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Abstract

Decommissioning of research reactors leads to significant amounts of low- and intermediate-
level radioactive waste that is planned to be stored under cementitious conditions in
Swedish repositories. These materials contain important amounts of aluminum and its
alloys which are reactive under alkaline conditions found in concrete pore water. The
corrosion produces hydrogen that can lead to cracks in the concrete which can be pathways
for radioactive ions. As an attempt to optimize repository conditions for aluminum-based
reactor waste, parts of the ordinary Portland cement I in the concrete were replaced by fly
ash. This addition may reduce pH and alkali-carbonate reactions increase the durability
of the concrete. Testing of fly ash concretes is also of interest from a future availability
perspective given the potential phase out of ordinary Portland cement in favor of for-
mulations such as fly ash variants with lower CO, emissions. Decreased corrosion rates,
more uniform corrosion accompanied by ATR-FTIR (Attenuated Total Reflectance—Fourier
Transform Infrared Spectroscopy) spectra and pCT (Micro computed tomography) as well
as SEM-EDX (Scanning Electron Microscopy with Energy Dispersive X-ray analysis) images
suggest less aggressive corrosion of the Al alloy from the decommissioned Studsvik R2
reactor in concrete with varying amount of fly ash replacement.

Keywords: radioactive waste; reactor; aluminum; Al alloy; fly ash; concrete; hydrogen

1. Introduction

The decommissioning of nuclear research reactors generates significant amounts of
low- and intermediate-level radioactive waste, which must be safely managed to pro-
tect both the environment and public health [1,2]. Long-term disposal solutions require
repositories that can endure natural degradation and chemical alteration induced by the
waste itself for extended life-times [2]. In the Swedish repository strategy, the waste is
encapsulated in concrete which acts as an effective barrier due to its high pH and low
permeability which enhances radionuclide retention through sorption and reduced solubil-
ity [3-5]. However, the initial pH of the pore water of up to 14 compromises the corrosion
resistance of reactive metals such as aluminum and its alloys which are frequently used
in nuclear research reactors [1,4,6]. Aluminum-based alloys and aluminum metals are
prone to rapid initial corrosion in alkaline environments. This process slows after a short
time due to the corrosion-induced formation of a protective oxide layer. While the layer
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does not completely prevent further corrosion, it reduces the corrosion rate significantly
within a timescale ranging from seconds to weeks depending on surface properties [1,6].
The solid corrosion products formed during this process include the amorphous Al,O3
(Equation (1)) in early stages, the metastable AIOOH (Equation (2)) and crystalline AI(OH)3
in chronic corrosion (Equation (3)) [1,6-8]. In the aqueous phase, the dominant species
is the [AI(OH)4]~ ion (Equation (4)), which is believed to be the main contributor to the
gradual dissolution of the oxide layer under alkaline conditions [8]. A Pourbaix diagram is
shown in Figure 1.

2A1 + 3H,0 — ALO; + 3H, (1)
2Al + 4H,0 — 2A100H + 3H, )
2Al + 6H,0 — 2A1(OH), + 3H, 3)
2A1+ 6H,0 +20H™ — 2A1(OH); + 3H, )

The generation of hydrogen as seen in Equations (1)-(4) can build up pressure, poten-
tially causing cracks in the concrete which form the channels and can be pathways for the
migration of radionuclides due to groundwater ingress and therefore harm the long-term
integrity of the repository [1,2,4,6,9,10].
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Figure 1. Pourbaix diagram of aluminum with a concentration of 10~3 mol, pH ranging from 0 to
16 and potential from —2 to 4. Ions are shown in gray, solid products in green. Dashed lines show the
oxygen stability (top) and hydrogen stability lines [11-14].

The decommissioned Studsvik R2 reactor utilized an AIMg3.5 alloy for its core in-
ternals and reactor tank which closely resembles the composition of the 5154 aluminum
alloy. Although limited research has been conducted on the Studsvik R2 alloy corrosion
under repository or simulated repository conditions, our previous study reported initial
high corrosion rates of 10* um/y that slow down to rates in the magnitude of 10° after six
months [15]. Previous investigations have utilized Hj-induced pressure measurements,
as well as mass loss evaluation, to determine the corrosion rates of the alloy [15,16]. It is
also well-established that the presence or absence of oxygen does not significantly affect
aluminum corrosion [17].

