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Abstract: The disposal of high-level radioactive waste (HLW) in deep stable geological formations is
accepted at an international level to be the most promising option for its long-term management. The
supercontainer concept is currently being considered as the Belgian reference design, wherein the
waste will be stored in geological stable clay formations. The outer barrier of the supercontainer is
the envelope, which should be made of a corrosion-resistant material as it will be in contact with the
aggressive species leaching from the host rock (i.e., chloride) and diffusing through the cementitious
barriers of the disposal system. Polarization measurements are carried out to study the pitting
susceptibility and the uniform corrosion of possible candidate materials in chloride-rich concrete
pore solutions, aerated by high-purity oxygen. The tests are carried out at a deep soil-representative
temperature of 60 ◦C. All materials showed high pitting resistance in aerated concrete pore solutions
and can withstand chloride concentrations up to 1 M. Regular 316L and LDX2304 stainless steel also
showed good corrosion resistance and can serve as a more economical alternative. The pH of the
used pore solutions did affect the measured corrosion rate irrespective of the alloying elements inside
the steel grades.

Keywords: radioactive waste; disposal; deep geological formations; supercontainer; pitting; corrosion
susceptibility; steel alloys

1. Introduction

Currently, geological disposal is internationally accepted to be the most promising
option for the long-term management of high-level and/or long-lived radioactive waste
(HLW). To ensure a proper sequestration of the waste, a stable geological formation is
required to serve as a natural barrier. In Belgium, clay formations are favored [1,2] because
of their lower water permeability, limited diffusivity and absence of preferential migration
pathways for solutes. Apart from this natural barrier, the disposal system includes multiple
engineered barriers: radioactive waste containers are placed in concrete shafts (galleries) in
the underground facility, and the container itself (containing vitrified radioactive waste or
spent fuel assemblies) consists of multiple material layers. All recommendations from the
Contained Environment Concept (CEC) and even earlier designs of the Engineered Barrier
System (EBS) have been addressed in the current reference design of the supercontainer
(Figure 1) [3]. It consists of a carbon steel inner pack (overpack) containing the waste
canister (A), surrounded by a buffer (B) and a stainless steel envelope as the outer layer
(C) [4]. The intention of the CEC is to achieve and preserve a durable (long-term) favorable
chemical environment in the immediate vicinity of the overpack, at least for the duration
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of the thermal phase (several hundred to thousands of years). Portland Cement-based
concrete has hence been chosen as the material for the buffer to provide a highly alkaline
chemical environment, in which the external surface of the overpack will be passivated.
The main function of the envelope is preventing the infiltration of pore water from the host
rock through the concrete galleries into the concrete buffer. Therefore, the envelope should
have high pitting resistance, but even more importantly, a low uniform corrosion rate
when it is in contact with this pore water that contains chlorides, sulfides and thiosulfates
(originated from the clay host formation). Such contaminants are considerably aggressive
to stainless steels and nickel-based alloys [5–16]. The concrete barriers of the disposal
facility create alkaline conditions ensuring good passivation of the envelope, while elevated
temperatures are expected because of the remaining heat dissipation from the nuclear
waste [2]. Apart from the corrosion resistance in this harsh environment, the envelope
should provide mechanical strength to ensure the reliability and possible retrievability
of the supercontainer. The retrievability determines the possibility to retrieve the waste
containers after they have been disposed in the repository in case the repository does not
perform according to the expectations.
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Figure 1. Cross-section of the “supercontainer” reference concept with its main components:
(A) carbon steel liner (overpack), (B) concrete reinforcement (buffer) and (C) envelope liner.

The concrete environment is often simulated using pore solutions in lab-scale tests.
Saturated Ca(OH)2 (pH 12.5 at 25 ◦C) and a mixture of KOH/NaOH (pH 13.5 at 25 ◦C) are
the commonly applied pore solutions seen in the literature. Li et al. [17] and Luo et al. [18]
highlighted that stainless steels showed better passivation in saturated Ca(OH)2 than in
KOH/NaOH mixtures. This is mainly due to the higher Cr3+ content in the passive film
at pH 12.5. Regardless of the strong passivated behavior in these alkaline conditions, the
presence of chlorides enhances the pitting corrosion of stainless steels.

Traditional austenitic stainless steels and lean low wt. % Ni duplex stainless steels are
common alloys for applications in concrete. Several studies have reported the corrosion
behavior of these alloys in simulated pore solutions. Gastaldi et. al. [19] found that AISI 304 L
and LDX2101 were susceptible to pitting corrosion in saturated Ca(OH)2 at only 6000 ppm Cl−.
According to Blanco et al. [20], AISI 304 L appears to show pitting susceptibility at an even
lower concentration, i.e., 3000 ppm Cl−.

