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a b s t r a c t

The corrosion behavior of stainless steel (304 and 316 type) and copper induced by LiCl-KCl at low
temperatures in the presence of sufficient oxygen and moisture was investigated through a series of
experiments (at 30�C, 40�C, 60�C, and 80�C for 24 hours, 48 hours, 72 hours, and 96 hours). The spec-
imens not coated on one side with an aqueous solution saturated with LiCl-KCl experienced no corrosion
at any temperature, not even when the test duration exceeded 96 hours. Stainless steel exposed to LiCl-
KCl experienced almost no corrosion below 40�C, but pitting corrosion was observed at temperatures
above 60�C. As the duration of the experiment was increased, the rate of corrosion accelerated in pro-
portion to the temperature. The 316 type stainless steel exhibited better corrosion resistance than did the
304 type. In the case of copper, the rate of corrosion accelerated in proportion to the duration and
temperature but, unlike the case of stainless steel, the corrosion was more general. As a result, the extent
of copper corrosion was about three times that of stainless steel.
© 2017 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

The ever increasing demand for energy and for lower carbon
emissions has created a greater focus on the role of nuclear energy
in providing an alternative energy source, but there are still con-
cerns over how to deal with spent nuclear fuel, which still contains
considerable amounts of nuclear materials even after it is dis-
charged from the nuclear plant [1]. Pyroprocessing is one of the
more promising methods for treating spent nuclear fuel, as this
technique can recover uranium and transuranic elements, thereby
increasing uranic resource utilization efficiency while also reducing
the amount of highly radioactive waste. This, in turn, can increase
the efficiency of disposal facilities and reduce the disposal period.
Moreover, by recovering transuranic elements (TRUs) collectively
rather than separately, this method can help prevent nuclear pro-
liferation. This has led to numerous studies being conducted both
domestically and internationally [2e4].

To verify the technical validity of pyroprocessing and to produce
reliable scale-up data, the PyRoprocess Inactive DEmonstration
facility (PRIDE) was constructed and operated at the Korea Atomic
).

by Elsevier Korea LLC. This is an
Energy Research Institute (KAERI). This experimental facility is
dedicated to an engineering-scale pyroprocess, with most equip-
ment being operated under an environment of high-temperature
molten salt [5,6]. As the major structural materials inside the fa-
cility are therefore used under conditions that aremechanically and
chemically harsh, any reactions or changes are very important in
that they can directly affect the stability of the entire facility.
Numerous experiments have been conducted on the stainless steel
and copper used as the main structural materials at PRIDE; in these
experiments, it has been found that chloride ions have the greatest
influence on the corrosion rate [7e14].

It is well known that stainless steel experiences almost no
corrosion in environments without oxygen and moisture; however,
as indicated in the experiments of Pettersson et al [15], this ma-
terial suffers from an accelerated rate of corrosion with time and
temperature when exposed to oxygen and moisture at tempera-
tures above 400�C. When exposed to chloride, the rate of corrosion
is further accelerated, particularly at higher temperatures. Like that
of stainless steel, the corrosion rate of copper is accelerated in a
medium that contains chloride [16,17], and for this reason, the in-
side of PRIDE is filled with high-purity argon gas to maintain low
concentrations (a few ppm) of oxygen and moisture. However, as
there is currently insufficient experimental data for the low tem-
perature (< 100�C) conditions found inside PRIDE, corrosion
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Table 1
Chemical compositions of stainless steels tested (wt.%).

C Si Mn P S Ni Cr Mo

304SS 0.08 1.0 2.0 0.045 0.03 8 18 e

316SS 0.08 1.0 2.0 0.04 0.03 12 17 2e3

Fig. 1. Apparatus used for corrosion experiments.

