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Abstract: Refractory high-entropy alloys (RHEAs) have recently attracted widespread attention
due to their outstanding mechanical properties at elevated temperatures, making them appealing
for concentrating solar power and nuclear energy applications. Here, the corrosion behavior of
equimolar HfTaTiVZr and TaTiVWZr RHEAs was investigated in molten FLiNaK eutectic salt (LiF-
NaF-KF: 46.5−11.5−42 mol.%) at 650 ◦C. Potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS), and immersion test measurements were carried out for these two RHEAs and
compared with Inconel 718 (IN718) superalloy and SS316 stainless steel under identical test conditions.
Both TaTiVWZr and HfTaTiVZr refractory high-entropy alloys exhibited an order of magnitude lower
corrosion rate than SS316. IN718 and TaTiVWZr showed similar corrosion rates. Corrosion products
enriched with noble alloying elements formed in the case of TaTiVWZr and IN718 were stable and
protective on the substrate. SS316 showed the lowest corrosion resistance and void formation along
the exposed surface due to the active dissolution of Cr and Fe, which provided diffusion paths for
the corroded species. The surface analysis results showed that IN718 underwent pitting corrosion,
while TaTiVWZr experienced selective dissolution in the inter-dendritic area. In contrast, HfTaTiVZr
and SS316 experienced corrosion at the grain boundaries.

Keywords: molten salt corrosion; high-entropy alloys; refractory metals; fluoride salts; nuclear reactors

1. Introduction

Molten salts were initially considered suitable for nuclear energy production due
to their advantageous physical and chemical properties, such as excellent heat transfer
capabilities, resistance to radiation, and high boiling point. [1–3]. Additionally, it was dis-
covered that molten salts could be utilized in various settings, including high-temperature
heat transfer, as core coolants for solid fuels, or as liquid fuels in Molten Salt Reactors
(MSRs) [4–6]. The appeal and advantages of MSR are discussed in the Generation IV
International Forum [7]. The use of molten fluoride salts as a heat transfer media is of
great interest because of their excellent thermo-physical properties and stability at high
temperatures [8–10]. Molten fluoride salts are used as heat transfer media because of
their exceptional characteristics, such as high heat capacity, low viscosity, high thermal
conductivity, low melting point, high boiling point, and chemical inertness [11,12].

The use of molten salt technology as a working fluid necessitates the use of high-
temperature corrosion-resistant materials to ensure uninterrupted long-term use, an issue
that has been of concern for many years. Studies of high-temperature corrosion began
as early as the 1940s for applications such as gas turbines, boilers, and industrial water
treatment systems. Additionally, with growing interest in the nuclear industry, Oak Ridge
National Laboratory (ORNL-USA) conducted a comprehensive study on material compati-
bility and corrosion behavior in molten salts during the 1950s to 1970s [13–15]. Similarly, the
National Aeronautics and Space Administration (NASA) examined the corrosion character-
istics of various alloys in fluoride salts for use in thermal storage applications [16]. Since
then, there has been a persistent increase in corrosion studies in molten salts reported in
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various conditions and types of salts. Several challenges are associated with the structural
materials used in molten salts-based reactors due to the highly corrosive nature of molten
salts at high temperatures [17,18]. Unlike the protective oxides formed on the surface of
alloys in an oxygen-containing environment, corrosion products formed in the molten-
salt environment are unstable and dissolve easily [19,20]. A study by NASA determined
that in molten salts, the active alloying elements are prone to selective dissolution [3,16].
Nickel-based alloys typically show the best corrosion resistance in molten fluoride salts
(FLiBe, FLiNaK) compared to other structural materials and are thus widely used in MSR
applications [21–23]. However, nickel-based alloys and stainless steels have been shown to
undergo intergranular corrosion with the diffusion of Cr and Fe along grain boundaries to
form soluble metallic fluorides in the MSR environment [23–26].

