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Abstract

The next-generation Molten Salt Reactor (MSR) utilizes a liquid-fuel system, in
which fissile material is dissolved in high-temperature molten salts. This dual-
purpose medium acts as both fuel and primary coolant, offering exceptional
thermal stability and inherent safety features. However, MSR poses extreme
thermo-chemical challenges to structural materials due to the corrosive and ox-
idative nature of the high-temperature molten chloride salts. Consequently,
structural materials for MSR must exhibit outstanding corrosion and wear resis-
tance to ensure long-term reliability. Therefore, in this study, the corrosion and
wear resistance of a newly developed Nb-containing austenitic alloy (“New alloy”
) against conventional MSR-relevant materials (316SS, 304SS, and Hastelloy C-
276) were evaluated and compared. Static corrosion tests were performed at 800
°C in a NaCl-MgCl -KC1 (20-40-40 wt.%) salt mixture. Postcorrosion degrada-
tion was assessed via weight loss, surface roughness, cross-sectional SEM, and
elemental analysis using EDS and XRD. Scratch and two-body wear tests were
also conducted to evaluate mechanical performance. The New alloy exhibited
the lowest weight loss (0.057 mg/mm?), minimal surface roughness increase, and
no detectable leaching of Fe, Cr, or Ni into the molten salt. Post-corrosion hard-
ness increased from 250 HV to 310 HV, attributed to the formation of Ni-Nb
intermetallics and M C carbide precipitates, which served as protective phases.
Compared to 316SS, it showed over 90% lower wear and superior chemical stabil-
ity. These findings establish the New alloy as a robust, cost-effective structural
material for high-temperature MSR. environments, capable of resisting both cor-
rosive attack and mechanical degradation.
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Abstract

The next-generation Molten Salt Reactor (MSR) utilizes a liquid-fuel system, in
which fissile material is dissolved in high-temperature molten salts. This dual-
purpose medium acts as both fuel and primary coolant, offering exceptional
thermal stability and inherent safety features. However, MSR poses extreme
thermo-chemical challenges to structural materials due to the corrosive and
oxidative nature of the high-temperature molten chloride salts.

Consequently, structural materials for MSR, must exhibit outstanding corrosion
and wear resistance to ensure long-term reliability. Therefore, in this study, the
corrosion and wear resistance of a newly developed Nb-containing austenitic
alloy ( “New alloy” ) were evaluated and compared against conventional MSR-
relevant materials (316SS, 304SS, and Hastelloy C-276). Static corrosion tests
were performed at 800°C in a NaCl-MgCl -KCl (20-40-40 wt.%) salt mixture.
Post-corrosion degradation was assessed via weight loss, surface roughness, cross-
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sectional SEM, and elemental analysis using EDS and XRD. Scratch and two-
body wear tests were also conducted to evaluate mechanical performance. The
New alloy exhibited the lowest weight loss (0.057 mg/mm?), minimal surface
roughness increase, and no detectable leaching of Fe, Cr, or Ni into the molten
salt. Post-corrosion hardness increased from 250 HV to 310 HV, attributed to
the formation of Ni-Nb intermetallics and M C carbide precipitates, which
served as protective phases. Compared to 316SS, it showed over 90% lower
wear and superior chemical stability. These findings establish the New alloy as
a robust, cost-effective structural material for high-temperature MSR environ-
ments, capable of resisting both corrosive attack and mechanical degradation.

Keywords: Molten salt; Corrosion; Stainless Steel; Wear; Material Life; MSR;
2-body abrasion; 3-body abrasion

1. Introduction

The Molten Salt Reactor (MSR) has emerged as a prominent candidate among
Generation IV nuclear systems, primarily due to its distinctive liquid-fuel ar-
chitecture and intrinsic safety features. Unlike conventional pressurized water
reactors (PWRs) that rely on solid nuclear fuel and high-pressure water coolant
loops, MSRs employ fissile material dissolved directly in high-temperature
molten salt, thereby integrating fuel and coolant within a single phase. This
configuration offers several advantages, including elevated thermal efficiency,
strong negative temperature coefficient of reactivity, and the elimination of
pressurization infrastructure, which collectively contribute to a simplified
reactor design and enhanced passive safety performance [?]. Moreover, MSR
has garnered increasing international attention owing to its potential to achieve
superior fuel utilization, significantly mitigate the generation of long-lived
transuranic waste, and incorporate thorium-based fuel cycles with low pro-
liferation risks. These attributes collectively position MSR as a strategically
advantageous platform for sustainable and secure nuclear energy, prompting
widespread research initiatives and development programs globally [?].

Despite these thermodynamic and operational advantages, the widespread de-
ployment of MSR is constrained by unresolved technical and material science
challenges. Among these, the most pressing issue lies in the identification and
long-term qualification of structural materials capable of withstanding the ag-
gressive thermo-chemical environment of molten salts at elevated temperatures.
Chloride-based molten salt systems, such as eutectic mixtures of NaCl-MgCl -
KCl, typically operate at temperatures exceeding 800 °C and exhibit high ionic
activity and chemical reactivity, which promote accelerated degradation mech-
anisms in metallic components [?]. Such environments facilitate severe corro-
sion phenomena ranging from uniform dissolution to localized pitting and grain
boundary attack, compromising the integrity of reactor internals. If left unmiti-
gated, this degradation may lead to the premature failure of structural elements,
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ultimately threatening the safety and operability of the system [?, ?]. As such,
achieving sustained chemical and mechanical stability of structural materials in
high-temperature molten salt environments remains a pivotal prerequisite for
the safe, economical, and long-term operation of MSR systems.