The partial substitution of Portland cement with fly ash (FA) is a known strategy to
produce more ecofriendly concrete. This approach reduces the required amount of Portland
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cement, which contributes largely to the global CO, emissions in concrete production,
while FA is a waste by-product and can be recycled into a valuable material when utilized
in concrete production [18]. The incorporation of fly ash can lower the compressive strength
of the concrete; however, it significantly mitigates alkali-carbonate reactions which are
a primary cause of expansion cracking [18,19]. Moreover, FA-containing concretes show
reduced carbonation rates that limit the release of K* and Na* ions due to fewer alkali-
carbonation reactions and, hence, contribute to lower pH values which can slow down the
Al corrosion [18-21]. A noticeable reduced pH to 12.25 in concrete with 30% FA replacement
has been observed after just 21 days by Ren et al. [19].

To examine the effect of FA replacement of cement in encapsulating concrete for the
R2 alloy, samples have been immersed in FA concrete with 15, 30 and 45% replacement
of cement and an elevated water—cement ratio of 0.7 and exposed for up to 1 year. The
experiments have been conducted at room temperature (approximately 19 °C). Based on
mass loss measurements, the corrosion rates were calculated and compared to previous data
for ordinary Portland cement (OPC) concrete [15] under identical experimental conditions.
Scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDX) and
Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR) have
been conducted on FA concrete and on separately exposed ordinary Portland cement
concrete samples.

2. Materials and Methods
2.1. Sample Preparation

Rod-shaped samples of 15 mm length and 5 mm diameter were produced from
unirradiated reference samples of the same materials as the Studsvik R2 reactor tank. The
average roughness factor, caused by the machining of the samples, is not expected to impact
the results significantly, especially considering the continuous corrosion-induced evolution
of the surface area.

2.2. Concrete Production
2.2.1. Ordinary Portland CEM 1 Concrete

A total of 65.8 g of CEM 1 Portland cement (Chalmers Building Materials Lab, Gothen-
burg, Sweden), 13.2 g of calcium carbonate (Limus 40, Nordkalk, Képing, Sweden), 132 g of
standard sand (EN 196-1 [22]) and 46.1 mL of ultrapure water (Milli-Q, Merck Life Science
AB, Solna, Sweden, 18.2 M(Q)-cm at 25 °C) were mixed to produce 250 g of concrete. A
water—cement ratio of 0.7 was used to facilitate corrosion continuation throughout the
experiment by increasing pore water availability.

2.2.2. Fly Ash Concrete

The FA concrete was produced iteratively; however, 15, 30 or 45% of the CEM 1 Port-
land cement was replaced by class F fly ash (Microsit M10 hard coal, Backstein Engineering
GmbH, Idstein, Germany).

2.3. Mass Loss Evaluation

Approximately 20 mL of concrete or FA concrete were filled in unpressurized PP
containers with LDPE screw caps (VWR, Radnor, PA, USA). The rod-shaped samples were
weighed, then immersed centered into the concrete, and subsequently, the containers were
filled with (FA) concrete as seen in Figure 2. After the required exposure time, the concrete
was cracked open, and the samples were removed. For a full removal of the oxide layer
and concrete residues, the alloy was pickled in an ultrasonic bath (Thermo Fisher Scientific,
Waltham, MA, USA) for 20 min in 20% nitric acid. Afterwards, to soften and loosen the
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residues, the samples were soaked in silicon oil for approximately 24 h before carefully
scraping them and repeating the pickling process. The samples were cleaned, dried and
weighed. Most experiments were conducted in triplicates. To exclude the risk of corrosion
due to the cleaning process, an as-fabricated sample was treated under the same pickling
conditions leading to no mass loss.

I |
| [
|

v W

Figure 2. Preparation of sample exposure in (fly ash (FA)) concrete in PP cups with LDPE caps.

2.4. Modeling of pH Evolution

A model showing pH evolution and associated mineralogical alterations of the OPC
and FA concrete systems was simulated using PHREEQC 3.8.6 based on present concrete
compositions and previous studies [23-28]. It was run as an evolving system evaluating
carbonation over a 6-month period including a simulation of a buffering capacity provided
by a Portlandite and C-S-H buffer phase. These phases were considered to describe
the gradual decrease in pH associated with carbonation and mineralogical changes such
as the dissolution of Portlandite, the decalcification of C-S-H phases and the formation
of calcite and other carbonate phases. Several limitations should be considered: the
simplified representation of C-S-H phases and the concrete pore structure may not fully
display carbonation processes in their actual complexity; the six-month simulation does
not provide information about long-term carbonation behavior. However, the model shows
a representation of the investigated system based on relevant concrete compositions and
kinetic principles reported in the previously mentioned studies [23-28].

