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a b s t r a c t

Deep geological disposal using a multibarrier system is a promising solution for treating high-level
radioactive (HLRW) waste. The HLRW canister represents the first barrier for the migration of radio-
nuclides into the biosphere, therefore, the corrosion behavior of canister materials is of significance. In
this study, the electrochemical behaviors of SS316L, Ti-Gr.2, Alloy 22, and Cu in naturally aerated KAERI
underground research tunnel (KURT) groundwater solutions were examined. The corrosion potential,
current, and impedance spectra of the test materials were recorded using electrochemical methods.
According to polarization and impedance measurements, Cu exhibits relatively higher corrosion rates
and a lower corrosion resistance ability than those exhibited by the other materials in the given
groundwater condition. In the anodic dissolution tests, SS316L exposed to the groundwater solution
exhibited the most uniform corrosion, as indicated by its surface roughness. This phenomenon could be
attributed to the extremely low concentration of chloride ions in KURT groundwater.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many countries worldwide have examined deep geological
disposal systems with multiple barriers as a promising solution for
the treatment of high-level radioactive waste (HLRW). Because
HLRW containers (i.e., canisters) represent the first barrier to the
migration of radionuclides into the biosphere, the corrosion
behavior of suitable corrosion-resistant materials must be exam-
ined during canister selection. Also the buffer, which is filling ma-
terial into a gap between canister and disposal borehole, can be
eroded so that advective conditions prevail in the deposition hole.
As advective conditions at the canister surface can lead to enhanced
corrosion, it is necessary to select corrosion-resistant materials for
the safety assessment [1]. In this reason, several candidate mate-
rials for canisters, such as nickel alloys, stainless and carbon steels,
titanium alloys, and copper, have been studied [1e5].

Because Ni-based alloys form a thin chemically impervious
surface oxide, they exhibit exceptional corrosion resistance and are
used in a wide range of industrial applications. This corrosion
by Elsevier Korea LLC. This is an
resistance is attributable to Cr and Mo, Cr resists corrosion in
oxidizing acids and maintains passivity, and Mo enhances the
corrosion resistance against reducing acids [6]. Among NieCreMo
alloys, alloy 22 (Nie22Cre13Moe3We4Fe) has been used as a
reference material for fabricating nuclear waste packages in Yucca
Mountain, Nevada, USA. Stainless steels, which are FeeCr alloys
containing at least 11e13 wt% Cr, have a passive nature, resulting in
low rates of general corrosion. However, the use of these materials
is limited owing to their inferior performance in chloride envi-
ronments. Carbon steels (FeeC alloys) have been employed inmany
countries (Belgium, France, Switzerland, and Japan) owing to their
excellent corrosion resistance, sufficient structural strength, and
established fabrication methods. However, the production of H2
and Fe(II) during anaerobic corrosion adversely influences the
performances and properties of other barriers [7]. Ti alloys with
low density and high strength were considered promising canister
materials in Sweden, Japan, and Canada [8]. Moreover, these alloys
were recommended to be used in preparing drip shields in the US
Yucca Mountain Project [9]. Oxygen-free copper is a promising
candidate for designing HLRW containers owing to its excellent
resistance to general and localized corrosion in aqueous electro-
lytes, particularly in reducing environments, such as repository
sites [10]. Pure copper with an oxygen content of less than 5 ppm
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exhibits minimized segregation at grain boundaries and can be
doped with phosphorous to increase creep resistance [11]. This
material has been used for preparing metallic engineered barriers
in deep geological repositories for HLRW in Finland and Sweden.

Overall, extensive research has been conducted to select mate-
rials for building canisters. Notably, canister corrosion behavior is
highly dependent on the characteristics of repository sites, e.g.
ground water composition, which may vary significantly for
different types of geology. In this context, it is necessary to study
the corrosion behaviors of canister materials in Korean domestic
repository environments. To this end, this study was aimed at
comparing the corrosion behaviors of candidate canister materials
SS316L, Ti-Gr.2, Alloy 22, and Cu in KAERI underground research
tunnel (KURT) groundwater solutions. Potentiodynamic polariza-
tion and electrochemical impedance spectroscopy (EIS) analyses
were performed to determine the corrosion potential, current, and
resistance of the test materials. Furthermore, anodic dissolution
tests were conducted to examine the corrosion uniformity for these
materials.
2. Material and methods