Fig. 2. Mass loss versus exposure time for 304SS and 316SS.
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experiments were conducted on the major structural materials
(304 and 316 stainless steel, and copper). This research also
considered abnormal conditions under which the oxygen and
moisture excessively increase at a temperature similar to that in-
side PRIDE. During these corrosion experiments, time and tem-
perature were set as variables, and gravimetric analysis was
performed to measure the rate of corrosion. In addition, by con-
ducting a component analysis and surface analysis of the corrosion
product, the corrosion behavior induced by LiCl-KCl was evaluated.

2. Materials and methods

2.1. Specimen preparation

Coin-shaped specimens of the major structural materials of
PRIDE (304SS, 316SS and copper) were manufactured to a diameter
of 2.5 cm and thickness of 2 mm from plates of each material. The
chemical compositions of the two stainless steels are shown in
Table 1. The surface of each specimen was ground using 1,000-grit
SiC paper, polished with colloidal silica to a mirror finish, and then
washed in acetone and ethanol. An ultrasonic cleaner was used to
remove any debris from the surface, after which the samples were
stored in a desiccator to prevent any surface oxidation. After
weighing each specimen to the nearest 10 mg, a micropipette was
used to apply a saturated LiCl-KCl aqueous solution over their entire
upper surface in preparation for corrosion testing. The samples
were reweighed after testing to determine the rate of corrosion.

2.2. Corrosion rate measurement

Corrosion experiments were conducted in a quartz tube with an
inner diameter of 50 mm; an electric furnace was used to maintain
a constant temperature inside the tube (Fig. 1). To ensure a corro-
sive environment, the injection of oxygen from the outside was
controlled, and distilled water was added to the bottom of the
sealed quartz tube to maintain saturated water vapor pressure.
Specimens of each of the three materials were mounted onto an
alumina holder, which was then inserted into the chamber. To
evaluate the change in corrosion behavior with temperature and
time, experiments were conducted at 30�C, 40�C, 60�C, and 80�C
for 24 hours, 48 hours, 72 hours, and 96 hours. Each specimen
undergoing the corrosion progress was subjected to surface and
component analysis by Scanning Electron Microscopy (SEM), Auger
Electron Spectroscopy (AES), and X-ray Photoelectron Spectroscopy
(XPS). These analyses were carried out using Nova Nano SEM (SEM)
from FEI-Co., PHI700Xi (AES) from Physical Electronics, and Theta
probe system (XPS) from Thermo-Fisher Scientific Co. To provide a
reference, the same experiments were conducted on specimens not
coated with LiCl-KCl solution, but no corrosion was observed.

3. Results and discussion

3.1. Gravimetry

The corrosion product formed on each of the specimens was
removed in accordance with KS D ISO 8407, and the weight loss of
each specimen was measured [18]. The weight change after
corrosion should be > 100 mg for the test to be considered valid, but
the two stainless steels lost only a few tens of mg below 40�C, even
after 96 hours. As such, their weight loss could not be calculated.
However, the weight loss quickly increased with time at tempera-
tures above 60�C, as shown in Fig. 2. Given that the specimens not
coated with LiCl-KCl did not corrode, it can be inferred that the
presence of chloride ions greatly accelerates the corrosion of
stainless steel, especially at high temperatures. In the case of 304SS,
the difference inweight loss between the two temperatures of 60�C
and 80�C was a meager 0.01 mg/cm2 after 24 hours, but this
increased to 0.04 mg/cm2, 0.1 mg/cm2, and 0.18 mg/cm2 after 48



Fig. 3. Mass loss versus exposure time for copper.
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hours, 72 hours, and 96 hours, respectively. The weight loss of
316SS was about half that of 304SS, because its Mo content forms a
strong metallic compound (Mo-Cr-Ni) on the surface that provides
corrosion resistance better than that of 304SS [19].