Austenitic stainless steels such as 316SS and 304SS, along with nickel-based su-
peralloys like Hastelloy C-276, have long been considered candidate structural
materials for MSR applications due to their established high-temperature perfor-
mance and corrosion resistance in conventional environments [?]. These alloys
each offer distinct advantages. The 316SS and 304SS alloys, composed primarily
of iron (Fe), chromium (Cr), and nickel (Ni), offer good corrosion resistance but
are limited at elevated temperatures [?, ?]. While Hastelloy C-276, a nickel- and
molybdenum-rich (Ni, Mo) alloy, provides excellent corrosion resistance, albeit
at a significantly higher cost [?, ?].

However, the long-term viability of these conventional materials in chloride-
based molten salt environments, particularly at temperatures above 800 °C, re-
mains questionable. Under such extreme conditions, these alloys are prone to
aggressive corrosive attack, resulting in severe surface degradation, grain bound-
ary sensitization, and substantial mass loss. These effects are largely driven by
the selective leaching of critical alloying elements such as Fe, Cr, and Ni [?].
The resulting loss of mechanical integrity and dimensional stability raises seri-
ous concerns about their suitability for long-term service in MSR, systems.

To overcome these limitations, there is a pressing need to develop and evaluate
next-generation structural alloys with improved resistance to both corrosion and
wear under high-temperature molten salt conditions. This study addresses that
need by systematically investigating the corrosion behavior and post-corrosion
mechanical integrity of a newly developed Nb-containing austenitic alloy (here-
after referred to as the “New alloy” ). Its performance is benchmarked against
established MSR-relevant materials, including 316L SS, 304 SS, and Hastel-
loy C-276. Corrosion tests were conducted at 800°C in a ternary chloride
molten salt mixture composed of NaCl-MgCl-KCl (20-40-40 wt.%). Quanti-
tative degradation metrics—mass loss, surface roughness evolution, and cross-
sectional corrosion penetration—were used to assess the severity of corrosion.
These were complemented by microstructural and phase analyses using scan-
ning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
and X-ray diffraction (XRD).

The New alloy, engineered with Fe, Cr, Ni, and niobium (Nb), demonstrates su-
perior corrosion and wear resistance along with improved mechanical integrity
after exposure to corrosive environments, making it a promising candidate for
next-generation MSR systems. The enhanced performance of this Nb-containing
alloy stems from the strategic role of Nb as a key alloying element [?]. Nb
promotes grain refinement by pinning grain boundaries, thereby improving me-
chanical strength and creep resistance [?]. It also enhances oxidation resistance
by stabilizing protective oxide films, which limit outward diffusion of Fe and
reinforce corrosion protection [?, ?]. Furthermore, Nb facilitates the forma-
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tion of Nb-rich precipitates, particularly Nb(C, N) phases, which contribute to
improved wear resistance [?, ?]. Alloys in this class, such as HPNb, exhibit
excellent thermal stability and can tolerate service temperatures up to 1100 °C,
positioning them as strong candidates for advanced nuclear and energy applica-
tions [?].

To assess the structural implications of corrosion-induced degradation, high-
temperature tribological tests, including scratch wear and two-body abrasion,
were performed on corroded specimens. This integrated approach provides a
comprehensive understanding of the interaction between chemical degradation
and mechanical performance loss under MSR-representative conditions. Over-
all, the findings from this study provide valuable mechanistic insights into the
degradation behaviors of both conventional and advanced structural materials
in molten chloride environments. The superior performance of the New alloy un-
derscores its strong potential as a structural material for MSR systems. These
results also establish a comparative performance framework that can inform
future alloy development strategies aimed at improving long-term structural
reliability and operational safety in next-generation nuclear reactors.

2. Experimental Methods
2.1. Materials and Corrosion Test Procedure

For the molten salt corrosion experiments, four representative structural alloys
were selected: 316 stainless steel (316SS), 304 stainless steel (304SS), Hastelloy
C-276, and a newly developed niobium-alloyed austenitic steel (hereafter re-
ferred to as the “New alloy” ). Specimens were machined to dimensions compat-
ible with 100 mL quartz crucibles. Specifically, 316SS and 304SS were prepared
as rectangular coupons measuring 25 x 25 x 5 mm?, while Hastelloy C-276 was
fabricated into cylindrical samples with dimensions of ¥25 x 2 mm. Due to lim-
ited material availability, the New alloy was machined into smaller cylindrical
specimens of @10 x 2 mm. All specimen surfaces were mechanically polished
to achieve a uniform surface roughness of less than 0.06 nm, as verified using
a stylus profilometer (DektakXT, Bruker, Germany). Pre- and post-corrosion
mass measurements were carried out using a high-precision electronic balance
(Pioneer Excal PX123KR, OHAUS), and microhardness was measured using a
Vickers hardness tester (Mitutoyo 810-406K, Japan) under a 300 gf load.

The corrosion environment consisted of a eutectic molten salt mixture composed
of 20 wt.% NaCl, 40 wt.% MgCl , and 40 wt.% KCI. The polished specimens were
fully immersed in the molten salt contained in quartz crucibles and exposed to a
static environment in an electric furnace (JMF17-4.6UP) maintained at 800 °C
for 24 hours. After heat exposure, the specimens were furnace-cooled to ambient
temperature, as shown in Fig. 1 [Figure 1: see original paper]. Following cooling,
loosely adhered salt residues were gently removed using soft-tipped tweezers
to avoid surface damage. Strongly adhered corrosion products were cleaned
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in accordance with ASTM G1-03 (Sections C.6.1 and C.7.1) (ASTM, 2025).
Subsequently, the specimens were dried at 60 °C for 30 minutes in a laboratory
oven (OF4-05SW, Lab Companion) and stored in a desiccator until further
analysis. Representative images of the specimens before and after corrosion,
along with the process of removing the corrosion product, are presented in Fig.
2 [Figure 2: see original paper].

