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Abstracts. A high-temperature molten salt natural convection loop was designed and manufactured for chloride-based salts. NaCl-
MgCl2 salt was prepared and injected into the loop. Corrosion coupons composed of SS304, SS316L, and high-Ni alloys were also
prepared as candidate structural materials for molten chloride salt reactors. After a corrosion experiment was conducted for 500 h,
the salt was drained from the loop to the drain tank; inductively coupled plasma optical emission spectroscopy was used to
investigate metal dissolution from the materials into the salt. The corroded materials were analyzed using scanning electron
microscopy and energy-dispersive X-ray spectroscopy to calculate the corrosion rate. Materials exposed to NaCl-MgCl2 molten
salt showed varying levels of corrosion resistance. The high-Ni alloy demonstrated the highest resistance, followed by SS316L
and SS304. Furthermore, corrosion products were observed to migrate along the molten salt through natural convection,
eventually depositing onto the surface of the high-Ni alloy in the cold leg of the loop.

1. Introduction

Molten salt is a liquid, that is, a melted chemical com-
pound of alkali and acid at high temperatures; in general,
it is transparent and resembles water. Many types of mol-
ten salts exist because of the various combinations of alka-
lis and acids. Molten salts, which are ionic compounds in
liquid form at high temperatures, are composed of posi-
tively charged ions (cations) and negatively charged ions
(anions) held together by strong electrostatic forces. They
result from combinations of alkalis like lithium, sodium,
potassium, rubidium, and cesium, along with acids such
as fluorine, chlorine, bromine, and iodine. These combina-
tions create various types of molten salts including alkali
halides (NaCl, KBr, and LiI) and mixed salts (LiF-KF,
NaCl-MgCl2) and complex salts (carbonate, sulfate salt)
each with distinct properties and uses.

Molten salt reactors were developed at the Oak Ridge
National Laboratory, and molten salt fuel was selected
because of its chemical stability. Molten salt reactors can
be operated at extremely low pressures owing to the low

vapor pressure and high boiling point of the molten salts.
In addition, molten salts, especially those based on fluoride
and chloride, can dissolve most nuclear materials such as
uranium, thorium, and other minor actinide elements.
Because most types of molten salts have high melting points
(exceeding 400°C), if the vessels or pipes for molten salt
reactors break, the leaked molten salt will freeze and prevent
the release of radioactive materials [1]. Nuclear materials
like fluoride-based molten salts, such as LiF-BeF2-ThF4-
UF4, can effectively dissolve uranium tetrafluoride (UF4)
and thorium tetrafluoride (ThF4), along with other actinides
and fission products generated during reactor operation.
Similarly, chloride-based molten salt reactors have the
capacity to dissolve uranium tetrachloride (UCl4), thorium
tetrachloride (ThCl4), and other relevant nuclear materials.
This solubility of nuclear materials within molten salts
enables continuous fuel reprocessing and removal of fission
products and facilitates online refueling and maintenance
operations, thus contributing to enhanced safety, efficiency,
and reduced nuclear waste generation in molten salt reactor
technology.
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Current research on the corrosion behavior of molten
chloride salts is aimed at understanding why they degrade,
especially in high-temperature environments like molten salt
reactors and concentrated solar power systems. Factors such
as temperature, composition, impurities, and protective
coatings to see how they affect corrosion have been consid-
ered from previous literatures [2–8]. Progress has been
made, but challenges remain in ensuring long-term stability
and reliability. Compared to fluoride salts, research on chlo-
ride salts, which are also used in molten salt reactors, is not
as extensive. More studies are needed to understand how
chloride salts corrode and to improve the performance of
systems using them.

The molten chloride salt reactor is an advanced nuclear
reactor that employs a molten uranium chloride salt system
to generate heat for electricity production. In contrast to
conventional solid fuel reactors, the molten chloride salt
reactor is designed as a fluid fuel reactor wherein the fissile
material is dissolved in the heat transfer fluid. The precursor
of the molten chloride salt reactor is the Molten Chloride
Reactor Experiment; this research reactor has been used to
investigate the fundamental physics of chloride salt-fueled
reactors. Molten salt fuel reactors offer numerous advantages
over conventional solid fuel reactors. These include an
increased fuel economy, low-pressure operation, and strong
temperature-driven negative reactivity feedback. Addition-
ally, the high-temperature operation of molten salt reactors
facilitates the use of a closed fuel cycle, thus minimizing
the generation of nuclear waste. The benefits of molten salt
fluid fuel reactors have been comprehensively analyzed in
previous studies [7, 9].