2.5. Calculation of Corrosion Rates

By calculating the mass loss of the samples from before exposure to after cleaning of
the surfaces, the corrosion rates were calculated. By including the density of aluminum,
the volume of the corroded aluminum could be determined. Thehe potential for localized
corrosion (pitting) and the likely continuously increasing true surface area of the samples
with time can lead to a fairly large uncertainty concerning the actual surface area of the
corroding samples. Initial tests with krypton BET did not produce a reliable surface area for
the corroded samples. It was therefore decided to use the same initial geometrical surface
area of the samples as the basis for calculating the um/y corrosion rates of the samples.

2.6. Micro Computed Tomography (uCT)

uCT has been conducted at Fraunhofer Institute for Integrated Circuits IIS (Fiirth,
Germany). A microtomography machine with a 225 kV microfocus X-ray source and
granite-based construction was used. To analyze the images, the software myVGL 2025.4
(Volume Graphics GmbH, Heidelberg, Germany) was employed.
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2.7. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Loose concrete was removed and the oxide layer was carefully scraped off from the
surface. The FTIR (Spectrum 3, PerkinElmer, Waltham, MA, USA) was equipped with
an ATR cell (GladiATR™, Pike Technologies, Fitchburg, WI, USA) and the spectra were
measured from 400 cm ™! to 4000 cm~! with a resolution of 4 cm~! and 32 scans. The
spectra were recorded with the blank ATR cell as background.

2.8. Scanning Electron Microscopy with Energy Dispersive X-Ray Analysis (SEM-EDX)

SEM images and EDX spectra were obtained using 15 kV on a Phenom ProX Desktop
SEM (Thermo Fisher Scientific, Waltham, MA, USA).

3. Results

3.1. Mass Loss Evaluation
Cleaning of Surfaces

Full removal was confirmed with microscopic pictures as seen in Figure 3. Figure 3a
shows a sample before and Figure 3b after the cleaning procedure at 1 year of exposure
in OPC concrete whereas Figure 3c shows the same type of sample that was immersed in
30% FA concrete for 1 year. The sample immersed in FA concrete shows a more uniform
corrosion while the sample in OPC shows more pronounced pits.

Figure 3. R2 alloy after exposure in ordinary Portland cement (OPC) concrete before (a) and after
removal of oxide layer and concrete residues (b) after 1 year exposure [15]. (c) The cleaned surface
after 1 year of exposure in 30% FA concrete.

3.2. Model: pH Evolution and Mineralogical Alterations

The simulation of the pH evolution and mineralogical alterations in OPC concrete
compared to FA concrete shows a slight drop in pH from the initial 13.6 to 13.31 in OPC
after 6 months. In FA concrete, the pH drops slightly from 12.6 to 12.55 within the first
month and then more rapidly to 11.36 after 6 months, as shown in Figure 4.

3.3. Corrosion Rates

The corrosion rates of the R2 alloy in concrete in um/y during a time span of up
to 12 months are shown in Figure 5. The largest share of datapoints was selected for
30% FA concrete, as this composition was assumed to offer the best trade-off between
pH-induced benefits and only modest influence on the concrete’s physical properties due
to the CEM replacement by FA. Seen in black (square) is the corrosion rates in OPC concrete
starting with high values of 684 & 73 pm/y after 1 month and then decreasing strongly to
166 + 34 um/y after 6 months and 155 &+ 26 um/y after 1 year. Seen in blue (north triangle)
is the corrosion rate of the R2 alloy in 15% FA concrete after 6 months at 44 pm/y and
after 12 months at 38 um/y. The corrosion rate in 30% FA concrete in red (circle) shows
corrosion rates of 179 &= 71 um/y after 1 month, 66 + 32 um/y after 3 months, 35 £ 3 pm/y
after 6 months and 16 um/y after 12 months. In 45% FA concrete, shown in green (south
triangle), the corrosion rate after 6 months was 19 um/y and 3 um/y after 12 months.
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Figure 4. Simulation of pH evolution and mineralogical alterations of OPC and FA concrete over

6 months.
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Figure 5. Corrosion rate in um/y of R2 alloy in OPC concrete (black) and FA concrete (15 (red),
30 (blue) and 45% (green)) up to 12 months. R2 in OPC from our previous study under identical

conditions [15].

3.4. Micro Computed Tomography (uCT)

Figure 6 shows pCT images of an R2 alloy sample immersed in OPC after 3 months
of exposure. These conditions have been selected since significant cracks could be seen
without further analysis. It clearly shows the separation of the sample from its matrix in
the form of dendritic gas channeling that led to a crack throughout the concrete with a
maximum width of 7.68 mm. A slight separation of the sample from the concrete could
also be seen in 30% FA concrete with 0.59 mm after 6 months of exposure.
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Figure 6. Micro computed tomography (uCT) images showing R2 alloy in OPC after 3 months

exposure time.