2.2. Tribological Behaviors: Scratch Wear Test & Ball Wear Test

To quantitatively assess the degradation in mechanical performance following
high-temperature corrosion, tribological evaluations were conducted using both
scratch and two-body wear testing protocols. Scratch tests were performed
using a tungsten carbide stylus with a hemispherical tip radius of 20 m, and
two-body wear tests were carried out using an alumina oxide (Al O ) ball with
an 8 mm diameter (Duksan Pure Chemicals, Republic of Korea). All tests were
conducted using a reciprocating wear tester specifically designed and fabricated
in-house at Gachon University (Fig. 3 [Figure 3: see original paper]). Specimens
were rigidly mounted using four-directional clamping via custom 3D-printed jigs
to ensure consistent positioning and contact stability during testing.

For the two-body wear tests, a normal load of 2 kg was applied with recipro-
cating motion over a 7 mm stroke for a total duration of 10 minutes. Scratch
tests were performed under identical load and clamping conditions. However,
the reciprocating motion was limited to 10 cycles to avoid excessive scratch
penetration and unstable tip behavior (e.g., rattling or bouncing), which could
compromise measurement fidelity. To eliminate cross-contamination effects, the
wear tip was replaced between each test. All tribological measurements were
performed on both pre-corroded and post-corroded specimens under identical
test conditions. Wear debris generated during testing was removed using com-
pressed air. Post-test weight loss was determined using a high-resolution analyt-
ical balance (Pioneer Excal PX123KR, OHAUS), and surface wear depth was
quantified using a stylus profilometer (DektakXT, Bruker, Germany). Surface
wear morphologies were further characterized via optical microscopy and high-
resolution scanning electron microscopy (SEM) to evaluate damage modes and
wear mechanisms.

2.3. Chemical Analysis

To elucidate the underlying mechanisms responsible for the observed variations
in hardness and wear behavior before and after corrosion, comprehensive chem-
ical and structural analyses were conducted. These included surface and cross-
sectional compositional assessments via energy-dispersive X-ray spectroscopy
(EDS) and phase identification through X-ray diffraction (XRD). Elemental
mapping and line-scanning analyses were performed using a high-resolution field-
emission scanning electron microscope equipped with EDS capabilities (SU-8600,
Hitachi High-Tech). These analyses enabled the spatially resolved quantification
of elemental redistribution, with a particular focus on the leaching behavior of
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key alloying constituents (e.g., Fe, Cr, Ni) and the degree of oxygen ingress, in-
dicative of surface oxidation. Both EDS mapping and linear profiling techniques
were utilized to evaluate elemental gradients across corrosion interfaces [?, ?].

To complement the compositional analysis, XRD measurements were conducted
using the XRDynamic 500 diffractometer (Anton Paar, Austria) to determine
phase evolution and oxide formation resulting from molten salt exposure. The
analysis aimed to identify corrosion products, such as Fe O and Cr O , as well
as intermetallic and carbide precipitates (e.g., Nb-Ni phases and M C -type
carbides), using a scan range of 2 = 30° to 120° under standard high-resolution
conditions [?, ?]. The resulting EDS and XRD datasets were systematically
tabulated and visualized for each alloy, enabling direct comparative interpre-
tation. Correlating these findings with mechanical performance degradation
allowed for the identification of elemental depletion and oxide formation as pri-
mary contributors to the deterioration (or enhancement) of material durability
post-corrosion. These results provide mechanistic insights into the chemical
stability of structural alloys under high-temperature molten salt conditions.

3. Results and Discussion
3.1. Physical Changes

To quantify the physical degradation resulting from molten salt corrosion, weight
loss per unit volume and changes in surface roughness were systematically eval-
uated before and after exposure. These parameters were selected as primary
indicators due to their high sensitivity to corrosion-induced surface damage
and their capacity to distinguish degradation behaviors among the tested alloys.
Weight loss per unit volume served as a quantitative metric for material disso-
lution, while changes in surface roughness reflected the extent and morphology
of surface deterioration [?]. Additionally, SEM was used to qualitatively assess
surface wear patterns and microstructural alterations.

The pre-corrosion masses of 316SS, 304SS, Hastelloy C-276, and the New alloy
were 27.27¢g, 26.73 g, 23.03 ¢, and 2.63 g, respectively. After 24-hour exposure
to molten salt at 800 °C, the corresponding post-corrosion masses were reduced
to 23.98¢g, 24.59¢g, 22.55g, and 2.62 g, respectively, yielding total mass losses
of 12.06%, 8.00%, 2.08%, and 0.38%. When normalized to sample volume,
the weight loss per unit volume was calculated as follows: 0.97 mg/mm? for
316SS, 0.63mg/mm? for 304SS, 0.089 mg/mm? for C-276, and 0.057 mg/mm?
for the New alloy (Fig. 4 [Figure 4: see original paper]). These values indicate a
substantial difference in corrosion susceptibility, with the New alloy exhibiting
the lowest material loss.

Surface profilometry results further corroborated these trends. The average
surface roughness (Ra) of the samples before corrosion was 0.041 m (316SS),
0.033 m (304SS), 0.033 m (C-276), and 0.061 m (New alloy). After corrosion,

chinarxiv.org/items/chinaxiv-202508.00013 Machine Translation


https://chinarxiv.org/items/chinaxiv-202508.00013

ChinaRxiv [$X]

these values increased to 111.90 m, 36.07 m, 13.66 m, and 0.74 m, respectively.
The corresponding roughness amplification factors were approximately 2,729
times for 316SS, 1,093 times for 304SS, 414 times for C-276, and 12 times for
the New alloy. The pronounced increase in roughness observed in 316SS and
304SS is consistent with their higher weight loss, indicating extensive pitting and
surface destabilization. Conversely, the minor roughness changes observed in C-
276, especially in the New alloy, reinforce their superior resistance to chloride-
induced high-temperature corrosion (Fig.5 [Figure 5: see original paper]).