Material compatibility tests have been conducted since
the Aircraft Nuclear Propulsion program at the Oak Ridge
National Laboratory in the 1950s, in addition to the Molten
Salt Reactor Experiment and the Molten Salt Breeder Reac-
tor programs in the 1960s and 1970s, respectively [10–17].
One of the challenges associated with these programs is the
mass transfer resulting from the interaction between the
structural materials and molten salt; consequently, these
materials may be deposited in the cold sections of the sys-
tem, thereby blocking the salt flow. This phenomenon has
been extensively studied and documented for fluoride mol-
ten salts, especially in the Molten Salt Reactor Experiment
program and in recent research from the Oak Ridge
National Laboratory [17].

Thermal convection loops have emerged as the primary
testing method for evaluating molten salt corrosion, particu-
larly molten fluoride corrosion [18]. Conducting corrosion
studies with a designed loop is necessary for understanding
how candidate structural materials perform in molten salt
reactors using chloride salts. This setup allows to simulate
real conditions and observe how materials react to exposure
to molten salts at high temperatures. By studying corrosion
in this controlled environment, it is able to identify which
materials are more resistant to degradation and which ones
may need improvement. These results helps in selecting
the most suitable materials for building molten salt reactors,
ensuring their safety and reliability. Thermal convection
loops are typically designed to test for corrosion by creating

a buoyant force through temperature-induced density gradi-
ents. A pressure differential based on density change is gen-
erated by placing a hot leg below a cold leg. These thermal
convection loops can induce mass transport, which cannot
be achieved in isothermal corrosion tests such as autoclave
experiments [19]. In isothermal autoclave tests, corrosion
only occurs to a depth that satisfies the solubility require-
ments of the liquid at operating temperatures. However, in
thermal convection tests, the material is cyclically trans-
ported from the hot to cold leg positions based on redox
reactions, for which the equilibrium constants vary as a
function of temperature.

Thermal gradient-pumped loops have flow velocities
that are several orders of magnitude higher than those of
thermal convection loops and can more accurately simulate
reactor operating conditions [15]. Although no study on
corrosion in molten salt thermal convection has been as
comprehensive as that conducted by the Oak Ridge National
Laboratory, the corrosion of molten chloride salts in thermal
convection loops has been evaluated by other legacy pro-
grams [20, 21].

In a typical molten salt thermal convection loop, corro-
sion is most pronounced in the hot leg, which exhibits high
reaction kinetics; consequently, the most corrosive alloying
element in the alloys is converted into a salt. The nobility
of an alloying element in an alloy can be determined by
comparing the relative Gibbs free energies of formation per
mole of anion. In fluoride and chloride systems, common
alloying elements that are ranked according to decreasing
nobility are molybdenum, nickel, iron, and chromium [22,
23]. Chromium forms the most stable corrosion product salt
and is attacked more aggressively than other elements within
a given alloy. However, despite the identical ranking order,
chloride systems have a smaller Gibbs free energy difference
between the salt and alloy formation energies. This is
expected to establish a chemical equilibrium in chloride sys-
tems, which inherently have a higher tendency to corrode
than fluoride systems.

As the molten salt flows through a thermal convection
loop, corrosion product salts are formed and readily dissolve
in the bulk fluid [24]. As the salt enters the cold leg, the
decreasing temperature alters the equilibrium constants of
the corrosion reactions, thereby reversing the corrosion
reactions and forming precipitates of solid metal particulates
in the system [5, 9]. These precipitates may be deposited on
the inner walls of the loop, constrict the flow, diffuse into the
alloy, or remain suspended in the salt [22, 24, 25]. After the
corrosion products are deposited in the cold leg, the salt
returns to the hot leg, where the equilibrium constants shift
again toward the corrosion of the alloy, thus restarting the
cycle. Particularly, the thermal gradient in the system pre-
vents it from attaining chemical equilibrium, which is a
key difference from isothermal autoclave testing. This differ-
ence is valuable because it mimics the corrosion occurring in
a molten salt reactor, wherein salt flows from a hot reactor
core to a heat exchanger. These phenomena in fluoride salts
are concisely discussed in the previous study [26, 27].

Natural convection loops were initially developed as a
simple and reliable method for evaluating molten salt
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corrosion, whereas high-temperature pumps and seals were
developed for forced convection loops, which are more rep-
resentative of the conditions within a reactor. Forced flow
loops have since been operated and have demonstrated that
the flow velocity minimally affects corrosion rates, further
supporting the relevance of thermal convection loops [28].
Despite their relatively simple design, thermal convection
loops have been demonstrated as valuable tools for corrosion
testing, as evidenced by their successful operation over many
years during experiments such as the Molten Salt Reactor
Experiment and its predecessor, the Aircraft Reactor Experi-
ment. These experiments have provided important insights
into the behavior of molten salt systems and contributed to
the ongoing development of advanced nuclear technologies.