Refractory high-entropy alloys (RHEAs) with multiple principal elements have been
recently proposed as promising candidates for high-temperature applications with en-
hanced mechanical, irradiation, and oxidation resistance [27]. RHEAs offer a potentially
disruptive and transformative material solution for high-temperature applications beyond
nickel-based superalloy as the next generation of high-temperature materials [25,28,29].
RHEAs have gained increasing attention because of their high-temperature strength and
corrosion resistance, in some cases surpassing the performance of commercial superalloys
such as Haynes 230 and Inconel 718 [30–33]. We have recently reported the exceptional
ability of two RHEAs (HfTaTiVZr and TaTiVWZr) to resist corrosion in a high-temperature
environment containing molten chloride salt [34]. In this study, we investigated the cor-
rosion behavior of the same alloys in molten FLiNaK salt at 650 ◦C to determine their
suitability for use in nuclear systems. Potentiodynamic polarization and immersion tests
were combined with Electrochemical Impedance Spectroscopy (EIS) studies to investi-
gate the electrochemical behavior of HfTaTiVZr and TaTiVWZr in comparison with IN718
and SS316 as benchmark alloys. Recent studies indicate impedance measurements corre-
lated well with corrosion processes [35–39]. Dissolution mechanisms for both the RHEAs
in molten FLiNaK salt are also discussed based on microscopy, elemental analysis, and
X-ray diffraction.

2. Materials and Methods

High-purity LiF, NaF, and KF salts from Sigma-Aldrich were mixed in a glove box
under an argon atmosphere (with oxygen and water concentration less than 1 ppm) in
an Alumina crucible to obtain FLiNaK salt, a eutectic mixture of LiF (46.5 mol.%)–NaF
(11.5 mol.%)–KF (42.0 mol.%). A fresh batch of salt was used for every corrosion experiment.
To reduce the moisture content of the salt, the crucible filled with FLiNaK salt was inserted
into a furnace preheated to 150 ◦C and further dried at 400 ◦C for 5 h under flowing high
purity Ar. Then, the temperature was raised gradually to 650 ◦C at a rate of 2 ◦C/min. The
alloys were made by melting the constituent elements (99.99% purity) using an arc-melting
process in an argon atmosphere. The melted pellets were then re-melted and turned several
times to ensure homogeneity. Before the corrosion tests, the samples were cut from the
homogenized pellet and underwent mechanical polishing. Prior to the corrosion tests, the
alloys were cut into the dimensions of 20 mm × 5 mm × 3 mm, and the specimens were
polished using 1200-grit silicon carbide paper, rinsed in distilled water, and subjected to ul-
trasonic degreasing using acetone, and subsequently dried. The experimental arrangement
for the molten-salt corrosion testing and a diagram of the three-electrode electrochemical
cell can be seen in Figure 1a,b. The sample was used as the working electrode (W.E.), pure
platinum wire as the pseudo-reference electrode (R.E.), and graphite rod as the counter
electrode (C.E.). To insulate the electrodes from the cell body during the electrochemical
tests, all the electrodes were sealed in glass tubes using high-temperature Rutland refractory
cement. A vertical electrical furnace (VF-1200 D8, MTI Corporation, Richmond, CA, USA)
was used, as shown in Figure 1a. The electrochemical measurements were performed using
a potentiostat/galvanostat (Reference 3000, Gamry, Warminster, PA, USA).
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Figure 1. (a) Glove box and vertical tube furnace used as an electrochemical cell for molten-salt corro-
sion experiments; (b) schematic of the electrochemical cell with three electrodes for potentiodynamic
polarization studies in molten FLiNaK salt.

The electrochemical corrosion tests were carried out under an Ar-gas atmosphere.
The corrosion tests included open circuit potential (OCP) measurement, electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization (PDP), and weight-loss im-
mersion measurement. For each test, a new working electrode was used. The EIS was
carried out over a range of frequencies from 10 kHz to 1 mHz with an A.C. voltage ampli-
tude of±10 mV versus the established OCP. The PDP test was conducted over the potential
range of −500 to +1500 mV versus the established OCP. The immersion tests were carried
out at 650 ◦C for 60 h. The concentration of the ions dissolved from the working electrode
was measured by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
technique. To analyze the crystal structure of the alloys and the resulting surface products
after corrosion, a Rigaku III Ultima X-ray diffractometer (XRD, Rigaku Corporation, Tokyo,
Japan) was used, employing a wavelength of 1.54 Å Cu-Ka radiation. Additionally, the
microstructure of the as-cast alloys and the morphology of the surface post-corrosion were
examined through a FEI Quanta scanning electron microscope (SEM) that was equipped
with in-built energy dispersive spectroscopy (EDS).