The surface morphology of the specimens before and after corrosion exposure
was examined using SEM (SU8600, Hitachi High-Tech, Japan). Before corrosion,
all four alloys exhibited uniformly polished surfaces with no visible signs of sur-
face degradation, aside from minor machining marks. In contrast, post-corrosion
SEM imaging revealed distinct corrosion morphologies depending on alloy type.
Both 316SS and 304SS exhibited widespread pitting corrosion, characterized
by numerous hemispherical cavities distributed across the surface, indicating a
high susceptibility to localized attack in molten chloride environments [?, ?].
Hastelloy C-276 displayed isolated pitting confined to discrete regions, with the
majority of the surface remaining structurally intact. In the case of the New
alloy, only mild discoloration or oxide-related surface staining was observed,
without any discernible pitting or localized structural deterioration. These ob-
servations suggest that the New alloy exhibited minimal surface damage under
the same test conditions (Fig. 6 [Figure 6: see original paper]).

Cross-sectional SEM analysis corroborated the surface findings by providing
quantitative insight into pit penetration depth and area. Using ImageJ software
for image-based analysis, the average corrosion-affected cross-sectional area per
unit length was measured as 166 mm?/mm for 316SS, 132 mm?/mm for 304SS,
18.5 mm?/mm for C-276, and only 0.05 mm?/mm for the New alloy. These val-
ues translate to approximately 3,320x, 2,640x, and 370x greater penetration
compared to the New alloy for 316SS, 304SS, and C-276, respectively (Fig.7
[Figure 7: see original paper]). The extremely low pit depth and minimal prop-
agation observed in the New alloy highlight its superior resistance to localized
corrosion phenomena. Collectively, these results affirm the alloy’ s robustness
against chloride-induced attack and its capability to effectively suppress pitting
initiation and growth under aggressive high-temperature molten salt exposure

(7.

3.2. Mechanical Properties

To evaluate the effect of high-temperature molten salt corrosion on the me-
chanical integrity of the tested materials, Vickers microhardness measurements
were conducted before and after corrosion exposure using a standardized 300 gf
load (Mitutoyo 810-406K, Japan). The comparative analysis of surface hardness
provided a direct indication of corrosion-induced strengthening or degradation
mechanisms.
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Before corrosion, the measured hardness values were 190 HV for 316SS, 269
HV for 304SS, 231 HV for C-276, and 250 HV for the New alloy. Following
24-hour exposure to molten NaCl-MgCl -KCl1 at 800 °C, the hardness of 316SS,
304SS, and C-276 decreased to 123HV, 197 HV, and 227 HV, respectively, cor-
responding to reductions of 35.3%, 26.8%, and 1.8%. These decreases suggest
that microstructural softening is likely due to the selective leaching of alloying
elements (e.g., Cr, Fe), localized pitting, or the breakdown of passive layers that
otherwise contribute to hardness retention.

In contrast, the New alloy exhibited a substantial increase in hardness from
250HV to 310HV (424.0%) after corrosion. This enhancement is attributed
to the in-situ formation of Nb-containing strengthening phases, such as Ni-
Nb intermetallics or M C carbides, and the stabilization of protective oxide
films under high-temperature conditions [?, ?, ?]. These microstructural mod-
ifications likely act synergistically to impede dislocation motion and reinforce
surface hardness [?, ?]. The distinct behavior of the New alloy highlights its su-
perior thermo-mechanical stability in corrosive molten salt environments (Fig. 8
[Figure 8: see original paper]).

3.3. Tribological Behaviors

To evaluate the degradation in mechanical properties and wear resistance result-
ing from high-temperature corrosion, both scratch and two-body reciprocating
wear tests were conducted on all specimens before and after exposure to molten
salt. Wear performance was assessed based on two quantitative metrics: maxi-
mum wear depth and total mass loss, enabling a direct comparison of tribological
degradation among the tested alloys.

In the scratch tests, all testing parameters were held constant across the speci-
mens, with the exception of test duration. The scratch tests were limited to 10
reciprocating cycles, while the two-body wear tests were conducted for 10 min-
utes. Before corrosion, maximum scratch depths were 55.8 m for 316SS, 49.3 m
for 304SS, 40.7 m for Hastelloy C-276, and 38.5 m for the New alloy (Fig.9a
[Figure 9: see original paper]). After corrosion, the wear depths increased sig-
nificantly to 526.6 m (316SS), 127.1 m (304SS), 66.2 m (C-276), and 41.1 m
(New alloy), as shown in Fig. 9b. These results correspond to relative increases
of approximately 9.4x, 2.6x, and 1.6x for 316SS, 304SS, and C-276, respec-
tively. In contrast, the New alloy exhibited only a minor increase of 1.07x,
indicating excellent retention of surface mechanical strength under aggressive,
high-temperature corrosive conditions.

In the two-body ball-on-flat wear tests, the 8 mm curvature of the contact ball
reduced localized contact pressure, resulting in shallower wear tracks across all
samples. Pre-corrosion wear depths were measured as 15.4 m (316SS), 11.6 m
(304SS), 10.4 m (C-276), and 5.2 m (New alloy) as shown in Fig. 9a. Following
corrosion, these values increased to 269.1 m, 69.3 m, 32.4 m, and 13.6 m, re-
spectively (Fig.9b). The wear depth increase ratios were approximately 17.5x
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for 316SS, 6.0x for 304SS, 3.1x for C-276, and 2.6x for the New alloy. The
New alloy demonstrated exceptional wear resistance under both test conditions,
maintaining structural stability and minimizing degradation after exposure to
molten salt corrosion. This confirms its suitability for durable MSR, structural
components that are resistant to corrosion and wear.