Moser et. al. [21] argued that LDX2101 has better pitting resistance than AISI 316L
in saturated Ca(OH)2. At chloride concentrations of 0.5 M, both alloys showed pits at the
surface, while LDX2304 did not show such pitting corrosion. Only at chloride concentra-
tions of 1 M Cl- did all studied lean duplex steels fail in terms of pitting corrosion [21].
Traditional duplex steels, such as DX2205, showed improved pitting corrosion resistance,
even at concentrations above 1 M Cl− [20–22]. So far, most studies performed in pore
solutions have assessed corrosion behavior at ambient temperatures. It has been suggested
that temperature strongly influences the pitting resistance of stainless steel. If the tem-
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perature increases, pitting potentials considerably decrease [2,19–21]. Pedeferri et al. [22]
and Gastaldi et al. [15] performed potentiostatic and potentiodynamic measurements on
stainless steels in saturated Ca(OH)2 at 40 ◦C. According to the research conducted by
Gastaldi et al., austenitic stainless steels (AISI 304 L, AISI 316L) and lean duplex stainless
steels (LDX2101, LDX2304) showed pitting at 40 ◦C with 3 wt. % Cl− [15].

At the envelope surface, a temperature of 60–80 ◦C is expected, which is created by
the heat dissipation of the enclosed radioactive waste. In addition, pitting is expected to
become important because of the high chloride concentrations expected at the envelope
liner, originating from the host formation. To further develop the supercontainer, and more
specifically select a suitable material for the envelope, the corrosion behavior of stainless
steels and nickel-based alloys should be studied in this temperature range in a chloride-
rich concrete environment. Very few studies have attempted to define the corrosion
behavior and the pitting susceptibility of stainless steels in pore solutions at elevated
temperatures, and before now, no study has performed corrosion tests at temperatures of
60 ◦C. Research on corrosion behavior in chloride-contaminated pore solutions is often
limited to austenitic and lean duplex stainless steels. The aim of this study is to investigate
the corrosion behavior of more resistant (superaustenitic) stainless steels and nickel-based
alloys in concrete pore solutions at a temperature of 60 ◦C. The stainless steels and nickel-
based grades under scrutiny are listed in Table 1 and will be further discussed. One
zirconium grade was also included, i.e., Zircaloy 702 (abbreviated as Zr702), as it shows
excellent corrosion resistance in high-pH environments due to the formation of insoluble
oxides [23]. Table 1 also provides the pitting resistance equivalent number, PREN, as
calculated according to Equation (1).

PREN = Cr% + 3.3 * (Mo% + 0.5 * W%) + 16 * N% (1)

Table 1. Chemical composition and PREN values of all tested materials.

Common
Denomination UNS Cr Ni Mo PREN

316L S31603 16–18 10–14 2–3 24
Alloy 825 N08825 19.5–23.5 38–46 2.5–3.5 28

904 L N08904 19–23 23–28 4–5 32
254SMO S31254 19.5–20.5 17.5–18.5 6–6.5 42
Al-6XN N08367 20–22 23.5–25.5 6–7 43
Alloy 31 N08031 26–28 30–32 6–7 48
LDX2304 S32304 21.5–24.5 3–5.5 0.05–0.6 22
DX2205 S31803 21–23 4.5–6.5 2.5–3.5 31

SDX2507 S32750 24–26 6–8 3–5 38
SDX100 S32760 24–26 6–8 3–4 37
C-276 N10276 15.5–16.5 Ca. 57 15–17 -

C-4 N06455 16 Ca. 65 16 -
C-22 N06022 20–22.5 Ca. 56 12.5–14.5 -

C-2000 N06200 22–24 Ca. 67 15–17 -
Zr702 R60702 - - - -

2. Materials and Methods

Accelerated corrosion tests were conducted on different stainless steels and nickel-
based alloys. All tested materials with their chemical compositions and PREN values
(pitting resistance equivalent number) are listed in Table 1. Every alloy is tested as a sheet
under cold-rolled conditions. AISI 316L has a low PREN value and is considered as the
reference material.

To simulate the concrete environment, the tests were performed in saturated Ca(OH)2
and a mixture of KOH/NaOH at 60 ◦C. The pH values of the simulated pore solutions were
12.5 and 13.5, respectively (measured at 25 ◦C). For testing pitting susceptibility, a high
chloride concentration of 35400 ppm (1 M) was added to the pore solution. In addition, the
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uniform corrosion rates were studied using Tafel extrapolation [12]. All test solutions were
aerated with oxygen (summarized in Table 2).

Table 2. Experimental conditions.

Type of Pore Solution pH Temperature Chloride Type of
Aeration

Sat. Ca(OH)2 12.5
60 ◦C 35400 ppm 1 L/min O2NaOH/KOH mixt. 13.5

A three-electrode set-up was used to perform electrochemical corrosion tests (see
Figure 2). Before each test, the sample was immersed for at least 1 h [24]. All alloys were
imbedded in cold epoxy resin and polished with a diamond suspension (1 µm). A rubber
gasket was compressed in the sample area to avoid crevice corrosion. A Hg/HgO reference
electrode (20% KOH, +98 mV versus SHE) was used due to its electrochemical stability in
alkaline solutions.
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Figure 2. Setup of the electrochemical cell with (A) the working electrode; (B) the counter electrode;
(C) the reference electrode; (D) gas bubbler; (E) gas outlet; and (F) electrical heating.