3. Results
3.1. Microstructural Characterization

The backscattered SEM micrographs and EDS maps for TaTiVWZr and HfTaTiVZr
RHEAs are displayed in Figure 2a,b. Figure 2a shows that TaTiVWZr has two distinct
phases: (i) a bright dendritic phase that is rich in Ta and W, and (ii) an inter-dendritic
phase that is rich in Ti, V, and Zr. On the other hand, Figure 2b indicates that HfTaTiVZr
displays a single-phase equiaxed microstructure, with an average grain size of ~250 µm
and a homogenous distribution of elements, without any segregation or secondary phases.
As seen in Figure 2c, the XRD pattern verified the presence of BCC minor (inter-dendritic
region) and BCC major (dendritic region) phases in the as-cast TaTiVWZr. As depicted in
Figure 2d, the XRD pattern obtained for the as-cast HfTaTiVZr confirmed the existence
of a single-phase BCC microstructure. Additionally, both alloys demonstrated excellent
thermal stability, with no structural changes observed post-heat treatment at 650 ◦C for
several hours.
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Figure 2. Backscattered SEM micrographs and respective EDS area map for (a) TaTiVWZr and
(b) HfTaTiVZr refractory high-entropy alloys; XRD patterns for as-cast (c) TaTiVWZr and (d) HfTa-
TiVZr refractory high-entropy alloys [34]. Copyright 2021 Elsevier.

3.2. Electrochemical Behavior
3.2.1. Electrochemical Impedance Spectroscopy

The Electrochemical Impedance Spectroscopy (EIS) technique was employed to probe
the impedance characteristics of the corrosion product layer formed after immersion of
the alloys in the molten salt. Figure 3a shows the Nyquist plots of the samples after 1 h
immersion at 650 ◦C. An appropriate equivalent circuit with two-time constants was used
for fitting the impedance data and is shown in Figure 3b. A constant phase element (CPE)
was used instead of ideal double-layer capacitance Cdl to account for the non-ideal behavior
of the double layer associated with surface roughness and variation in corrosion product
layer thickness [26,40]. The CPE (ZCPE) may be represented as follows [41]:

ZCPE = Yo(jω)1−n (1)

where Yo is a proportional factor, j is an imaginary number, ω is the angular frequency,
and n is the CPE exponent. The value of parameter n lies within the range of zero to
one, representing a non-ideal capacitance loop, considering the surface roughness. [42].
The capacitance (C) of the passive layer was obtained from the impedance data using the
following equation [41,43]:

Cdl = Y
1
n
0 (

1
Rs

+
1

Rct
)
(n−1)/n

(2)
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The equivalent circuit used in this study included circuit elements that corresponded
to the solution resistance (Rs), salt layer capacitance (CPEf), the resistance of the salt
layer resistance (Rf), double-layer capacitance (CPEdl), charge transfer resistance (Rct), and
Warburg element (W). The Warburg element was introduced to account for the diffusion of
species in the corrosion product layer. The polarization resistance, Rp = Rct + Rf − Rs, gives
the total resistance of the passive film.
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Figure 3. (a) Nyquist plots of HfTaTiVZr, TaTiVWZr, IN718, and SS316 alloys exposed to FLiNaK salt
medium at 650 ◦C in Ar gas, (b) Equivalent circuit of impedance spectroscopy for the Nyquist plots
of HfTaTiVZr, TaTiVWZr, IN718, and SS316.

The equivalent circuit values are summarized in Table 1. The polarization resistance
(Rp) is a corrosion rate test parameter inversely related to electron transfer across the
surface. IN 718 showed the highest polarization resistance (Rp ~56.9 Ω·cm2), followed
by HfTaTiVZr (Rp ~47.8 Ω·cm2) and TaTiVWZr (Rp ~41.9 Ω·cm2) RHEAs. Among the
alloys studied, SS316 showed the lowest polarization resistance (Rp ~29.06 Ω·cm2). Both
the RHEAs showed similar polarization resistance in molten FLiNaK at 650 ◦C, while
SS316 showed the lowest value of polarization resistance suggesting the least protective
passive film. The impedance data suggest that the passive layer formed on IN718 was more
protective than the other alloys.

Table 1. Equivalent circuit parameters from EIS study in molten FLiNaK salt at 650 ◦C.