Molten chloride salts are important for use as heat trans-
fer fluids; however, research on their corrosion behavior is
limited compared to that of fluoride salts. Most studies have
involved short-term static tests, isothermal autoclave tests,
or accelerated electrochemical corrosion testing, which do
not consider the thermal-gradient mass transport that
occurs in reality. Moreover, the reported corrosion rates of
chloride salts are considerably varied, making it difficult to
draw clear conclusions. To address this gap, a natural con-
vection chloride salt loop was designed, and corrosion stud-
ies were conducted with the loop. The findings from this
study can elucidate the corrosion behavior of candidate
structural materials for molten salt reactors in chloride salts
and provide guidance for selecting alloys applicable to
chloride-based molten salt reactors.

2. Experimental

2.1. Salt and Sample Preparation. A molten salt mixture con-
sisting of NaCl-MgCl2 (57–43mol%) was prepared from
commercially available NaCl (99.5%, 1 kg, Junsei) and
MgCl2 (anhydrous 99%, 1 kg, Alfa Aesar). A total of 8.5 kg
salt (3.8 kg NaCl and 4.7 kg MgCl2) was injected into the salt
preparation tank. To remove the remaining moisture in the
salt, the salt mixture in the salt preparation tank was dried
at 117, 185, 242, 304, 350, and 554°C [20, 21]. The following
seven reactions occurred at different temperatures:

117°C MgCl2 ∗ 6H2O➔MgCl2 ∗ 4H2O + 2H2O

185°C MgCl2 ∗ 4H2O➔MgCl2 ∗ 2H2O + 2H2O

242°C MgCl2 ∗ 2H2O➔MgCl2 ∗H2O +H2O

304°C MgCl2 ∗H2O➔MgCl2 + H2O

182°C MgCl2 ∗ 2H2O➔MgOHCl + HCl + H2O partial hydrolysis

350°C MgCl2 ∗H2O➔MgOHCl + HCl complete hydrolysis

554°C MgOHCl➔MgO +HCl
1

Although MgCl2 is anhydrous, it can exist as a hydrate
owing to various possibilities. Complex reactions such as
those described above can be used to dehydrate MgCl2.
However, at 182 and 350°C, MgCl2 reacts with H2O to pro-

duce HCl, and at 554°C, MgOHCl decomposes to produce
HCl. Therefore, a large amount of HCl is released during the
preparation of the NaCl-MgCl2 salt. If HCl is not removed,
it can corrode the equipment used in the experiments and
the natural circulation loops of molten salts. Therefore, a neu-
tralization device is necessary for HCl removal. Accordingly,
an acid-resistant vacuum pump was installed in the salt pre-
treatment device to create vacuum, and HCl was discharged
into the atmosphere using a scrubber.

During the entire drying process, a vacuum of 0.1MPa
was maintained to remove HCl and moisture from the salt.
Figure 1 illustrates the system used for removing moisture
from the salt. The Ar-filled glovebox for the salt pretreat-
ment system was controlled with O2 and H2O under
1 ppm to prevent moisture from coming into contact with
the salts at any stage. The salt was analyzed using inductively
coupled plasma optical emission spectrometry (ICP-OES) at
Chungbuk National University, and the results are shown in
Table 1. Owing to the absence of a reliable technique for
quantifying the moisture content, only the presence of
metallic impurities has been reported.

Three alloys were used in this study: SS304, SS316L, and
a high-Ni alloy. The alloy compositions are listed in Table 2.
The composition was measured using a spark optical emission
spectrometer (Spark-OES) at the Korea Institute of Materials
Science. For each alloy, 12 samples (10mm × 15mm × 1mm)
were prepared for the corrosion experiment in a natural con-
vection loop and arranged in pure Ni wire. Two Ni wires were
prepared using 18 samples of SS304, SS316L, and a high-Ni
alloy for the hot and cold legs of the natural convection loop,
as shown in Figure 2. These two wires were suspended in the
vertical portions of the loop: one in the hot leg and the other
in the cold leg.

2.2. Molten Salt Loop Construction. To simulate the molten
salt reactor environment, a high-temperature natural con-
vection loop was designed and constructed. A pretreatment
tank, salt reservoir, and drain tank were installed for the nat-
ural convection loop with a 25.4mm (1 inch) SS316L tube.
Figure 3 shows a schematic of the natural convection loop
and locations where the temperature of the salt was mea-
sured during the experiment (T1–T6). Six thermocouples
were placed in the loop: three in the hot leg and the remain-
ing three in the cold leg.