Cyclic polarization plots were used to measure the uniform corrosion rate and check
the pitting susceptibility of each alloy in the test electrolyte. All polarization measure-
ments were conducted using a scan rate of 250 mV/h. Every measurement was started
100 mV below the measured open-circuit potential. The scan direction was reversed if the
apex potential was reached (+750 mV versus Hg/HgO) or if the current density exceeded
5 mA/cm2 [24]. Tafel extrapolation for additional information on the general corrosion
behavior was conducted on the linear parts of the anodic and cathodic curves. Extrapo-
lation should start 50–100 mV away from the open-circuit potential [12]. After checking
normality with Q-Q plots, Kruskal–Wallis and Dunn test statistics were applied to get a
better understanding of the data derived [25–27]. Additionally, a principal component
analysis (PCA) provides a survey of any correlation found between the added alloying
elements (within a grade) and their corresponding corrosion resistance.

3. Results
3.1. Pitting Susceptibility

The results of the cyclic potentiodynamic measurements in saturated Ca(OH)2 with
1 M Cl− at 60 ◦C are presented in Figure 3. Every measurement was repeated three times
and showed a similar behavior. As can be seen by the absence of hysteresis loops, no pitting
corrosion was found for all tested stainless steels. This result is somewhat counterintuitive,
especially for the lean duplex LDX2304 and AISI 316L (reference material).
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Figure 3. Polarization curves in saturated Ca(OH)2 (pH 12.5) with 1 M Cl− for (A) regular, duplex
and super duplex stainless steels; (B) superaustenitics and zirconium-based alloys; and (C) nickel—
based alloys.

The fact that no pitting corrosion was observed for those leaner grades is in contrast
with the findings of previous studies [18,20], where LDX2304 failed due to pitting corrosion
at much lower chloride concentrations. A possible explanation might be that other studies
were influenced by the occurrence of crevice corrosion, in which case the pitting tests
performed cannot be validated. Additional uncertainty arises with the high scan rates used
in other studies during potentiodynamic tests. The polarization tests of Gastaldi et al. [19]
and Moser et al. [21] used high scan rates of 1200 mV/h and 3600 mV/h, respectively.
ASTM standards propose a scan rate of 600 mV/h for anodic polarization curves performed
on stainless steel alloys [24]. The possible interference of higher scan rates and anodic
polarization curves cannot be ruled out. The exhaustive review of Esmailzadeh et al.
describes the effect of the scan rate on the observed pitting potential [28]. The lower scan
rates applied during anodic polarization result in lower pitting potentials. This correlation
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is interesting because it suggests that in the present measurements, materials are expected
to fail because of the low scan rate of 250 mV/h. Another explanation for the absence of
pits in the current study is the surface treatment applied. Esmailzadeh et al. suggested that
polished working electrodes may relate to higher pitting resistance [28]. Ezuber found that
the AISI 304 performance is significantly lower in chloride-contaminated solutions if the
sample surface roughness increases [29]. In the current study, polished test specimens (up
to 1 µm diamond suspension) have been used, while Moser et al. tested samples in their
as-received condition [21]. Gastaldi et al. did not specify any surface treatment besides the
pickling of their samples before immersing them in the test electrolyte [19].

The results for the regular duplex stainless steels are consistent with previous findings.
Traditional duplex DX2205 did not show any pitting behavior in saturated Ca(OH)2 at
1 M Cl−. This is in agreement with the findings of Mesquita et al. and Elsener et al. [30,31].
More resistant materials in the experimental matrix, such as super duplex, superaustentic
and nickel-based alloys, are even more promising for pitting resistance than DX2205,
especially given their high PREN value (see Table 2). Bertolini et al. reported a high pitting
resistance of superaustenitic 254SMO in chloride-contaminated saturated Ca(OH)2, even at
an elevated temperature (±40 ◦C) [32]. The report of Nürnberger confirms that SDX100
and other superaustenitic materials (such as alloy 926) are more resistant in harsh concrete
environments [33]. The results presented in this paper form one of the first investigations to
explore the corrosion behavior of nickel-based alloys in simulated pore solutions. Hastelloy
C-series and Alloy 825, as expected by their high PREN value, did not show any pitting
susceptibility in saturated Ca(OH)2 with 1 M Cl−.

Another striking finding is the strong passive behavior of Zr702 (Zircaloy 702) in
saturated Ca(OH)2 with 1 M Cl−. Unlike other polarization curves, where a current
increase is observed around 200–300 mV versus the Hg/HgO electrode (probably due
to dissolution of chromium as chromate), Zr702 does not show any significant current
increase at high oxidizing potentials in the tested environment. This finding is consistent
with the review of corrosion resistance of zirconium in ASM handbooks [34], where great
performance in strong alkalis and high chloride concentrations is reported.