To further quantify wear-induced material loss, specimen masses were recorded
before and after each wear test. Under pre-corrosion conditions, all alloys exhib-
ited negligible mass loss, with changes too small to register beyond the fourth
decimal place, indicating minimal surface abrasion and no significant material
detachment. However, following exposure to high-temperature molten salt, sig-
nificant mass losses were recorded across all specimens, reflecting the weakening
of surface layers due to corrosion-induced degradation. In the post-corrosion
scratch wear tests, mass losses were measured as 2.371 mg for 316SS, 0.900 mg
for 304SS, 0.267 mg for C-276, and 0.133mg for the New alloy (Fig. 10a [Fig-
ure 10: see original paper]). These values highlight the degree of surface in-
stability caused by phenomena such as oxide spallation, localized pitting, and
selective leaching, which promote increased material removal during mechani-
cal contact. A similar trend was observed in the two-body wear tests, with
post-corrosion mass losses of 1.800 mg (316SS), 0.400 mg (304SS), 0.350 mg (C-
276), and 0.150 mg (New alloy), respectively (Fig. 10b). Notably, the New alloy
demonstrated over 90% lower mass loss compared to 316SS in both wear configu-
rations, underscoring its excellent resistance to wear even after high-temperature
corrosion.

These tribological findings, when considered alongside previously reported hard-
ness enhancements, confirm the severe degradation of 316SS in molten salt en-
vironments and highlight its unsuitability for long-term structural use in MSR
systems. In contrast, the New alloy maintained its surface integrity and dimen-
sional stability, reinforcing its suitability as a durable structural material for
advanced MSR, where both corrosion and wear resistance are critical.

To investigate the wear mechanisms responsible for the observed performance
trends, surface morphologies of all specimens were examined via scanning elec-
tron microscopy (SEM). In the pre-corrosion condition, all alloys exhibited typ-
ical plowing-type wear, characterized by furrowed grooves along the direction of
reciprocating motion and material pile-up along the ridges, indicative of ductile
abrasive wear (Fig. 11a [Figure 11: see original paper]). No subsurface damage
such as brinelling, cracking, or delamination was observed under these condi-
tions.

In contrast, post-corrosion SEM observations revealed markedly different wear
responses among the alloys. For 316SS and 304SS, extensive surface degra-
dation was evident, with the emergence of deep pitting, intergranular attack,
and widespread delamination. These features contributed to increased surface
roughness and irregular topography, with wear track widths exceeding 300 m.
Severe spalling phenomena, analogous to concrete flaking, were also observed,
indicating brittle failure of the corroded surface layers (Fig. 11b, ¢). This is in
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good agreement with the rapid increase in scratch depth from 55.8 m to 526.6
m for 316SS and from 49.3 m to 127.1 m for 304SS, as well as the correspond-
ing decrease in hardness (from 190 HV to 123 HV and from 269 HV to 197 HV,
respectively), indicating that mechanical softening and loss of surface elements
were confirmed.

In the case of C-276, only localized grain boundary corrosion was observed,
and the surface remained comparatively stable. Although minor spallation and
delamination were occasionally detected along the wear path, the overall wear
morphology remained closer to the pre-corrosion condition. The scratch depth
increased only moderately from 40.7 m to 66.2 m, while the hardness remained
nearly constant (231 HV — 227 HV), suggesting minimal mechanical degradation
and good retention of surface toughness.

However, the New alloy demonstrated exceptional surface and mechanical sta-
bility throughout the corrosion and wear process (Fig. 11b, ¢). Even after ex-
posure to high-temperature molten salt, only plowing-type wear was evident,
without any signs of pitting, cracking, or oxide delamination. The wear track
width remained limited to approximately 229 m, and the wear depth increased
only slightly (38.5 m —41.1 m). Furthermore, hardness increased from 250
HV to 310 HV post-corrosion, indicating thermally induced phase strengthen-
ing. These observations collectively underscore the alloy’ s superior resistance to
both corrosive degradation and wear damage, confirming its potential as a struc-
tural material for advanced reactor environments characterized by concurrent
thermal, chemical, and mechanical stresses.

In the two-body wear experiments, wear morphologies similar to those observed
in scratch tests were identified; however, distinct differences in wear mecha-
nisms emerged due to the altered contact conditions. The tests were conducted
using 8 mm-diameter alumina balls under reciprocating sliding for 10 minutes.
Under these conditions, abrasive cutting became the dominant wear mode, as
opposed to the localized ridging and material accumulation observed in scratch
tests. Consequently, wear depths were generally shallower; however, in samples
affected by pitting corrosion, both wear depth and width increased significantly
due to subsurface weakening and delamination along the wear tracks (Fig.12
[Figure 12: see original paper]).

For 316SS, the pre-corrosion maximum wear depth was 15.4 m, with a wear
track width of approximately 1.0 mm. Post-corrosion measurements revealed
dramatic increases in depth to 269.1 m and in width to approximately 1.4 mm,
representing increases of 17.5 times and 40%, respectively. These results are
attributed to surface discontinuities such as pitting corrosion, which act as stress
concentrators and significantly accelerate wear progression under mechanical
loading. Similarly, 304SS exhibited an increase in wear depth from 11.6 m
to 69.3 m and in width from ~0.9 mm to ~1.3 mm, corresponding to a 6.0-
fold depth increase and a 31% width expansion, reaffirming its susceptibility to
surface degradation under high-temperature molten salt exposure.
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In contrast, C-276 showed a modest increase in wear from 10.4 m to 32.4 m in
depth and from 0.8 mm to 1.1 mm in width, corresponding to increases of 3.1
times and 28%, respectively. The limited extent of grain boundary corrosion
observed in C-276 contributed to the preservation of its mechanical properties
and relatively stable tribological behavior under post-corrosion conditions.

