrosion rate of the R2 alloy is similar to that of pure
aluminum, although the aluminum corrosion rates show an increase after two years [1].

Table 1. Corrosion rates of R2 alloy in concrete compared to a previous study of aluminum metal
under repository conditions [1].

Corrosion Rate [um/y]

1 Month 6 Months 12 Months 24 Months
R2 alloy in concrete 652 +44* 161 4 34 ** 155 4 26 ** -
R2 alloy in CW 257 £33 * 55 4+ 8 ** 3£ 7 -
Al in concrete [1] 757 + 333 164 4+ 27 70 £ 11 114+ 7
Alin CW [1] 1428 4+ 178 214 4+ 42 103 +17 54 +17

* Duplicate measurements in autoclaves, ** triplicate measurements of mass loss.

Nevertheless, the high initial corrosion rates due to hydrogen build-up could possibly
lead to cracks in the concrete under repository conditions, which could be pathways for
radionuclides. To prevent this, further studies will be conducted with different concrete
compositions, such as the part replacement of CEM I by fly ash or magnesium phosphate or
magnesium oxysulfate cement. Both are more climate-friendly with lower CO, production
footprints and have the advantage of a lower pH, which could slow down the corrosion
of aluminum. Further studies will also be conducted with other reactive metals that are
relevant for Swedish repositories. Continuing deconstructive examinations will help ana-
lyze the oxide layer thickness by methods such as scanning electron microscopy. Ongoing
exposures will determine if the long-term corrosion rates can be, as assumed by the linear
dependency between corrosion in both media, evaluated in simplified cement-water solu-
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tions instead of the more complex Portland cement concrete compositions. By acquiring
more data, it is hoped that a better predictive model for corrosion rates can be tested.
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