Figure 4A–C display the polarization curves of all materials in a mixture of KOH/NaOH
with a high chloride content of 1 M. The absence of any hysteresis loops in the cyclic polar-
ization curves is again remarkable. No pitting corrosion was observed on any of the test
specimens. This is a significant outcome, especially given the less passive behavior of the
protective film reported at pH 13.5 [17,18]. Most research on chloride-induced pitting in
concrete pore solutions has been carried out in saturated Ca(OH)2, and the literature on higher
pH is limited. Elsener et al. found that the DX2205 stainless steel did not pit in a 0.1 M
NaOH solution (pH = 13), even when 5 M Cl− was added [26]. Because higher pH values
increase pitting resistance [35], it can be expected that duplex DX2205 will also show similar
pitting resistance in KOH/NaOH pore solutions (and will also not pit in 5 M Cl−) [31]. No
studies were found wherein other grades of stainless steel, besides DX2205, were tested in
high-alkaline pore solution (pH > 13) with chloride contamination.
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Figure 4. Polarization curves in a KOH/NaOH mixture (pH 13.5) with 1 M Cl− for (A) regular,
duplex and super duplex stainless steels; (B) superaustenitics and zirconium-based alloys; and
(C) nickel—based alloys.

3.2. Uniform (General) Corrosion Rates
3.2.1. Tafel-Extrapolated Results in Simulated Pore Solutions

All corrosion rates have been determined by Tafel extrapolation. Several studies
have provided insights into the importance of performing a Tafel extrapolation at least
50–100 mV away from the open-circuit potential [12]. The results in saturated Ca(OH)2
(pH 12.5) and KOH/NaOH mixtures (pH 13.5) with 1 M Cl− (at 60 ◦C) are presented
in Figure 5. The corrosion rates, determined by the Tafel slopes, vary between 0.44 and
4.2 µm/y.
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(B) pH 13.5 with 1 M Cl−.

A remarkable finding of the measured corrosion rates is the high rate of Hastelloy®

C-4 and SDX100 in saturated Ca(OH)2 (Figure 5A). Superaustenitic 254SMO shows the
lowest corrosion rate, with 1 M Cl−. The reference material AISI 316L in saturated Ca(OH)2
(at 60 ◦C) corroded at a uniform rate of 0.56 µm/y. In the KOH/NaOH mixture (pH
13.5, Figure 5B), AISI 316L had an average measured corrosion rate of 1.46 µm/y. Again,
Hastelloy C-4 and SDX100 showed high corrosion rates in pH 13.5, together with Zircaloy
702. Surprisingly, another Hastelloy grade (e.g., C-22) showed the lowest corrosion rate in
pH 13.5.

Studies of stainless steels in alkaline conditions at elevated temperature with high
chloride contents are limited. However, in the Cobecoma report [2], results of stainless
steels in alkaline conditions have been found without chloride contamination. A corrosion
rate of 0.5 µm/y was reported for stainless steels in simulated pore solutions at 80 ◦C. A
study of Blackwood et al. has reported on experiments with AISI 304 L to check the effects
of temperature on uniform corrosion rates in concrete pore solutions without any chloride
addition (pH = 13) [36]. At temperatures of 50 ◦C and 80 ◦C, the corrosion rates were
0.18 and 0.82 µm/y, which are in line with the rates reported in Figure 5A. The measured
corrosion rate of AISI 316L in pH 13.5 (with 1 M Cl− at 60 ◦C~1.46 µm/y) is in the same
range as the 0.6 µm/y reported by Mcdonald et al. in alkaline conditions (pH 13.3) with
0.5 M Cl− at ambient temperature [37]. Yet, the outcome for the reference material 316L is
different to that found by Fujisawa et al., where a corrosion rate of 0.3 nm/y was claimed
for AISI 304 L in pore solution (pH 12.8). A possible explanation for this rather low rate
could be the testing procedure, as Fujisawa et al. used immersion tests to determine the
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corrosion rate. Immersion tests are known to be more accurate and favored in determining
the uniform corrosion rate [12], but often are not feasible because of their long duration.

Zircaloy 702 had a corrosion rate of 2.2 µm/y. This confirms earlier statements in
the ASM Handbook suggesting a corrosion rate well below 25 µm/y in strong alkaline
solutions [34]. Yau et al. found corrosion rates in alkaline conditions that were in a lower
range, i.e., between 0.06 and 0.17 µm/y [38]. It is moreover important to mention that these
corrosion rates were also determined by immersion tests. No studies were carried out on
superaustenitic and nickel-based alloys. Other geological disposal concepts studying the
corrosion behavior of Hastelloy C-series are difficult to compare because other pore–water
properties were applied [39,40].

3.2.2. Comparison of the Measured Corrosion Rates

Before any statistical analysis was performed, the normal distribution of the measured
uniform corrosion rates was checked by a Q-Q plot (Figure 6). Theoretical quantiles
of standard normal distribution have been generated (x-axis) and compared with the
experimental quantiles of the dataset with the measured corrosion rates (y-axis). Points
falling along a straight line give strong evidence that the dataset is normally distributed.
The grey area on the Q-Q plot in Figure 6 represents a 95% confidence interval. If data
points fall out of the grey area, the data are not normally distributed. In Figure 6, the Q-Q
plot for uniform corrosion rates in the saturated Ca(OH)2 and KOH/NaOH mixture are
presented. It can be concluded that, because many data points are not in the 95% confidence
area for both pore solutions, the dataset is not normally distributed.
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Alternatively, a Kruskal–Wallis test was performed on the corrosion data. The Kruskal–
Wallis test is a non-parametric statistical test (specifically developed for not normally
distributed data) and is used to check if any statistical difference is present between
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alloys [41]. The output of the Kruskal–Wallis test is one p-value for the whole dataset.
A low p-value (<0.05) indicates statistical differences within the dataset. In our analysis,
p-values of 0.001 and 0.025 were determined for the results in saturated Ca(OH)2 and a
KOH/NaOH mixture, respectively. This suggests that statistical differences are present
between the grades in the tested environments. A following test, the Dunn test, was used
to check which alloys are statistically better than others. The results of the Dunn test are
p-values for every possible comparison (between alloys), and if p-values are below 0.025, a
significant difference is found.