The New alloy demonstrated the most stable performance. The pre-corrosion
wear depth and width were 5.2 m and 0.7 mm, respectively. After corrosion,
these values increased to 13.6 m and 0.9 mm. Despite the thermal and chemical
exposure, the alloy’s post-corrosion wear depth remained comparable to or better
than the pre-corrosion values of conventional alloys, and the width increase rate
was the lowest among all samples at ~22%. These results indicate that the New
alloy possesses excellent resistance to wear degradation under coupled corrosive
and mechanical stress conditions, further establishing its promise as a structural
material for next-generation high-temperature nuclear systems (Fig. 12).

To comprehensively evaluate the influence of corrosion-induced surface changes
on tribological characteristics, wear analysis of the counterpart ball was con-
ducted following two-body wear testing. Measurement of ball wear scar area
changes before and after corrosion revealed increases of 8.24% for 316SS, 11.35%
for 304SS, and 20.62% for Hastelloy C-276, while the New alloy exhibited a con-
trasting result with a 20.10% decrease (Fig. 13 [Figure 13: see original paper]).
The increased ball wear observed in conventional alloys is attributed to an in-
crease in surface roughness and the formation of surface undulations caused
by corrosion. These surface modifications increase instantaneous contact stress
compared to the New alloy, resulting in enhanced ball wear. Additionally, rel-
atively minimal corrosion damage, corrosion-weakened surfaces detach during
wear testing, forming additional debris that induces secondary wear.

In contrast, the New alloy demonstrated a distinctive result with a 20.10%
reduction in ball wear after corrosion exposure. This phenomenon is attributed
to the beneficial effects of strengthening phases (Ni-Nb intermetallic compounds
and M C carbides) formed on the surface, leading to surface hardening (250
HV — 310 HV). This surface hardening not only protects the alloy itself but
also maintains the surface in its pre-corrosion state, thereby reducing wear on
the counterpart through enhanced tribological compatibility.

The correlation between ball wear and surface roughness has a significant im-
pact on fluid flow efficiency in MSR applications. Materials that induce excessive
wear in counterparts inevitably cause increased surface roughness throughout
the system, which is particularly pronounced at sliding contact interfaces such
as pump components, valve seats, and heat exchanger tube supports. According
to the Darcy-Weisbach equation and Colebrook-White relationship, the friction
factor in turbulent flow is directly dependent on relative roughness ( /D). In-
creased surface roughness causes elevated friction factors, consequently resulting
in increased pressure losses and head losses. The increase in friction factor due
to surface roughness elevation leads to increased pumping power requirements,
thereby reducing overall system efficiency [?, ?]. Excessive ball wear observed
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in conventional alloys can cause problems, including increased pumping costs,
shortened component lifespan, and reduced system reliability. Conversely, the
New alloy’ s ability to reduce wear on its counterpart suggests self-improving
characteristics that can enhance long-term system efficiency.

3.4. Chemical Changes

To investigate compositional changes induced by high-temperature molten salt
corrosion, Energy Dispersive X-ray Spectroscopy (EDS) mapping was performed
on all samples, with a specific focus on Fe, Cr, Ni, and O as representative
indicators of corrosion progression and passive film behavior. Fe was tracked as
the principal matrix element in austenitic alloys, where its depletion indicates
dissolution under corrosive stress. Cr, a key component for passivation, was
monitored to evaluate the stability of the oxide film and its protective capability.
Ni, essential for corrosion resistance in nickel-based alloys, was used to assess
selective leaching, while O content served as an indicator for surface oxidation
and oxide film development.

In 316SS, severe elemental depletion was observed post-corrosion. Fe content de-
creased from 63.30 wt.% to 35.10 wt.% and Cr from 17.40 wt.% to 6.93 wt.%, rep-
resenting losses exceeding 50% in both cases. Meanwhile, Ni content remained
relatively stable (11.60 wt.% — 11.40 wt.%), suggesting selective leaching of Fe
and Cr. The oxygen content increased markedly from 0.00 wt.% to 17.70 wt.%,
indicating the formation of an extensive surface oxide layer. A similar trend was
observed in 304SS, where Fe and Cr decreased from 68.30 wt.% to 48.60 wt.%
and 18.30 wt.% to 12.80 wt.%, respectively, while O content rose to 11.30 wt.%.
These elemental losses correspond directly to mechanical degradation, as evi-
denced by significant reductions in hardness from 190 — 123 HV (316SS) and
269 — 197HV (304SS). This confirmed a strong correlation between chemical
instability and reduced mechanical integrity (Fig.14 [Figure 14: see original
paper], Fig. 15 [Figure 15: see original paper]).

Conversely, C-276 exhibited exceptional chemical stability. Elemental varia-
tions were minimal, with Fe (5.71 — 5.11wt.%), Cr (15.50 — 13.90 wt.%), and
Ni (55.00 — 53.50 wt.%) showing only slight changes. The oxygen content rose
modestly to 4.44 wt.%, consistent with limited surface oxidation. These min-
imal hardness changes (231 — 227HV) reaffirm the alloy’ s robustness under
corrosive and mechanical stress.

The New alloy demonstrated outstanding compositional preservation. Fe
remained essentially unchanged (62.30 — 62.80wt.%), and Cr decreased only
marginally (19.00 — 16.87wt.%). The oxygen content was measured at 6.97
wt.%, indicating a uniformly distributed oxide film without significant surface
transformation due to corrosion. Despite a slight Cr reduction, the alloy
retained high Fe stability, which, combined with an increase in hardness from
250 to 310 HV and a negligible change in wear depth, confirms the superior
corrosion and wear resistance of this alloy under molten salt conditions (Fig. 14,
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Fig.15). These findings highlight the critical role of Fe and Cr retention in
determining alloy performance in aggressive molten salt environments. Alloys
that minimize the selective leaching of these key elements are better able to
preserve both chemical stability and mechanical functionality. The New alloy,
in particular, demonstrated the most favorable combination of elemental reten-
tion, hardness improvement, and minimal wear damage, making it a compelling
candidate for structural applications in extreme service environments such as
next-generation molten salt reactors.