Figure 4 shows the complete system with a heater-
covered tube and tanks. Table 3 lists the name and power
of each heater installed in the natural convection loop. Each
tank has its own heater, and the total power of the loop is
6.03 kW. The target fuel salt for the molten salt reactor is a
high-assay low-enriched uranium-based NaCl-MgCl2 salt;
however, only NaCl-MgCl2 salt was used in this study.

2.3. Loop Operation for Corrosion Test. The prepared chlo-
ride salt remained in the pretreatment tank and was con-
nected directly to the natural convection loop.
Subsequently, the two sample chains with corrosion cou-
pons, comprising candidate structural materials (SS304,
SS316L, and high-Ni alloy) for the molten chloride salt reac-
tor, were introduced into each leg of the loop. To fill the
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entire natural convection loop with salt, all the heaters
installed in the loop were switched on. The heater and salt
temperatures for the melting process, stabilization, and nor-
mal operation are presented in Figures 5 and 6, respectively.
The mixture was melted for 8 h (Figure 6). The measured
temperatures of T1–T6 increased step-by-step, and when
T6 reached the melting point of the NaCl-MgCl2 eutectic
(460°C), the temperatures of T1–T6 became equal, and the
eutectic molten salt began to be circulated. This point was
defined as the fully melted salt point. The subsequent stage
was the stabilization phase, which continued for approxi-
mately 4 h. All heaters, except the hot leg heater, were
switched off during this phase; the natural circulation loop
was operated using only the output of the hot leg. The tem-
perature of the hot leg was set at 950°C (Figure 5). After 5 h,
the natural circulation loop was operated under normal con-
ditions. In summary, the salt mixture after pretreatment are
in the pretreatment tank as solid state, and to transfer the
molten salt from the pretreatment tank to the salt reservoir
and loop, the temperatures of the loop and salt reservoir
are raised using heaters to the melting point of the molten

salt. Subsequently, the temperature of the pretreatment tank
is also elevated to above the melting point, ensuring that the
molten salt in the pretreatment tank fills up from the bottom
of the loop due to gravity. This process is designated as the
stabilization phase. Following this phase, operation solely
relies on the heaters in the hot leg, which is considered the
normal condition.

Figure 6(b) shows an enlarged image of the temperature
data from the stabilization to the normal operation phase.
The actual starting point of the experiment is indicated by
a red arrow, and the operation proceeded for 500 h from
the starting point. The highest temperature of T6 in the
hot leg was approximately 580°C, and the lowest tempera-
ture of T1 in the cold leg was approximately 500°C during
the entire period of operation. Each heater in the molten salt
natural convection loop was equipped with its own current
sensor to calculate the molten salt flow rate based on the
heating power supplied to the hot and cold legs of the mol-
ten salt natural convection loop. During the experiment, a
vacuum pump connected to a fill pot was operated to main-
tain a vacuum below 5mTorr. After 500 h of corrosion, the
salt was drained from the loop into the drain tank for ICP-
OES, and metal dissolution from the structural materials
into the salt was investigated.

Two sample chains were removed from the cold and hot
legs and cleaned with acetone, ethanol, and deionized water.
Thirty-six samples were separated from the sample chains,
and their weight changes before and after the corrosion
experiment were measured using a high-precision electronic
balance (MS105DU, Mettler Toledo). Eighteen of these
samples were mounted and polished for scanning electron

Pre-treatment
tank

300

�
11

4.
3

F

(a) (b)

Figure 1: The pretreatment system for molten salt to remove moisture in the salt. (a) A schematic for the pretreatment system. The
pretreatment tank for a natural convection loop can be installed in the system. (b) An image of the pretreatment system in Korea
Atomic Energy Research Institute (KAERI).

Table 1: The results of ICP analysis of the salt before and after the
corrosion experiment. Precorrosion sample is the salt from just
after pretreatment process with removing moisture (unit: ppm,
detection limit < 12 5 ppm).

Sample
Element

Na Mg Fe Cr Ni Mn

Precorrosion
152000 119600

300.5 33.8 N.D N.D

Postcorrosion 460.7 218 N.D 18.3
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microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) analyses using a Crossbeam 540 instrument (ZEISS).