In saturated Ca(OH)2 with a high chloride content (1 M Cl−), five materials showed
different statistical p-values in combination with other grades according to the Dunn
test (Table 3). Superaustenitic 254SMO, Hastelloy C-2000 and C-22, austenitic 316L and
lean duplex 2304 stainless steel are found in several combinations with a p-value < 0.025.
Interestingly, these five grades had a surprisingly low corrosion rate in saturated Ca(OH)2,
as reported in Figure 5A. Superaustenitic 254SMO compared to Hastelloy C-276 had a
corresponding p-value of 0.009, which is significant. It is apparent from Figure 5A that
the uniform rate of 254SMO is lower than that of Hastelloy C-276. Even when taking
into account the standard deviation, their difference is statistically significant using the
Dunn test. For all the other significant p-values (and combinations), the same methodology
was used for interpretation. 254SMO shows better resistance to uniform corrosion than
Hastelloy C-4, Alloy 825, Zr702 and super duplex SDX100. The other four grades (i.e.,
Hastelloy C-22, Hastelloy C-2000, AISI 316L, LDX2304) showed similar behaviors to the
tested 254SMO, and also have multiple comparisons with p-values <0.025.

Table 3. Results of the Dunn test for saturated Ca(OH)2 with a high chloride content.

Compared Materials p-Value of Dunn Test (p < 0.025)

254SMO–Hastelloy C-276 0.009
254SMO–Hastelloy C-4 0.0008

254SMO–Alloy 825 0.004
254SMO–Zr702 0.007

254SMO–SDX100 0.001
Hastelloy C-22–Hastelloy C-276 0.002

Hastelloy C-22–904L 0.01
Hastelloy C-22–Alloy 825 0.0008

Hastelloy C-22–Hastelloy C-4 0.0001
Hastelloy C-22–SDX2507 0.02
Hastelloy C-22–Alloy 31 0.015

Hastelloy C-22–Zr702 0.0014
Hastelloy C-22–SDX100 0.0002

316L–Hastelloy C-4 0.005
316L–Alloy 825 0.017
316L–SDX100 0.005

LDX2304–Hastelloy C-4 0.016
LDX2304–Alloy 825 0.004
LDX2304–SDX100 0.005

Hastelloy C-2000–Hastelloy C-4 0.007
Hastelloy C-2000–SDX100 0.009

The Dunn test results indicate that these five grades have a significantly low corrosion
rate. The five grades with their significant comparisons are again summarized below,
ranked according to their increasing (uniform) corrosion rates.

254. SMO < C-276/C-4/Alloy 825/Zr702/SDX100
Hastelloy C-2000 < C-4/SDX100
Hastelloy C-22 < C-276/904 L/Alloy 825/C-4/SDX2507/Alloy 31/SDX100
AISI 316L < C-4/Alloy 825/SDX100
LDX2304 < C-4/Alloy 825/SDX100
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The same statistical test was applied to the corrosion data for pH 13.5 (mixture
KOH/NaOH). Every comparison with a p-value < 0.025 includes super duplex SDX100,
Zircaloy 702 or Hastelloy C-22. In Figure 5B, it can be observed that SDX100 and Zr702
show the highest uniform corrosion rates of all tested grades. For comparisons wherein
a p-value < 0.025 is obtained and containing SDX100 or Zr702, the Dunn test showed a
significantly lower rate for the other grades (mentioned in the comparison with SDX100
or Zr702) and, therefore, these alloys are more interesting as an envelope material in the
Belgian disposal plan. The Dunn test highlights that the high corrosion rates of SDX100 and
Zr702, presented in Figure 5B, are statistically significant. It is apparent (Table 4) that many
comparisons are possible with Hastelloy C-22. Figure 5B illustrates that Hastelloy C-22 has
the lowest corrosion rate in the KOH/NaOH mixture (pH 13.5). The Dunn test showed that
the C-22 grade has a significantly lower corrosion rate than Duplex 2205, superaustenitic
Al6XN, Alloy 31, Hastelloy C-4 and C-276.

Table 4. Results of the Dunn test for the KOH/NaOH mixture with high chloride content.