Stainless steel grade AISI 316L (SS316L), titanium grade 2 (Ti-
Gr.2), Ni alloy 22 (Alloy 22), and oxygen-free phosphorous-micro-
alloyed Cu (procured from Swedish Nuclear Fuel and Waste Man-
agement Co.) were used as the working electrodes. Table 1
summarizes the chemical compositions of the test materials. All
working electrodes were disk-type (diameter and thickness of 15
and 1 mm, respectively) and the exposed surface area was 1 cm2.
Prior to the electrochemical tests, the electrodes were abradedwith
a series of silicon carbide papers (up to 2000 grit), polished to a
mirror finish using 0.15-mm alumina paste, ultrasonically treated in
distilled water for 5 min, and dried. A saturated calomel reference
electrode (SCE) and a Pt-mesh counter electrode were used to
assemble the cell for the potentiodynamic and EIS measurements.
For the dissolution tests, graphite rods were used as the counter
electrode instead of Pt. All potentials are presented on the SCE scale.
The electrolyte solution was derived from KURT groundwater. The
sampled groundwater was naturally ejected from a hole at a depth
of 150 m at location #RG-1 in KURT. The chemical composition of
KURT groundwater is listed and compared with Sweden in Table 2
[12]. Note that the ratio of chloride/carbonate in KURTgroundwater
is lower than that in Swedish groundwater. The inorganic elements
were analyzed using a Thermo Scientific iCAP7400 duo inductively
coupled plasma atomic emission spectroscopy instrument
Table 1
Composition of test materials used in this study.

Chemical composition (%) SS316L

C 0.030 max
Si 1.00 max
Mn 2.00 max
P 0.45 max
S 0.030 max
Cr 16.0e18.0
Mo 2.00e3.00
Fe Remainder
Ni 10.00e15.00
Ti e

Cu e

Co e

W e

V e

N e

H e

O e
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(Waltham,MA). The anions, except bicarbonate ions, were analyzed
using a Metrohm ion chromatograph. The KURT groundwater (pH
7.91) was vacuum filteredwith 1-mmpore-size cellulose filter paper
before being used in electrochemical measurements.

A BioLogic SP-300 potentiostat/galvanostat was used to conduct
the electrochemical experiments with a typical three-electrode cell
configuration. All experiments were conducted at room tempera-
ture (25 �C). Potentiodynamic polarization curves were obtained
for the comparative analysis of the test materials in the initial stage
of immersion, with a scan rate of 1 mV/s in the range of �0.5 to
1.0 V vs. open circuit potential (OCP; Eoc). Before the polarization
measurements, the OCP of the electrodes in the solution was
monitored until it stabilized (after approximately 2 h). The poten-
tiodynamic experiments were repeated three times. EIS measure-
ments were performed at OCP, applying an AC signal of ±10-mV
rms amplitude, in a frequency range of 100 kHz to 10 mHz, and the
sampling size was six data points per decade. Anodic dissolution
tests were performed by applying a constant current (10 mA/cm2)
for 24 h to observe the surface changes of the materials. After
dissolution, the test coupons were washed with deionized water
and dried. Subsequently, the surface roughness of thematerials was
measured using a contact surface profiler (P-7 Stylus Profiler, KLA-
Tencor, San Jose, CA).
3. Results and discussion

The electrochemical behavior of the test materials was investi-
gated using potentiodynamic measurements. The polarization
curves for SS316L, Alloy 22, and Cu, exposed to stagnant and
naturally aerated KURT groundwater (blank solution), are shown in
Fig. 1a. The polarization curve of Ti-Gr.2 could not be measured
owing to the high overload possibly induced by the pitting of
passive titanium oxide film [13]. In the KURTgroundwater solution,
Cu exhibited anodic behavior with a relatively positive corrosion
potential (ECORR, �0.047 V vs. SCE) and higher corrosion current
density (iCORR, 0.938 mA/cm2) compared to the other materials. As
the electrode potential increased tomore than the ECORR, the anodic
current of Cu increased in a two-step manner, corresponding to the
anodic dissolution of Cu / Cuþ / Cu2þ. SS316L exhibited ECORR
and iCORR values of �0.198 V vs. SCE and 0.124 mA/cm2, respectively.
The current density gradually increased with the potential and
stabilized at 0.4 V vs. SCE. Alloy 22 exhibited an ECORR value
of�0.175 V vs. SCE, and the iCORR value gradually increased with the
potential. When sulfate ions were introduced in the groundwater
solution, the corrosion behaviors of the materials were altered, as
Ti-Gr.2 Alloy 22 Cu