3. Results and Discussion

3.1. Salt Composition and Weight Gain/Loss Analysis. Table 1
presents the results of the ICP-OES analysis of the salt before
and after the corrosion experiment. The concentrations of Fe
and Cr were 301 and 34ppm, respectively, before the experi-
ment, but they increased to 461 and 218ppm, respectively, after
the experiment. In addition, trace amounts of Mn were present
before the experiment, which increased to 18ppm thereafter.
Fe, Cr, and Mn are all elements of SS316L, SS304, and the

high-Ni alloy (Table 2), indicating that they were leached into
the salt during the corrosion experiment.

Figure 7 shows the weight changes of the samples before
and after the corrosion experiments. The red and blue dots
represent weight changes in samples from the hot and cold
legs, respectively. The squares, circles, and triangles indicate
the weight changes in the high-Ni alloy, SS304, and SS316L
samples, respectively. The weight loss of SS304 was the highest
under both the cold and hot leg conditions, indicating that the
corrosion behavior of SS304 in the molten salt was the least sat-
isfactory. The corrosion progressed in the following order:
SS304, SS316L, and high-Ni alloys. Notably, when the cold
and hot leg temperatures were similar (T2–T4 positions, T3–
T5 positions), the weight loss in the hot leg was slightly higher

Table 2: Chemical compositions of corrosion samples for this study (unit: wt.%).

Sample
Element

Ni Mo Cr Fe Si Mn W Cu Co C Al Ti

High-Ni alloy 70.57 15.83 8.05 4.96 0.20 0.53 0.28 0.011 0.041 0.01 0.25 0.20

SS316L 10.00 1.66 18.00 Bal. 0.75 2.00 — — — 0.08 — —

SS304 10.00 — 18.18 Bal. 0.57 1.75 — — — 0.051 — —

CH1 CH6 C46 C66C41 C61 … … … …

H1 H6 46 6641 61 … … … …

Figure 2: Two Ni wires with 36 samples of SS304, SS316L, and a high-Ni alloy. Samples with capital letter “C” are for the cold leg and
without are for the hot leg of natural convection loop.
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Salt
reservoir

T3

T2
2620 mm

H
ot

 le
g Cold leg

Drain
tank

500 mm

719 mm

Vacuum
pump

T1

T6

T5

T4

Figure 3: A schematic of a high-temperature molten salt natural convection loop in KAERI.
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than that in the cold leg, indicating mass transport in the natu-
ral circulation loop. Moreover, only the high-Ni alloy samples
installed in the cold leg demonstrated weight gain, indicating
that deposits may have accumulated on the high-Ni alloy sur-
face installed in the cold leg.

3.2. Microstructural Analysis. Eighteen samples, consisting
of three samples each of SS304, SS316L, and high-Ni alloy
from both the cold and hot legs, were analyzed for their
microstructure. Each sample was cleaned in DI water at
30°C for more than 30min to remove any residual salt and
then mounted and polished. SEM and EDS analyses were
subsequently performed.

Figure 8 shows the SEM analysis results for the hot leg
samples. The data in Figure 8(a) represents the analysis
results of the high-Ni alloy, SS304, and SS316L at the T6
position from left to right; Figures 8(b) and 8(c) represent

the data at the T5 and T4 positions, respectively. The SEM
analysis results also showed damage attributed to the corro-
sion of the SS304 material, similar to the results in Figure 7,
and this was also evident in the roughness of the surface.
Particularly, in the highest temperature data of Figure 8(a),
SS304 exhibited corrosion exceeding 40μm. However, in
the lowest temperature data of Figure 8(c), corrosion was
scarcely observed in the Ni alloy and SS316L in the hot leg.

Figure 9 shows the SEM analysis results of the cold leg
samples. The data in Figure 9(a) from the left represent the
analysis results of the high-Ni alloy, SS304, and SS316L at
the T3 position, and Figures 9(b) and 9(c) represent the data

Pre-treatment tank

Top line

Salt reservoir

Hot leg

Bottom line

Vacuum pump Drain tank

Cold bottom leg

Cold upper leg

Cold leg top line

Fan (gas out)

Figure 4: An image of natural convection loop in KAERI.

Table 3: The names and powers of each heater installed in the
natural convection loop.

Heater name Power (kW)

Pretreatment tank 1.8

Top line 0.3

Salt reservoir 1.1

Hot leg 1.4

Cold leg top line 0.3

Cold upper leg 0.37

Cold bottom leg 0.46

Bottom line 0.3

Sum 6.03
0
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Figure 5: The heater temperature during melting, stabilization, and
normal operation of the natural convection loop.
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at the T2 and T1 positions, respectively. Similar to the results
shown in Figure 7, the damage due to the corrosion of the
SS304 matrix was most prominent in the SEM analysis
results of the cold leg samples. However, in contrast to the
results for the hot leg samples, in the highest temperature
data of the cold leg, SS304 exhibited corrosion of approxi-
mately 10μm. In addition, a unique phenomenon was
observed in the microstructure of the high-Ni alloy, wherein
weight gain was detected. A deposit was observed between

the wavy surfaces, only in CH3 and CH5 of the high-Ni
alloy. EDS analysis was performed to analyze the composi-
tion of this deposit (Figure 10).