Compared Materials p-Value of Dunn Test (p < 0.025)

SDX2507–SDX100 0.001
254SMO–SDX100 0.006

316L–SDX100 0.02
Alloy 825–SDX100 0.006

Hastelloy C-22–SDX100 0.0002
LDX2304–SDX100 0.007
SDX2507–Zr702 0.004
254SMO–Zr702 0.02
Alloy 825–Zr702 0.02

Hastelloy C-22–Zr702 0.0006
LDX2304–Zr702 0.02

Hastelloy C-22–Duplex 2205 0.02
Hastelloy C-22–Al6XN 0.02

Hastelloy C-22–Alloy 31 0.01
Hastelloy C-22–Hastelloy C-4 0.02

Hastelloy C-22–Hastelloy C-276 0.004

Table 4 presents the outcome of the Dunn test in pH 13.5. SDX100 and Zircaloy
702 showed statistically higher corrosion rates than other tested grades. Hastelloy C-22,
however, showed a promising behavior with a lower uniform corrosion rate than other
candidate materials, again ranked according to increasing (uniform) corrosion rate:

SDX2507/254SMO/316L/Alloy825/Hastelloy C-22/LDX2304 < SDX100;
SDX2507/254SMO/Alloy825/Hastelloy C-22/LDX2304 < Zircaloy 702;
Hastelloy C-22 < Duplex 2205/Al6XN/Alloy 31/Hastelloy C-4/Hastelloy C-276.

With the use of Dunn tests, significant differences between the measured uniform
corrosion rates of the tested grades are identified. In pH 12.5 (saturated Ca(OH)2), five
grades showed a significantly lower corrosion rate: 254SMO, Hastelloy C-2000, Hastelloy
C-22, AISI 316L and LDX2304. Those grades are marked in green in Figure 7A, representing
materials with a low corrosion rate. Hastelloy C-276, Hastelloy C-4, Alloy 825, Zr702 and
SDX100 showed a significantly higher corrosion rate compared to 254SMO and, therefore,
these grades are marked in red in Figure 7A. The same methodology was followed for the
other comparisons. SDX2507 did not show a statistical difference with any other tested
grade in the Dunn test, and is marked in orange. By combining the statistics and uniform
corrosion rates, a better understanding of the performance of the tested grades in pH 12.5
is obtained. The Dunn test reveals that SDX100 and Zircaloy 702 showed a significantly
higher corrosion rate in pH 13.5, and in addition, Hastelloy C-22 showed a statistically low
corrosion rate. Materials that performed better than SDX100 and Zircaloy 702 are marked
in green in Figure 7B. Grades that show a higher rate than Hastelloy C-22 (according to the
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Dunn test) are marked in red. Only one material, Hastelloy C-2000, was not found in any
significant comparison, and is marked orange.
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Figure 7. Uniform corrosion rates calculated by Tafel extrapolation, including the statistics of the
Dunn tests for (A) pH 12.5 with 1 M Cl−; and (B) pH 13.5 with 1 M Cl−.

Because the envelope material should have a low uniform corrosion rate in the disposal
plan, materials marked green are interesting for further consideration. Tested grades,
marked in red, should be avoided because of their higher corrosion rate. Hastelloy C-22
showed a very low uniform corrosion rate in both test solutions. Implementation, however,
can be limited because of its higher cost, and other grades marked in green (e.g., 316L,
LDX2304 and 254SMO) can be used as a cheaper alternative.

3.2.3. Effect of Alloying Elements and pH on the Measured Corrosion Rate

A principal component analysis was performed to check the correlation between
alloying elements, the pH of the used pore solution, and the calculated corrosion rates.
This statistical procedure computes principal components and uses these to get a better
visualization of the variation within the dataset. In general, two first principal components
are used because, usually, they represent the largest part of the variation within the data.
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The values of the first principal component are mentioned on the x-axis, and the second
component on the y-axis. The PCA analysis was performed in R Studio [42] and is presented
in Figure 8. Alloying elements, pH and corrosion rates are represented as vectors in the
biplot. If vectors have the same direction, a correlation is found. Similar directions indicate
that the correlation is directly proportional. If the directions are opposed, an inversely
proportional correlation is found. Vectors (and parameters) that make an angle of (almost)
90 ◦C on the bi-plot are not correlated. In Figure 8, the main components of stainless steel
and nickel-based alloys (chromium, nickel and molybdenum) make an angle of almost
90 ◦C with vector corrosion rate. Therefore, little or no correlation is found between the
alloying element. This result (for both pH values) is somewhat unexpected, because,
especially for the chromium, a large body of the literature reports higher resistance due to
increasing chromium content [43–45]. The vector “pH”, on the contrary, does have the same
direction as the vector that represents the corrosion rate. Hence, the PCA analysis suggests
a proportional correlation between both parameters. This implies that the corrosion rates
measured at pH 13.5 are significantly higher than at pH 12.5. This is consistent with the
studies of Li and Luo et al., who found that this adverse effect is because of a lower Cr3+

content inside the passive film at pH 13.5 [17,18].
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Figure 8. Biplot of the PCA—analysis to check the influence of alloying elements and the pH of the
pore solution on the measured uniform corrosion rate.

To check the developed correlations of the PCA analysis, an additional Spearman test
was performed (Table 5) [46]. The results of the Spearman test are in good agreement with
the PCA biplot, and confirm that there is no significant effect of the alloying elements on
the corrosion rate. All three alloying elements showed a high p-value (>0.1). Hence, the
null hypothesis (no effect of tested parameter on corrosion behavior) cannot be rejected. For
the pH of the pore solution, a p-value of 0.07 was found. A common practice is to reject the
null hypothesis only if the p-value is lower than 0.05, although some studies suggest that
0.1 can also be used as a threshold value [47]. If a significance level of 10% (p-value = 0.1)
is used, the null hypothesis can be rejected. By doing so, the Spearman test proves that
the pH of the pore solution affects the corrosion behavior. The positive rho (ρ) coefficient
suggests that the correlation between pH and the corrosion rate is proportional, similar to
what was found by the PCA. However, the somewhat low value of the rho (ρ) coefficient
implies that this significant effect is rather weak.
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Table 5. A Spearman correlation test on the uniform corrosion rates.