To assess elemental dissolution behavior and confirm the presence of corrosion-
derived oxides following high-temperature molten salt corrosion, compositional
analysis was performed on the solidified molten salt. This analysis enabled direct
evaluation of metallic element detachment and dissolution from alloy surfaces
during exposure to the molten salt environment. The experiment utilized a
ternary salt mixture composed of 20 wt.% NaCl, 40 wt.% MgCl, and 40 wt.%
KCIl. After cooling and solidification, the molten salt formed ochre- or yellow-
hued crystalline solids (Fig. 16 [Figure 16: see original paper]), reflecting the
chemical changes and the incorporation of corrosion products.

For 316SS, the solidified salt contained significant concentrations of Fe
(13.55wt.%) and Cr (10.02 wt.%), strongly indicating severe elemental leaching
into the salt medium. The high oxygen content (24.82 wt.%) further suggests
the formation of metal oxides, such as Fe O and Cr O , at the alloy-salt inter-
face. These findings corroborate previous SEM observations of extensive pitting
corrosion and surface degradation, confirming active dissolution pathways for
316SS in chloride-based molten salts. Similarly, 304SS exhibited pronounced
Fe dissolution (12.47wt.%) and moderately elevated O content (18.45wt.%).
Although Cr was detected at lower-than-expected levels, it is likely that
chromium dissolution occurred but was either heterogeneously distributed or
fell outside the localized detection zone of the EDS analysis. The compositional
trends remain consistent with previous observations of mechanical weakening
and oxide formation on the alloy surface.

In contrast, the salt used with Hastelloy C-276 exhibited minimal Fe (0.30 wt.%)
and Cr (0.16 wt.%) content, indicating substantially enhanced resistance to el-
emental leaching. However, traces of Ni were detected, suggesting that while
surface passivation was largely effective, minor corrosion activity could not be
entirely suppressed. These findings align with the modest degradation observed
in hardness and wear depth for C-276 (Fig. 16).

Remarkably, in the case of the New alloy, no detectable levels of Fe, Cr, or Ni
were present in the solidified salt. This suggests that elemental detachment and
diffusion into the molten salt were effectively suppressed, highlighting the excep-
tional corrosion resistance and interfacial stability of this alloy under extremely
high-temperature chloride conditions. The complete absence of leached metals
in the salt phase is consistent with the alloy’ s post-corrosion hardness enhance-
ment, minimal wear depth change, and the absence of surface pitting observed
through SEM and EDS analyses. A comparative visualization of elemental dis-

chinarxiv.org/items/chinaxiv-202508.00013 Machine Translation


https://chinarxiv.org/items/chinaxiv-202508.00013

ChinaRxiv [$X]

solution into the salt (Fig. 17 [Figure 17: see original paper]) clearly illustrates
the superior performance of the New alloy, showing negligible metal loss relative
to the significant dissolution observed for conventional stainless steels. These
findings further validate the alloy’ s potential as a next-generation structural
material capable of enduring aggressive molten salt environments with minimal
degradation in chemical and mechanical performance.

To quantitatively assess the depth-dependent distribution of key alloying ele-
ments following molten salt corrosion, EDS line scanning was conducted across
the cross-sections of the samples. Measurements were performed in the regions
exhibiting the most pronounced corrosion damage, as identified by SEM (Fig. 18
[Figure 18: see original paper]), to evaluate the elemental diffusion profile of Fe
and Cr and to determine the extent of surface element depletion. For 316SS,
the concentrations of Fe and Cr at the surface were significantly reduced, with
suppressed levels persisting to a depth of approximately 300 m. Beyond this
region, the elemental concentrations gradually returned to their bulk values,
indicating a clear penetration front of corrosion-driven dissolution. Although
Fe and Cr exhibited slightly different depth profiles, both elements experienced
substantial depletion near the surface, quantitatively corroborating the exten-
sive leaching of active species in the molten salt environment. Similarly, 304SS
exhibited a surface-depleted zone, but the affected depth was limited to approx-
imately 150 m, representing a relatively shallower corrosion penetration com-
pared to that of 316SS. This observation aligns with previous results on weight
loss, hardness degradation, and wear depth, indicating a moderately improved
corrosion resistance in 304SS under the same testing conditions.

In contrast, C-276 and the New alloy maintained stable Fe and Cr concentra-
tions across the entire scanned depth, from the surface to the interior. No
significant compositional gradients or element depletion zones were detected,
confirming minimal surface-element dissolution even after prolonged exposure
to high-temperature chloride-based molten salt. These findings are entirely
consistent with earlier EDS surface analysis and the absence of Fe, Cr, and Ni
elements in the post-corrosion molten salt. Overall, these cross-sectional compo-
sitional profiles provide direct quantitative evidence of corrosion-induced diffu-
sion behavior and degradation of surface integrity. Notably, the New alloy and
C-276 demonstrate exceptional stability against elemental leaching and inter-
nal diffusion, reinforcing their applicability as structural materials for advanced
molten salt reactors requiring long-term corrosion resistance and surface-interior
chemical integrity.