Figure 10(a) shows the EDS mapping results of the CH3
sample. The flat surface corresponds to the high-Ni alloy
matrix, on which deposits of Ni, Fe, Mg, and O were
detected. Ni and Fe are presumed to have originated from
the structural material and pipes and then adhered to the
surface. Mg and O are considered to be traces of MgO pres-
ent in the NaCl-MgCl2 eutectic salt that was used in the pre-
treatment, and these traces subsequently adhered to the
matrix surface. Figure 10(b) shows the EDS line scan results
for the CH3 sample. EDS analysis revealed a deposit on the
sample surface with high Fe and low Cr contents.

3.3. Corrosion in Flowing Molten Salt. To calculate the flow
rate of the molten salt in the natural circulation loop, the
amount of heat supplied to the hot leg and that lost from the
cold leg must be determined. In this study, a natural circula-
tion loop of molten salt was designed, and experiments were
conducted with power meters installed on each heater to mea-
sure the amount of current applied to the heaters. Figure 6
shows that the molten salt was maintained at a constant tem-
perature in both the hot and cold legs during normal opera-
tion. The power supplied to the hot leg heater during normal
operation was 1.386kW, which was obtained by multiplying
the voltage applied to the 220V heater with the current mea-
sured from the 6.3A heater. During normal operation, because
the heat supplied to the hot leg and that lost from the cold leg
attained equilibrium, a total energy of 1.386kW was supplied
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Figure 6: The salt temperature during melting, stabilization, and normal operation of the natural convection loop. (a) The salt temperature
up to first 20 h from the heater on. (b) An enlarged view between stabilization and normal operation. The experimental start time was
defined as the moment when the temperature of T6 begins to rise from its lowest point.
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to the hot leg and lost from the cold leg. This could be attrib-
uted to the loss of heat from the top to the bottom of the cold
leg owing to the flow of molten salt, and the temperature dif-
ference between the two points was 73.2°C.

In Equation (2), Q is calculated to be 1.386 kW, and Cp is
the specific heat capacity of the NaCl-MgCl2 eutectic salt,
which is 0.858 J/gK. The density of the eutectic salt is
2.23 g/cm3; therefore, using Equation (2), the flow rate of
the molten salt in a natural circulation loop with a 1-inch
outer diameter can be calculated as 2.48 cm/s (Table 4).

Q = CpmΔT 2

According to the data presented in Figures 8 and 9, only the
samples fabricated from high-Ni alloys had a visible layer
deposited on their surfaces in the cold leg of the loop. This
was observed in the CH3 and CH5 samples, which were
exposed to lower temperatures. In addition, Figure 7 shows that
only the high-Ni alloys in the cold leg and two samples in the
colder part of the hot leg gained mass, suggesting that a mixed
mode of corrosion occurred in the corroded samples, accompa-
nied by the formation of a deposit. As demonstrated by the EDS
analysis results (Figure 10), the deposit appears to be rich in
MgO, Fe, and Ni. MgO is presumed to be the product of the
purification of MgCl2. A similar phenomenon has been
observed in previous studies, suggesting that MgO is formed

H1 41 61

(a)

H3 43 63

(b)

H5 45 65

(c)

Figure 8: The SEM analysis results of hot leg samples. (a) SEM images of corroded samples at the T6 position, (b) at the T5 position, (c) at
the T4 position.

CH1 C41 C61

(a)

CH3 C43 C63

(b)

CH5 C45 C65

(c)

Figure 9: The SEM analysis results of cold leg samples. (a) SEM images of corroded samples at the T3 position, (b) at the T2 position, (c) at
the T1 position.
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during the purification process and subsequently adsorbed onto
the metal surface [29]. In contrast, Ni and Fe are considered to
have been leached from the loop piping and sample, subse-
quently floating within themolten salt, and being deposited onto
the low-temperature region of the sample. This observation fur-
ther indicates the occurrence of mass transport within the loop.

Furthermore, to calculate the corrosion rate of each can-
didate structural material in the natural circulation loop
environment, Equation (3) was employed to determine the
corrosion rate for each material.