3.5. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The infrared spectrum of the surface material of the R2 alloy after 6 months of exposure
in 45% FA concrete (red, lower spectrum) and OPC concrete (black, upper spectrum) are
shown in Figure 7. These conditions have been chosen to represent the strongest effect of
the CEM replacement by FA. The transmittance is shown from 500 to 4000 cm~'. In OPC,
bands were detected at 569, 1000, 1370, 1630, 3456, 3523 and 3619 cm . In FA-containing
concrete, bands were detected at 569, 875, 1000, 1415, 1630 and 3456 cm L. The resolution
of the spectrum in FA-containing concrete is noticeably worse than in OPC concrete.

AlL,O, 1370
LT H-O-H 1630
Si-O 1000 |
— |
o 6301\
— L C-0|1415 | Al,0,569\ L
8
G [
S r Si-0 1000 B
:'é' R C-0'875
[2] I~ AI(OH); 3619 1™ - -
o o
S _|AIOH), 3523 "
= N y -
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Figure 7. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR) trans-
mittance spectra of surface material from R2 alloy immersed in OPC concrete (black) and FA concrete
(red) after 6 months. Vertical lines indicate significant bands.
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3.6. Scanning Electron Microscopy with Energy Dispersive X-Ray Analysis (SEM-EDX)

The surface material of a sample that was exposed for six months in OPC concrete is
seen in Figure 8. The overview of different phases in Figure 8 also contains the mapped
section (Figure 8a). The elementary composition was at 65% O, 33% Al and only low
amounts of Ca and Si. The materials size is between 10 and 200 um. The mapping in
Figure 8b—d shows that Al and Ca are enriching in different areas while Si only occurs
very rarely.
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Figure 8. Scanning Electron Microscopy with Energy Dispersive X-ray analysis (SEM-EDX) images of
surface material of a sample that was exposed in OPC concrete for 6 months. (a) A secondary electron
image of the mapped area. (b—d) EDX mappings of Al, Ca and Si, respectively.

Microscopic images of the surface material of a sample after exposure in 45% FA for
six months are shown in Figure 9. This condition has been chosen to display the differences
induced to the CEM replacement by FA. Figure 9 shows an overview of different phases in
the sample with grain sizes between 10 and 200 um as a secondary electron image with
Figure 9a as the mapped section. The elementary composition of this area was 54% O, 30%
Al, 8% Ca, 4% Si and other metals. Figure 9b—d shows the mapping of Al, Ca and Si. Al
and Ca are enriched separately. Si seems to be enriched in the same position as Ca.
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Figure 9. SEM-EDX images of surface material of a sample that was exposed in 45% FA concrete for
6 months. (a) A secondary electron image of the mapped area. (b—d) EDX mappings of Al, Ca and
Si, respectively.

4. Discussion
4.1. Mass Loss Evaluation

The corrosion rates in concrete with FA replacement were significantly lower than
the R2 alloy in OPC as seen in Figure 5. Replacing 30% of the Portland cement with FA
caused a decrease in the corrosion rate from 161 um/y in OPC to 35 um/y after 6 months.
A 15% FA replacement also reduced the rate significantly to 44 um/y after 6 months.
The highest reduction could be seen with 45% FA replacement with a 6-month rate of
19 um/y. This trend continued after 12 months of corrosion. It can be explained by a lower
pH value, given through an initially lower alkali content and enhanced alkali binding
capacity through C-S-H phases in the FA concrete; hence, a reduction in K* and Na™* ions
in pore solution leads to less alkali-carbonate reactions [19]. Another factor lowering
the pH of the FA concrete is the limited carbonation due to partial replacement of the
cement. FA-containing concrete is known to have a reduced compressive strength which,
however, is assumed to be tolerable at lower FA concentrations considering a reduced
expansion cracking due to the decrease in alkali-carbonation reactions. Porosity should
be considered at higher FA concentrations [18,19]. These factors can also be seen in the
extent of pitting corrosion in Figure 3. While the sample that was exposed to OPC concrete
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shows a higher extent of corrosion and many pits, the corrosion of the sample exposed
in FA concrete appears to have corroded more uniformly. In the higher-pH environment
of the OPC concrete, a thicker and more stable surface layer was formed which then
confined chloride attack to discrete weak points commonly at Al-Mg grain boundary areas
or intermetallic particles that act as local anodes. With decreasing pH as in the FA concrete,
the oxide layer will be thinner, less stable and more likely to break down uniformly [29-31].
The high corrosion rates are also supported by pnCT images, seen in Figure 6, showing the
channeling in the concrete caused by hydrogen-induced pressure due to extensive corrosion
of the alloy [1,2,4,6,9,10]. Lower corrosion rates in FA concrete compared to OPC are also
consistent with the simulation of pH evolution based on initial pore solution chemistry,
impact of CO; ingress and carbonation processes as seen in Figure 4 [23-27]. Potential
effects of FA on physical concrete properties such as porosity, pore-size distribution and
microstructure should be considered However, based on previous studies, these were
considered secondary compared to effects induced by changes in pH environment with
given concrete compositions [28].