To elucidate the origin of the New alloy’ s superior corrosion resistance in high-
temperature molten salt environments, X-ray diffraction (XRD) analysis was
conducted using an Anton Paar XRDynamic 500 diffractometer. The objec-
tive was to identify intermetallic compounds and precipitated phases formed
during corrosion exposure and to assess their potential contributions to sur-
face passivation and mechanical reinforcement. Post-corrosion XRD patterns
for 316SS, 304SS, and C-276 revealed only weak reflections corresponding to
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complex carbides. No discernible peaks associated with the formation of stable
surface-protective metal oxides or intermetallic phases were observed. These
findings suggest that the traditional alloys lacked sufficient surface reconstruc-
tion mechanisms under aggressive chloride conditions, consistent with their ob-
served post-corrosion hardness reduction and degradation in wear resistance.

On the other hand, distinct intermetallic compounds and complex carbide pre-
cipitated phases were observed in the New alloy. Specifically, Ni-Nb intermetal-
lic compound peaks were detected at 2 = 83.2°, indicating that Nb may have
reacted with Ni to induce the formation of a protective film preferentially [?].
Additionally, M C complex carbide peaks of (Cr, Fe, W, Mo) Fe and (W,
Mo) C series were distinctly observed around 2 = 111.2° (Fig. 19 [Figure 19:
see original paper]). These precipitated phases are known to suppress diffusion
of surface metal elements in high-temperature environments and perform pro-
tective functions against wear and oxidation [?, ?]. The formation of Ni-Nb
intermetallics is particularly noteworthy, as this phase likely acts as a sacrificial
and stabilizing barrier layer, limiting the outward diffusion of active metallic el-
ements and suppressing surface degradation. Simultaneously, the stabilization
of M C carbides near the surface is believed to contribute significantly to the
observed hardness enhancement and structural integrity. These multiphase pro-
tective architectures provide synergistic defense mechanisms against corrosion
and wear, aligning with the minimal element dissolution, low weight loss, and
enhanced post-corrosion hardness (from 250HV to 310HV) of the New alloy.
Taken together, these XRD findings provide compelling evidence that the ex-
ceptional performance of the New alloy arises from its ability to form stable,
high-hardness protective surface phases that resist dissolution and mechanical
failure in extreme molten salt conditions.

4. Conclusions

This study conducted a comprehensive evaluation of corrosion, wear, and me-
chanical degradation behavior in a newly developed Nb-containing austenitic
alloy ( “New alloy” ) compared to conventional structural materials (316SS,
304SS, and Hastelloy C-276) under high-temperature molten salt conditions
representative of MSR operating environments. All samples were exposed to
a eutectic NaCl-MgCl -KCl1 salt mixture at 800°C for 24 hours, and degrada-
tion was systematically assessed through physical, mechanical, chemical, and
microstructural analyses.

e The New alloy demonstrated the lowest corrosion-induced weight loss per
unit volume (0.057 mg/mm?), significantly outperforming 316SS (0.97
mg/mm?), 304SS (0.63 mg/mm?), and C-276 (0.089 mg/mm?). Surface
roughness increased by only 12 times in the New alloy, compared to 2,729 x
in 316SS, 1,093x in 304SS, and 414x in C-276, confirming superior sur-
face stability. Cross-sectional SEM revealed that corrosion-affected areas
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in the New alloy were more than 3,000 times smaller than in 316SS. Pit-
ting corrosion was absent in the New alloy but severe in 316SS and 304SS,
and moderate in C-276.

o Post-corrosion Vickers microhardness measurements showed a 24% in-
crease in the New alloy (from 250 HV to 310 HV), in contrast to decreases
in 316SS (-35.3%), 304SS (-26.8%), and C-276 (-1.8%). This improve-
ment in the New alloy was attributed to thermally induced strengthening
via Ni-Nb intermetallic and M C carbide formation.

e In scratch wear tests, post-corrosion wear depths increased from 38.5 m
to 41.1 m in the New alloy (1.07x), while 316SS showed an increase from
55.8 mto 526.6 m (9.4x). Two-body ball wear tests showed similar trends:
wear depth increased modestly in the New alloy (5.2 m to 13.6 m, 2.6x),
whereas 316SS increased from 15.4 m to 269.1 m (17.5x). Wear mass
loss after corrosion was also lowest in the New alloy (0.133 mg in scratch
and 0.150mg in ball wear), over 90% lower than 316SS. SEM analysis
confirmed that the New alloy exhibited only mild plowing-type wear, with
no spalling or delamination, while severe cracking and oxide layer failure
were evident in 316SS and 304SS.

o EDS surface analysis revealed that Fe and Cr leaching was minimal in
the New alloy, unlike 316SS and 304SS, which showed more than 50%
depletion. Oxygen content increased moderately in the New alloy (to
6.97 wt.%), suggesting uniform oxide formation without destabilizing sur-
face layers. Importantly, post-test molten salt analysis showed no de-
tectable Fe, Cr, or Ni from the New alloy, indicating complete suppression
of elemental dissolution, unlike the high levels found in salts exposed to
316SS and 304SS. Cross-sectional EDS line scans further confirmed neg-
ligible elemental depletion and no measurable corrosion front in the New
alloy.

e XRD analysis revealed the formation of protective Ni-Nb intermetallics
(2 =83.2°) and M C carbides (2 = 111.2°) in the New alloy after cor-
rosion. These phases contributed to both the improved surface hardness
and resistance to oxide layer spallation. In contrast, no protective oxide
or carbide phases were observed in 316SS, 304SS, or C-276 under the same
conditions.

The results comprehensively demonstrate that the Nb-containing New alloy of-
fers the best overall resistance to corrosion, wear, and mechanical degradation
in high-temperature molten salt environments, while maintaining chemical in-
tegrity and forming beneficial surface phases. Compared to commercial alter-
natives, it not only outperformed 316SS and 304SS in all metrics but also ex-
ceeded the corrosion and wear performance of C-276, while potentially offering
greater economic viability due to lower alloying cost. These findings position the
New alloy as a strong candidate for MSR structural applications, particularly
for high-temperature pressure vessels and components exposed to aggressive
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