0.08 max 0.015 max e

e 0.08 max e

e 0.50 max e

e 0.02 max 0.005
e 0.02 max <0.0008
e 20.0e22.5 e

e 12.5e14.5 e

0.25 max 2.0e6.0 e

e Remainder e

Remainder e e

e e Remainder
e 2.5e3.5 e

e 2.5 max e

e 0.35 max e

0.03 max e e

0.013 max e e

0.20 max e 0.0005



Table 2
Composition of KAERI underground research tunnel (KURT) groundwater and Sweden Forsmark-North Uppland area (*Measured chemical composition of the groundwater
used in this study, **Estimated chemical composition of the groundwater at the repository depth [12]).

KAERI Underground Research Tunnel (KURT) site* Sweden Forsmark-North Uppland area **

Depth [m] 150 500
Eh [mV] 350 0 to �280
pH 7.91 6 to 9
[mg/L] Naþ 8.2 90 to 3750

Kþ 0.48 1 to 136
Ca2þ 19 58 to 1900
Mg2þ 1.4 0.1 to 460
HCO3

� 54.8 5 to 290
SO4

2� 4.3 19 to 900
Cl� 3.1 95 to 6900
HS� e 0 to 0.3

Fig. 1. Potentiodynamic scans of SS316L, Ti-Gr.2, Alloy 22, and Cu in naturally aerated KURT groundwater (a) without and (b) with the addition of 0.1-M Na2SO4 (scan rate ¼ 1 mV/s,
25 �C).
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shown in Fig. 1b. The anodic corrosion current densities of SS316L,
Ti-Gr.2, and Alloy 22 exhibited similar limiting values after an initial
polarization DE of 0.16e0.17 V, and the ECORR values were noted to
be in a similar range. Ti-Gr.2 and Alloy 22 exhibited a passive region
that extended to 1.0 V vs. SCE. In contrast, the anodic current
density continuously increased in the case of SS316L. The addition
of sulfate ions to the groundwater solution did not significantly
change the corrosion current densities of the test materials.
Notably, the corrosion potential of SS316L and Alloy 22 shifted to
more positive values. In contrast, the ECORR of Cu shifted to the
negative direction. The anodic current density of Cu sharply
increased as the anodic potential scan proceeded. These findings
indicated that the presence of sulfate ions hindered the passivation
of SS316L and Cu [14].

EIS measurements at OCP were obtained with the test materials
exposed to the KURT groundwater solution. The experimental
impedance spectra are presented in the form of Nyquist and Bode
plots in Fig. 2. A complete capacitive loop with no tail (i.e., Warburg
impedance) was observed when SS316L, Ti-Gr.2, and Alloy 22 were
exposed to a blank solution (Fig. 2a). The impedance spectra of Cu
in the KURT groundwater solution exhibited a tail corresponding to
theWarburg impedance in the low-frequency region of the Nyquist
diagram, suggestive of the occurrence of diffusion-controlled
corrosion on the Cu surface. It may be related with vacancy diffu-
sion through the Cu2O film or diffusion of Cu(II) to the surface,
which is an intermediate/secondary oxidant for Cu when Cu cor-
rodes by O2 as primary oxidant [12]. In general, the diameter of the
semicircle arc can be used to characterize the corrosion resistance
behavior of materials immersed in solutions. Larger diameters of
the semicircle arc correspond to a higher corrosion resistance of the
oxide film formed in solution [15]. Therefore, the corrosion resis-
tance of the test materials immersed in the KURT groundwater
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solution exhibited the following order: SS316L > Alloy 22 > Ti-Gr.
2 > Cu, which is almost coincided with the total impedance value in
Fig. 2b. At high frequencies, between 1000 and 100 Hz, EIS Bode
plots can indicate the total impedance associated with the solution
resistance (Rs) at the metaleelectrolyte interface and help clarify
the electrochemical corrosion process [16]. In this study, more than
one order of difference in Rs was observed, and the value was
higher in blank KURT groundwater than that in sulfate-added so-
lutions. In other words, groundwater with a smaller content of ionic
elements exhibited a low conductivity. The impedance magnitudes
between 1 and 0.01 Hz could be attributed to the electrochemical
corrosion occurring on the metal surface (i.e., the formation of
several corrosion products) [16]. The lowest impedance magnitude
in this range corresponded to Cu for solutions involving and not
involving sulfate ions, indicating the relatively low corrosion
resistance of Cu in this experiment. The phase maxima appeared in
the low-frequency range, likely because of the presence of the
protective oxide film (Fig. 2c). Fig. 2d presents the Nyquist plots for
the SS316L, Ti-Gr.2, Alloy 22, and Cu surfaces exposed to a 0.1-M
Na2SO4eadded groundwater solution. The Nyquist diagrams of
SS316L and Ti-Gr.2 indicated an incomplete capacitive reactance
arc, attributable to the double-layer capacitance and charge trans-
fer resistance of the surface. The impedance responses of Alloy 22
and Cu exhibited the form of a semicircle followed with a slash in
the low-frequency region. In the frequency range of 1e0.01 Hz, the
total impedance of Cu was considerably lower than those of the
other materials (Fig. 2e). This finding shows that the Cu surface is
more susceptible to general corrosion than the other materials
under this condition. The highest total impedance in the sulfate-
added groundwater solution corresponded to Ti-Gr.2, followed by
SS316L and Alloy 22. This finding was consistent with the results
shown in Fig. 2d. As shown in Fig. 2f, an additional peak of the