Parameter p-Value Spearman Spearman Correlation Coefficient

Chromium 0.85 0.02
Molybdenum 0.28 0.12

Nickel 0.13 0.17
pH 0.07 0.2

4. Conclusions

The aim of this paper was to study the corrosion behaviors of austenitic, super-
austenitic and nickel-based alloys in contaminated pore solutions. These materials are
considered as possible construction materials for the envelope of the Belgian supercon-
tainer for the disposal of highly active radioactive waste. The study explored the pitting
susceptibility and general corrosion of the promising materials under aerobic conditions.

In general, in an aerobic environment (without the presence of any reduced sulfur),
good pitting resistance was observed for all tested candidate materials. No pitting corrosion
was observed for LDX2304 and AISI 316L in high chloride pore solutions at 60 ◦C, which is
somewhat surprising due to their low PREN value. Tafel extrapolation was used to calculate
uniform corrosion rates. Corrosion rates of 0.44–4.2 µm/y were found in pore solutions
containing 1 M Cl− at an elevated temperature of 60 ◦C. These corrosion rates agree with
other electrochemical studies, but are much higher than corrosion rates calculated by gas
measuring cells (long-term immersion tests) [48]. The statistical evaluations (Kruskal–Wallis
and Dunn tests) suggest that significant differences are present between the tested materials.
254SMO, C-22, AISI 316L and LDX2304 showed excellent uniform corrosion resistance
in both pore solutions, and therefore, these materials are interesting for further research.
However, with the higher standard deviation, caution must be applied, as comparison of
Tafel extrapolated corrosion rates becomes quite difficult.

It was not possible to find a significant correlation between the main alloying elements
and the measured corrosion rates. This was a surprising finding, especially because a beneficial
effect of chromium on corrosion resistance is often reported in the literature [43–45]. The pH
of the pore solution, however, did affect the corrosion behavior. This is confirmed by the PCA
biplot and the Spearman test (significance level 10%). The effect was directly proportional, thus
candidate materials showed a higher corrosion rate in pore solutions with higher alkalinity. A
possible explanation for this may be the more protective behavior of passive layers at pH 12.5
compared to pH 13.5.

The question was raised whether lean duplex and traditional austenitic grades also
perform well in more aggressive environments, as expected under sulfur-rich anaerobic
conditions, which will be the topic of a follow-up paper.

Author Contributions: Conceptualization, P.V.A., W.B., R.G. and R.D.; methodology, B.V., P.V.A.,
W.B., R.G., J.B., B.R. and R.D.; software, B.V.; validation, B.V. and J.B.; writing—original draft
preparation, B.V.; writing—review and editing, P.V.A., W.B, R.G., J.B., B.R. and R.D.; supervision,
P.V.A., W.B., R.G., B.R. and R.D.; project administration, P.V.A., W.B., R.G., R.D.; funding acquisition,
R.G. and R.D. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the Belgian Agency for Radioactive Waste and Enriched
Fissile Materials (ONDRAF/NIRAS) for the financial support, as well as the Private Foundation De
Nayer for funding the electrochemical test equipment.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included within
the article.



Materials 2022, 15, 6464 15 of 16

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Dehandschutter, B.; Sintubin, M.; Vandenberghe, N.; Vandycke, S.; Gaviglio, P.; Wouters, L. Fracture analysis in the Boom clay

(URF, Mol, Belgium). Aardkd. Meded. 2002, 12, 245–248.
2. Kursten, B.; Druyts, F.; Gens, R. The Belgian Supercontainer concept–corrosion issues. In Sulphur-Assisted Corrosion in Nuclear

Disposal Systems; CRC Press: Boca Raton, FL, USA, 2020; pp. 1–18.
3. Kursten, B.; Smart, N.R.; Senior, N.A.; Macdonald, D.D.; Caes, S.; De Souza, V.; Gaggiano, R. Overview of anaerobic corrosion of

carbon steel radioactive waste packages in alkaline media in support of the Belgian supercontainer concept. Mater. Corros. 2021,
72, 32–51. [CrossRef]

4. Bel, J.J.; Wickham, S.M.; Gens, R.M. Development of the Supercontainer design for deep geological disposal of high-level heat
emitting radioactive waste in Belgium. MRS Online Proc. Libr. (OPL) 2006, 932, 122.1. [CrossRef]

5. Xia, D.; Song, S.; Zhu, R.; Behnamian, Y.; Shen, C.; Wang, J.; Luo, J.; Lu, Y.; Klimas, S. A mechanistic study on thiosulfate-enhanced
passivity degradation of Alloy 800 in chloride solutions. Electrochim. Acta 2013, 111, 510–525. [CrossRef]