The corrosion of copper was accelerated by LiCl-KCl at all tem-
peratures and, much as in the case of stainless steel, the weight loss
increased more swiftly as the temperature increased. As can be
seen in Fig. 3, the weight loss of 0.1e0.2 mg/cm2 after 24 hours
gradually increased with time to 1.3e1.7 mg/cm2 after 96 hours.
Considering that the weight loss of copper was about three times
higher than that of stainless steel, it would seem that copper is
more vulnerable to corrosion induced by chloride ions.
Fig. 4. Surface of specimens af
3.2. Surface analysis

Fig. 4 shows the corrosion of each specimen at each temperature
after 96 hours. In the case of stainless steel, almost no corrosionwas
observed at 30�C, but a brown corrosion product appeared at
temperatures above 40�C. Above 60�C, small circular holes formed
at the boundaries of the specimen, with corrosion products being
generated around them. This is consistent with the pitting corro-
sion often observed in stainless steel. By comparing these results
with the weight loss data, we can see that the rate of corrosion
rapidly accelerates at temperatures above 60�C. This can be further
confirmed by the SEM results shown in Figs. 5A and 5B, which show
that there is almost no corrosion product on either type of stainless
steel at 30�C. By contrast, a number of small corrosion product
particles were found on both the 304SS and 316SS samples at 60�C
(Figs. 5C and 5D). Figs. 5E and 5F show the areas in which pitting
corrosion occurred at 60�C, revealing that numerous corrosion
products formed to create a kind of layer.

The corrosion products formed at 30�C for copper were difficult
to discern due to their very small quantity, but increased as the
temperature increased. At 80�C, the corrosion products increased to
a visible level (Fig. 4). Themode of corrosion herewas unlike that of
stainless steel, as corrosion occurred over the entire surface of the
specimen and can be defined as general corrosion. This is seemingly
the reason that the weight loss of copper is about three times
higher than that of stainless steel. Fig. 6 shows 500� magnified
SEM images of the surface of the copper sample at 30�C and 60�C
after 24 hours and 72 hours. This reveals that although almost no
corrosion products are generated after 24 hours at 30�C, 10 mm-
sized corrosion product particles are sporadically formed at 60�C
(Figs. 6A and 6C). After 72 hours, numerous corrosion product
particles were observed at both 30�C and 60�C, with those
ter 96 hours of corrosion.
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produced at 30�C being small in size (< 10 mm) and overlapped to
form a kind of corrosion product layer (Fig. 6B). At 60�C, a thicker
and more distinct corrosion product layer formed across the entire
surface (Fig. 6D). According to Gu et al [20], a CuCl coating is pri-
marily formed on the surface of copper that is in a medium
including chloride ions. However, as the corrosion resistance of
copper is low, this reaction continues and ultimately forms CuCl2 as
the corrosion product. This same reaction appears to have taken
place in the present study.

3.3. Corrosion product analysis

The corrosion products were analyzed by AES and XPS to
determine their composition and chemical states. The AES results
for the 304SS sample corroded for 24 hours at 60�C reveal an
Fig. 5. SEM images (500� magnification) of stainless steel samples corroded at (A) 30
oxidation thickness of about 30 nm (Fig. 7A); the concentrations of
iron and chromium are nearly 0 at the surface, but increase with
depth. This indicates that the oxides formed mainly consist of iron
and chromium. The potassium concentration rose by about 20%,
and then rapidly decreased, whereas the chlorine concentration
was as low as a few percent at the surface and it was almost not
included in the oxides. After 72 hours, the concentrations of the
major components exhibited a similar trend, but the thickness of
the oxide layer increased to about 100 nm (Fig. 7B). The 316SS
sample exhibited a similar change in the concentration of its
components at depth, but the thicknesses of the oxides were only
15 nm and 70 nm after 24 hours and 72 hours, respectively (Figs. 8A
and 8B). The XPS analysis results showed that the major corrosion
products of 304SS were Cr2O3, Ni2O3, Fe2O3, and Fe3O4; 316SS was
similar expect for the addition of Mo oxides (Fig. 9, Table 2).
4SS, 30�C (B) 316SS, 30�C (C, E) 304SS, 60�C and (D, F) 316SS, 60�C for 72 hours.