Fig. 2. Nyquist (a,d) and Bode (b,c,e,f) plots of SS316L, Ti-Gr.2, Alloy 22, and Cu in naturally aerated KURT groundwater (aec) without and (def) with 0.1-M Na2SO4 at 25 �C.
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phase angle appeared for SS316L and Cu; the highest phase angle
shift corresponded to Alloy 22; and the phase angle for Ti-Gr.2
exhibited broadening. These changes were observed in the inter-
mediate frequency range (100e1 Hz). Phase angle values of
approximately �80� over the wide range of frequencies indicated
that a stable passive film was formed on the surface of SS316L and
Ti-Gr.2 while the electrodes were immersed in the sulfate-added
KURT groundwater solution to perform EIS measurement [17].

The measured impedance data in the KURT groundwater solu-
tion were fitted using equivalent circuits, as shown in Fig. 3, to
quantify and compare the impedance components of the test ma-
terials. The equivalent circuits are mostly used to elucidate the
obtained data [18,19]. The fitted curves are shown in Fig. 4. In the
Fig. 3. Equivalent circuits used to fit EIS spectra in sulfate-added KURT gr
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equivalent circuits, R refers to the resistance element and Q is the
constant phase element (CPE) adopted to represent nonideal
capacitive behavior owing to uneven current distribution or surface
inhomogeneity. The CPE can be defined as ZCPE ¼ ½QðjuÞn��1 ðj2 ¼
� 1Þ, where Q is the CPE amplitude, u the angular frequency, and

n the CPE exponent [20]. The parameters Q and n are independent
of the frequency. The value of n can be 0 � n � 1, where 1 and
0 correspond to ideal capacitors and resistors, respectively. Table 3
lists the values of parameters deduced from the fits of the EIS
spectra to the equivalent circuit. The RC combination observed at
the metal surface in contact with the solution could be attributed to
(i) the double-layer capacitance with charge transfer resistance
[21e27] and (ii) the oxide film capacitance with resistance
oundwater solution for (a) SS316L, Ti-Gr.2, and Alloy 22, and (b) Cu.



Fig. 4. Measured and fitted impedance of (a) SS316L, (b) Ti-Gr.2, (c) Alloy 22, and (d) Cu in sulfate-added KURT groundwater solution at 25 �C.

Table 3
Fitting parameters obtained from EIS measurements for SS316L, Ti-Gr.2, Alloy 22,
and Cu immersed in naturally aerated KURT groundwater solution at 25 �C.