Corrosion rate μm/year = 365 ∙10000 Δm
ρ

∙S∙T , 3

where Δm is the weight change (g), ρ is the density of the
sample (g/cm3), S is the surface area of the sample (cm2),
and T is the total corrosion time (d) [30].

Figure 11 presents the annual corrosion rate data for
each candidate material tested in the natural circulation
loop. The blue and red data points correspond to the
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Figure 10: (a) The EDS mapping analysis of the CH3 sample. (b) The EDS line scan results for the CH3 sample.

Table 4: The properties of NaCl-MgCl2 eutectic salt in this study.

Total weight 8.5 kg

Heat capacity 0.858 J/K

Density 2.23 g/cm3

Melting point 460°C
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Figure 11: Annual corrosion rate data for each candidate material
tested in the natural convection loop.
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corrosion rates of the cold and hot leg specimens, respec-
tively. The square, circular, and triangular markers indicate
the corrosion rate data for the high-Ni alloys SS304 and
SS316L, respectively. Positive corrosion rates were observed
only in the high-Ni alloy specimens in the cold leg, and
the corrosion performance of SS316L was the most unfavor-
able. Under the same temperature conditions, the corrosion
rate in the hot leg experiments was higher than that in the
cold leg experiments, providing further evidence for mass
transport in the natural convection loop.

3.4. Discussion. In this study, corrosion experiments on chlo-
ride salts, which have limited data available thus far, were
conducted using a natural convection loop. Consistent with
findings reported by Raiman et al. [17], corrosion was
observed in stainless steel and high-Ni alloy when exposed
to chloride salts, similar to fluoride salts. This resulted in
the formation of a chromium depletion region within the
metal matrix and an increase in the concentrations of Cr
and Fe within the salt. However, due to a lack of diverse cor-
rosion experimental results specifically on chloride salts and
certain assumptions made in the calculation of salt flow
within the natural convection loop (such as neglecting heat
loss from the heater and assuming all heat loss occurs in
the cold leg), future research is aimed at obtaining corrosion
results applicable to practical molten salt reactors by com-
paring them with corrosion experiments in microsize loops
(approximately 30 cm in height) and static cells using chlo-
ride salts.

The findings of this study can be summarized into two
main points. Firstly, the corrosion resistance was found to
be superior in the order high-Ni alloy, SS316L, and SS304,
when exposed to NaCl-MgCl2 molten salt. Secondly, the cor-
rosion product was observed to migrate along the molten
salt within the natural convection loop and deposit onto
the high-Ni alloy surface in the cold leg.

Corrosion caused by molten salt fuel is primarily driven
by several factors. One critical factor is that the typical cor-
rosion resistance mechanism in metals, where protective
oxide or other layers form, does not apply to molten salts
because they can effectively dissolve these protective layers.
So, corrosion in this context is fundamentally determined
by thermodynamics. If the system’s thermodynamics allow
a component of the alloy to dissolve in the molten salt, it will
happen. The corrosion rate is then influenced by how
quickly the vulnerable metal can move to the exposed sur-
face of the alloy. The presence of cracks and pits significantly
accelerates this process, leading to rapid corrosion, especially
at the boundaries between alloy grains.

Three different alloys, SS304, SS316L, and high-Ni alloy,
were immersed in the eutectic NaCl-MgCl2 salts after purifi-
cation. The annual corrosion rate of SS304 was 9 times larger
than that of high-Ni alloy and 5 times larger than that of
SS316L, at hot leg temperature, 580°C. In spite of rigorous
efforts to minimize the presence of water and oxygen impu-
rities during the experimental procedure, the inherent
hygroscopic nature of MgCl2 introduces a significant chal-
lenge in achieving complete desiccation of residual moisture
within the NaCl-MgCl2 salt matrix. Even marginal quanti-

ties of water and oxygen within the corrosion milieu are
prone to engage in intricate chemical interactions with the
salt matrix, leading to the generation of HCl and Cl2 gas.
This resultant chemical activity imparts an accelerated impe-
tus to the corrosion kinetics.

The Ni, Cr, and Fe found in the SS304 alloy have a ten-
dency to undergo chemical reactions with HCl and Cl2 gas.
These reactions lead to the creation of specific metal chloride
compounds, as shown in reactions (2)–(5). These reactions
play a key role in causing high-temperature chlorination-
induced corrosion [1, 17, 31–33].