4.2. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Both spectra, R2 alloy immersed in OPC concrete and FA concrete, showed bands at
569 cm~!, as seen in Figure 7. These are common for Al,O3 due to the Al-O bending [32]
which is also consistent with the formation of the oxidation layer [1,6-8]. Another band
common for Al,O3 in the spectrum of the sample immersed in OPC was seen at 1370 cm ™!
and is caused by Al-O-H stretching vibrations [32]. A band at 1000 cm~! was found in both
spectra and suggests asymmetric Si-O vibrations due to the formation of C-S-H phases [33].
The formation of C-S-H phases is also suggested by a band in both spectra at 1630 cm !
and is common for H-O-H stretching [33]. While observed C-S-H phases could also be
induced by unreacted FA particles, it has been considered to be negligible due to the prior
removal of loose concrete on the surface. The spectrum from the OPC concrete exposure
shows bands at 3456, 3523, 3619 cm ! which are common for AI(OH); due to interlayer
OH groups [34]. While only one of those bands (3456 cm ') was found after exposure in
FA concrete, this spectrum showed bands at 875 and 1415 cm ™! which proposes CO32~
vibrations and asymmetric stretching, respectively [33]. Those bands suggest higher extent
of carbonation which is consistent with early-stage higher carbonation depth due to the
addition of FA which leads to a carbonation resistance in later stages [35]. Less peaks
consistent with the formation of AI(OH)3 and Al,O3 suggest an inhibited corrosion with
the addition of FA. This is also consistent with a higher noise and less distinct peaks in this
sample since it suggests lower crystallinity [36].

4.3. Scanning Electron Microscopy with Energy Dispersive X-Ray Analysis (SEM-EDX)

The SEM-EDX images showed a higher percentage of Al concentration in the mapping
of the sample that was exposed to OPC concrete (Figure 8). The mapping was chosen to be
representative for the sample. Lower concentration of Al in the surface materials suggests
that the corrosion was more aggressive compared to FA concrete which is consistent with
the results of this study and the literature [18-21]. This is also supported by the ATR-
FTIR spectra showing FTIR bands of the Al oxidation products. Al and Ca were enriched
mostly in different regions due to the formation of Al;O3, AI(OH); and Ca(OH); [1,6-8,20].
However, in the sample that was exposed to FA concrete for 6 months (Figure 8), the overall
Al concentration is lower accompanied by higher Ca and Si concentrations. Moreover,
Ca and Si seem to be enriched in the same phases which suggests a higher extent in the
formation of C-S-H phases which also suggests a lower pH value due to the consumption
of Ca®* ions and incorporating of alkali ions in these phases [37,38].
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5. Conclusions

The addition of FA to the concrete composition in cementitious repository conditions
was assumed to be advantageous concerning pH and an inhibited corrosion of aluminum-
containing reactor materials. Studies on corrosion rates and surface characteristics showed
significantly decreased corrosion rates in FA-containing concrete with decreasing values for
increasing FA concentrations. Images of the sample surface also suggested less aggressive
conditions leading to a more uniform corrosion when adding FA. The aggressive condi-
tions of the OPC are supported by pCT images showing cracks in the concrete through
hydrogen-induced pressure. ATR-FTIR spectra showed less distinct bands in FA concrete
which could indicate lower crystallinity of oxidation products compared to OPC concrete
which is consistent with a lower pH environment. SEM-EDX results supported the other
examinations made through the FTIR spectrum by suggesting an increased formation
of C-S5-H phases which is most likely accompanied by decreased pH values. Whether
progressive carbonation eventually lowers the FA pore solution pH past the passivation
threshold will be examined in future studies with alternative concrete compositions and
longer exposure times. Moreover, future studies on FA concrete will be conducted with
30% FA replacement to reduce the effects on physical concrete properties compared to 45%
replacement, and to achieve a more significant pH effect compared to 15% replacement.
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