Fig. 6. SEM images (500� magnification) of copper samples corroded at (A) 30�C, 24 hours (B) 30�C, 72 hours (C) 60�C, 24 hours and (D) 60�C, 72 hours.

Fig. 7. AES depth profiling for 304SS corroded at (A) 60�C, 24 hours and (B) 60�C, 72
hours.

Fig. 8. AES depth profiling for 316SS corroded at (A) 60�C, 24 hours and (B) 60�C, 72
hours.
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Fig. 9. XPS spectra for stainless steel samples corroded at 60�C for 72 hours. (A) 304SS
and (B) 316SS.

Fig. 10. AES depth profiling for copper corroded at (A) 60�C, 24 hours and (B) 60�C, 72
hours.
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According to the study on the corrosion of Fe-Cr alloy, oxide layers
with high chromium content act as passive films, thus granting the
surface good corrosion resistance [15,21]. However, this passive
film is locally destroyed in an environment that includes chloride
ions, which allows corrosion to occur. According to Pettersson et al
[21], chromium oxide layers with high corrosion resistance can also
turn into a potassium chromate layer with low corrosion resistance
via the following reaction [21]:

ðCr1�x; FexÞ2O3ðsÞ þ 4KClðsÞ þ 2H2OðgÞ
þ ð3=2ÞO2ðgÞ/xFexO3ðsÞ þ 2ð1� xÞK2CrO4ðsÞ þ 4HClðgÞ
Based on the surface and composition analysis results, this ap-

pears to be the same process of corrosion that occurred in the
present experiment.
Table 2
XPS results of stainless steel corroded samples.

Element Peak binding energy (eV) Associated compound

304SS 316SS

C1s 284.51 284.61 d

O1s 530.76 531.32 d

K2p 292.95 293.74 d

Cl2p 198.31 198.76 d

Cr2p 576.36 577.00 Cr2O3

Fe2p 711.11 711.22 Fe2O3, Fe3O4

Ni2p 855.39 855.72 Ni2O3

Mo3d d 232.40 Mo2O3
In the case of copper, the AES analysis results indicated that a 50
nm-thick layer of copper oxide was formed after 24 hours, and that
this layer increased in thickness to about 200 nm after 72 hours
(Fig. 10). Moreover, the concentration of Cl ions near the surface
was about 10 at.%. Subsequent XPS analysis confirmed that the
corrosion products were Cu2O and CuCl2 (Fig.11, Table 3). According
to Chon and Kim [22], the oxidation of copper in a medium con-
taining chloride ions, oxygen, and moisture produces CuCl2, and is
heavily influenced by the chloride ion concentration, whereas the
Fig. 11. XPS spectra for copper sample corroded at 60�C for 72 hours.



Table 3
XPS results of copper corroded samples.

Element Peak binding energy (eV) Associated compound

C1s 285.01 d

O1s 531.20 Cu2O
K2p 293.92 d

Cl2p 198.72 CuCl2
Cu2p 932.62 Cu bulk
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formation of Cu2O is triggered by the presence of OHe. These two
reactions are mutually competitive, depending on the oxygen
concentration. Consequently, even though it was not possible in
this experiment to determine which of the two reactions was
dominant, it can at least be inferred that both occurred.

4. Conclusion

This investigation into the corrosion of 304SS, 316SS and copper
induced by LiCl-KCl in an environment with sufficient oxygen and
moisture has confirmed that localized corrosion of stainless steel
caused by the destruction of its passive film by chloride ions occurs
at temperatures above 60�C. In the case of copper, accelerated
corrosion rates were found regardless of the temperature, and so
even at low temperatures of 30e80�C, the presence of LiCl-KCl can
have a significant, long-term impact on the major structural ma-
terials of PRIDE. It is therefore important to minimize the moisture
and oxygen levels to ensure the integrity and stability of the facility.
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