Cr + 2HCl g = CrCl2 + H2 g 4

Fe + Cl2 g = FeCl2 5

Ni + Cl2 g = NiCl2 6

Cr + Cl2 g = CrCl2 7

Based on Gibbs free energy calculations of the reaction
formula, the order of reaction rates for the primary elements
in the SS304 alloy when exposed to NaCl-MgCl2 salt follows
Cr>Fe>Ni. This implies that Cr experiences a higher rate
of attack compared to Fe and Ni, making it the element most
susceptible to corrosion [1, 18]. When comparing the com-
positions of three alloys, it can be observed that SS316L
and SS304 have higher Cr concentrations compared to
high-Ni alloy. Furthermore, as both SS316L and SS304 are
Fe-based alloys, their corrosion resistance in molten salt
environments is considered lower than that of high-Ni alloy.

The corrosion products were only detected on the sur-
face of two high-Ni alloys at the cold section, while not at
the hot one as shown in Figure 10. The presence of deposits
on the interior surfaces of piping or corrosion specimens in
the cold leg of a molten salt natural circulation loop has been
observed in fluoride-based molten salt experiments such as
the Molten Salt Reactor Experiment and in several preceding
studies [18, 33]. However, such observations have not yet
been confirmed in chloride-based molten salts, and it is
important to fully understand the deposit formation mecha-
nism because migration and deposition of the metal would
be a significant problem and would be expected to lead to
deposition on the coolest surfaces which would be in the
heat exchanger.

The reason for deposition occurring only in the cold leg
in corrosion experiments can be explained by various fac-
tors. This phenomenon is attributed to the characteristics
of the molten salt and the thermal conditions of the system.
The cold leg section is characterized by relatively lower tem-
peratures within the system. As a result, the cooling rate of
the molten salt increases, potentially leading to a reduction
in the chemical reaction rates within the molten salt. These
conditions can facilitate the formation of deposits. Also,
the rapid cooling in the cold leg can induce alterations in
the thermodynamic properties of the molten salt. This can
affect the chemical equilibria within the molten salt and have
an impact on deposit formation. Figures 9 and 10 show that
the deposited layer on the high-Ni alloy at the cold leg were
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rich in Ni, Fe, Mg, and O. Only three high-Ni alloy samples at
the cold leg gained mass as shown in Figure 7. This finding is
quite unexpected, as most prior research in this field has pri-
marily focused on studying the transport of chromium (Cr)
in molten salts. Furthermore, our work, as shown in
Figures 7 and 10, indicates that Cr is the alloy component
most significantly depleted by exposure to the salt. This can
be also confirmed by the results of ICP analysis of the salt after
the corrosion experiment, as shown in Table 1, and this also
implies that metal cations diffused from the metal to the salt.

The natural convection loop observation at a single
temperature gradient provides insufficient data to elucidate
the observed Fe, Ni-rich, and Mg-rich deposits and neces-
sitates further investigation. Notably, similar deposits were
observed in alloy 600 thermal convection loop experiments
with Cl salts in previous study [34]. Figure 11 shows the
annual corrosion rate for each candidate material, and
only samples in the cold leg showed weight gain, which is
likely due to mass transport-induced deposition on the sam-
ple surface rather than loss due to corrosion. Additionally, no
Cr deposits were found, but only Ni and Fe deposits and
materials appear to be MgO from EDS analysis results. This
is similar to the results of the Molten Salt Reactor Experiment
research and other flowing loop experiments [12, 14, 18].
Despite these uncertainties from sample analysis, the present
results indicate that Ni alloy exhibits reasonable compatibil-
ity with NaCl-MgCl2 molten salt at 500 to 580°C, making it
a suitable candidate for further molten salt reactor-related
assessments. In future studies, we plan to evaluate the corro-
sion characteristics of other candidate structural materials
and the corrosion characteristics of candidate structural
materials in a natural convection loop with UCl3 fuel salt.
We will compare the data from these experiments with the
data from the current experiment.

4. Conclusion

Candidate materials were subjected to exposure in a NaCl-
MgCl2 eutectic salt for 500 h within a natural convection
loop, wherein the maximum nominal temperature reached
580°C. Throughout this experiment, the samples positioned
in the hot leg of the natural convection loop decreased in
mass, whereas the high-Ni alloy samples in the cold leg
increased in mass. Notably, deposits were observed on the
surfaces of the high-Ni alloy samples located on the cold
leg. Furthermore, the sample exposed to the highest temper-
ature of 580°C within the natural convection loop experi-
enced a greater mass loss than that of the samples in the
cold leg. The SS304 samples displayed the most adverse cor-
rosion characteristics. Examination of the corroded samples
revealed that Fe served as the principal constituent of the
alloy deposited within the cold leg, accompanied by MgO
deposits. Additionally, typical corrosion patterns character-
ized by the depletion of Cr near the surfaces were detected.
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