SS316L Ti-Gr.2 Alloy 22 Cu

Rs [kU$cm2] 2.94 1.88 3.49 1.27
Q1 [mF$s(n1-1) $cm�2] 26.7 0.05 19.4 82.3
n1 0.894 1.000 0.882 0.575
R1 [kU$cm2] 383.3 0.055 321.5 3.43
Q2 [mF$s(n2-1) $cm�2] 0.09 35.1 62.2 55.2
n2 0.849 0.818 1.000 0.717
R2 [kU$cm2] 0.43 243.0 1.00 23.4
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experienced by the ions while traveling through the oxide [28e33].
Notably, despite the significant research on metals immersed in
solutions, the interpretation of the physical meaning of RC combi-
nations in a circuit is different in various studies. In general, the first
time constant (Q1//R1) could be attributed to factors (i) or (ii), and
the meaning of Q2//R2 differs depending on the assignment of Q1//
R1 [21]. Therefore, in this study, instead of comparing each
impedance element, the polarization resistance (Rp) was calculated
[33,34]: Rp ¼ Rb þ Rct , where Rb is the resistance of corrosion
product layer and Rct is the charge transfer resistance. In the given
framework, Rp was calculated as the sum of R1 and R2, and the
calculated values are listed in Table 4. The polarization resistance of
Cu is one order lower than those of the other materials, consistent
with the results of the Bode plot (|Z| value) shown in Fig. 2b.

To examine the corrosion uniformity of the test materials based
Table 4
Rp values of SS316L, Ti-Gr.2, Alloy 22, and Cu exposed to naturally aerated KURT
groundwater solution.

SS316L Ti-Gr.2 Alloy 22 Cu

Rp [kU$cm2] 3.84 � 102 2.31 � 102 3.23 � 102 2.68 � 101
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on the electrochemical reaction, anodic dissolution tests were
performed in a 0.1-M Na2SO4eadded KURT groundwater solution
with an applied current of 10 mA/cm2 for 24 h. In this artificially
induced corrosion environment, the value was 104 times higher
than that in the normal condition, based on the iCORR of Cu in KURT
groundwater (~1 mA/cm2), as shown in Fig. 1a. Fig. 5aec show the
potential profiles of the test materials during the anodic dissolu-
tion. The dissolution test of Ti-Gr.2 was not conducted owing to the
high overpotential of titanium, as in the case of the polarization
measurement. The potential values of the test materials increased
as the reaction progressed because of the overpotential induced by
the generation and accumulation of corrosion products on the
metal surface. In the case of Cu, the potential reached 0.1 V vs. SCE,
consistent with the observations of the polarization curve (Fig. 1b).
The surface roughness profiles of the materials after the dissolution
test are shown in Fig. 5def. The lowest and highest deviations in
the roughness corresponded to SS316L (average roughness,
Ra ¼ 0.72 mm) and Alloy 22 (Ra ¼ 8.8 mm), respectively. Cu
(Ra ¼ 6.7 mm) exhibited a roughness intermediate to those of the
two materials. The SS316L surface immersed in the test ground-
water solution exhibited the most uniform corrosion, indicated by
the lowest deviation in the surface roughness (Fig. 5d). Although
SS316L and Alloy 22 are known to be vulnerable to local corrosion,
no traces of local corrosionwere observed. This phenomenon likely
occurred owing to the negligible concentration of chloride ions in
the KURT groundwater solution. These results indicate that SS316L
can be used as a canister material in environments similar to those
of the KURT groundwater solution (i.e., those involving extremely
low concentrations of chloride ions).
4. Conclusion

The corrosion behaviors of several canister materials (SS316L,
Ti-Gr.2, Alloy 22, and Cu) in KURTgroundwater were examined. The
corrosion potential and corrosion current of the test materials in



Fig. 5. Potential profiles (aec) during anodic dissolution and surface roughness profiles (def) of SS316L, Alloy 22, and Cu after the dissolution test in the 0.1-M Na2SO4 added KURT
groundwater solution at 25 �C.
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the naturally aerated groundwater solution were measured using
the polarization technique. According to impedance measure-
ments, Cu was more susceptible to general corrosion than the other
materials, with the polarization resistance of Cu in the groundwater
solution being one order lower than those of the other considered
materials. The most uniform corrosion from the anodic dissolution
in the naturally aerated KURT groundwater solution corresponded
to SS316L. Notably, this research was based on short-term elec-
trochemical techniques. Future work can be aimed at examining
the complex and long-term behaviors of materials to assess
canister materials and ensure their safety in Korean domestic re-
pository environments. Furthermore, it is also necessary to inves-
tigate the complex interactive behavior between buffer materials
and several candidate canister materials suggested by this research
for the entire safety assessment of disposal system.
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