6. Naghizadeh, M.; Nakhaie, D.; Zakeri, M.; Moayed, M.H. Effect of thiosulfate on pitting corrosion of 316ss: I. critical pitting
temperature and pit chemistry. J. Electrochem. Soc. 2014, 162, C71. [CrossRef]

7. Zanotto, F.; Grassi, V.; Balbo, A.; Monticelli, C.; Zucchi, F. Stress corrosion cracking of LDX 2101® duplex stainless steel in chloride
solutions in the presence of thiosulphate. Corros. Sci. 2014, 80, 205–212. [CrossRef]

8. Chasse, K.R.; Raji, S.; Singh, P.M. Effect of chloride ions on corrosion and stress corrosion cracking of duplex stainless steels in hot
alkaline-sulfide solutions. Corrosion 2012, 68, 932–949. [CrossRef]

9. Xia, D.H.; Zhu, R.K.; Behnamian, Y.; Luo, J.L.; Lin, C.J.; Klimas, S. Understanding the interaction of thiosulfate with Alloy 800 in
aqueous chloride solutions using SECM. J. Electroanal. Chem. 2015, 744, 77–84. [CrossRef]

10. Xia, D.H.; Zhu, R.K.; Behnamian, Y.; Shen, C.; Luo, J.L.; Lu, Y.C.; Klimas, S. pH effect on sulfur-induced passivity degradation of
alloy 800 in simulated crevice chemistries. J. Electrochem. Soc. 2014, 161, C201. [CrossRef]

11. Bhattacharya, A.; Singh, P.M. Electrochemical behaviour of duplex stainless steels in caustic environment. Corros. Sci. 2011, 53,
71–81. [CrossRef]

12. Stansbury, E.E.; Buchanan, R.A. Fundamentals of Electrochemical Corrosion; ASM International: Almere, The Netherlands, 2000.
13. Xiao, Y.; Tang, J.; Wang, Y.; Lin, B.; Nie, Z.; Li, Y.; Normand, B.; Wang, H. Corrosion behavior of 2205 duplex stainless steel in

NaCl solutions containing sulfide ions. Corros. Sci. 2022, 200, 110240. [CrossRef]
14. Araneda, A.A.B.; Kappes, M.A.; Rodríguez, M.A.; Carranza, R.M. Pitting corrosion of Ni-Cr-Fe alloys at open circuit potential in

chloride plus thiosulfate solutions. Corros. Sci. 2022, 198, 110121. [CrossRef]
15. Feng, X.; Zhang, T.; Zhu, R.; Chen, Z.; Lu, X. Pitting initiation on 304 stainless steel in a chloride-contaminated pore solution

under alternating temperature conditions. Corros. Rev. 2022, 40. [CrossRef]
16. Giebel, B. Austenitic, Duplex, and Lean Duplex Stainless Steel Critical Pitting Temperature in Simulated Concrete Environment.

Bachelor’s Thesis, The University of Akron, Akron, OH, USA, 2022.
17. Li, B.; Zhang, W. Electrochemical and corrosion behavior of 2205 duplex stainless steel in simulated concrete pore solution. Int. J.

Electrochem. Sci. 2017, 12, 8432–8446. [CrossRef]
18. Luo, H.; Su, H.; Dong, C.; Li, X. Passivation and electrochemical behavior of 316L stainless steel in chlorinated simulated concrete

pore solution. Appl. Surf. Sci. 2017, 400, 38–48. [CrossRef]
19. Gastaldi, M.; Bertolini, L. Effect of temperature on the corrosion behaviour of low-nickel duplex stainless steel bars in concrete.

Cem. Concr. Res. 2014, 56, 52–60. [CrossRef]
20. Blanco, G.; Bautista, A.; Takenouti, H. EIS study of passivation of austenitic and duplex stainless steels reinforcements in simulated

pore solutions. Cem. Concr. Compos. 2006, 28, 212–219. [CrossRef]
21. Moser, R.D.; Singh, P.M.; Kahn, L.F.; Kurtis, K.E. Chloride-induced corrosion resistance of high-strength stainless steels in

simulated alkaline and carbonated concrete pore solutions. Corros. Sci. 2012, 57, 241–253. [CrossRef]
22. Elsener, B.; Addari, D.; Coray, S.; Rossi, A. Stainless steel reinforcing bars–reason for their high pitting corrosion resistance. Mater.

Corros. 2011, 62, 111–119. [CrossRef]
23. Dong, C.; Luo, H.; Xiao, K.; Sun, T.; Liu, Q.; Li, X. Effect of temperature and Cl− concentration on pitting of 2205 duplex stainless

steel. J. Wuhan Univ. Technol.-Mater. Sci. Ed. 2011, 26, 641–647. [CrossRef]
24. ASTM G5-94; Standard Reference Test Method for Making Potentiostatic and Potentiodynamic Anodic. American Society for

Testing and Materials International (ASTM): West Conshohocken, PA, USA, 2004; 94, pp. 1–12. [CrossRef]
25. Kelly, R.G.; Scully, J.R.; Shoesmith, D.; Buchheit, R.G. Electrochemical Techniques in Corrosion Science and Engineering; CRC Press:

Boca Raton, FL, USA, 2002.
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