Alloy Rs
Ω·cm2

Rf
Ω·cm2

Rct
Ω·cm2

Rp
Ω·cm2

CPEdl
S·sn ndl

Cdl
F/cm2

HfTaTiVZr 0.785 12.3 36.2 47.8 19.84 0.605 117.6

TaTiVWZr 0.750 10.4 32.24 41.9 20.18 0.576 146.2

IN718 0.861 15.94 41.84 56.9 16.38 0.626 78.9

SS316 0.532 9.12 20.44 29.06 25.6 0.485 401.6

3.2.2. Potentiodynamic Polarization and Immersion Testing

The results of the open circuit potential test, with an exposure time of 1 h in molten
FLiNaK salt at a temperature of 650 ◦C, are presented in Figure 4a. All the alloys achieved
stable EOCP values after ~15 min. The HfTaTiVZr (17 mV vs. EPt) RHEA exhibited more pos-
itive EOCP compared to the other alloys, followed by IN718 (−280 mV vs. EPt), TaTiVWZr
(−410 mV vs. EPt) and SS316 (−735 mV vs. EPt). Figure 4b displays the potentiodynamic
polarization (PDP) curves for the alloys. The polarization curves for IN718, HfTaTiVZr, and
SS316 showed active dissolution behavior with no passivation. TaTiVWZr RHEA showed a
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passive region with a pitting potential of around −190 mV, after which there was a sudden
increase in current density. The corrosion current density (jcorr) and corrosion potential
(Ecorr) of all the alloys were determined through Tafel extrapolation and are presented
in Table 2. The corrosion rate (CR), listed in Table 2, was calculated using the following
equation [40,44]:

CR (mmpy) = K
jcorr × EW

ρ
(3)
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(b) potentiodynamic polarization curves in molten FLiNaK salt at 650 ◦C in an Ar gas atmosphere.

Table 2. Summary of potentiodynamic polarization results in FLiNaK salt at 650 ◦C in Ar
gas atmosphere.

Alloy EOCP (mV) Ecorr (mV) jcorr
(mA/cm2)

CR
(mmpy)

Mass Loss
(mmpy)

HfTaTiVZr 17 −160 5.8 43 ± 6 72 ± 5

TaTiVWZr −410 −480 2.1 23 ± 3 76 ± 4

IN718 −280 −252 1.7 19 ± 1 39 ± 2

SS316 −735 −744 12.4 114 ± 8 113 ± 5

The constant K, with a value of 3.27 × 10−3 [mm/(µA.cm.year)], is multiplied by the
product of the equivalent weight (EW) and density (ρ) to calculate the corrosion rate in units
of [mm/year]. The corrosion current density (jcorr) is measured in units of [µA/cm2]. The
corrosion rate increased in the following order: IN 718 < TaTiVWZr < HfTaTiVZr < SS316.
IN718 showed the lowest corrosion rate of ~19 mmpy, followed by TaTiVWZr RHEA with
CR ~23 mmpy. The corrosion rate for HfTaTiVZr RHEA (~43 mmpy) was almost twice that
of TaTiVWZr. SS316 showed the highest corrosion rate of ~114 mmpy, indicating that both
RHEAs were significantly better than SS316 in terms of resistance to corrosion in molten
fluoride salt.

Mass loss (mmpy) =
k.mloss
A·t·ρ (4)

where, k is constant 8.76 × 104, mass loss is in (mmpy), which is taken from ASTM G31,
mloss is the mass loss (g) of the metal in time t (h), A is the surface area of the material
exposed (cm2), and ρ is the density of the material (g/cm3). Table 2 summarizes the
outcomes of the static mass loss measurements, which were performed after the sample
was submerged in FLiNaK salt for 60 h. The mass loss measurements followed the order
of corrosion as: IN 718 < RHEAs (TaTiVWZr, HfTaTiVZr) < SS316, which was consistent
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with the potentiodynamic polarization results. Significant mass loss for SS316 in molten
FLiNaK salt could be attributed to the active dissolution of Cr and Fe along the grain
boundaries [45]. The RHEAs (TaTiVWZr and HfTaTiVZr) showed a similar mass loss in
molten FLiNaK salt.

3.3. Surface Analysis
3.3.1. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The concentration of the dissolved alloying elements in the molten FLiNaK salt after
the potentiodynamic test is shown in Table 3. A fresh batch of salt was used for every
corrosion experiment. HfTaTiVZr RHEA had a relatively higher dissolution of Hf, Ti,
Zr, and V, while Ta dissolution was relatively less. TaTiVWZr RHEA had a relatively
higher dissolution of Zr and Ti compared to W, V, and Ta. For both the RHEAs, Ti and Zr
showed more propensity for dissolution in the molten FLiNaK salt, while Ta showed greater
resistance to leaching (possibly due to stable passive film). V showed a greater degree
of dissolution from HfTaTiVZr, while it was more resistant to leaching from TaTiVWZr,
possibly due to the synergistic effect of the other constituent elements. For IN 718 and
SS316, the concentration of dissolved Ni was roughly similar; however, the concentration
of dissolved Cr and Fe was different. Cr and Fe dissolution from IN 718 in molten FLiNaK
salt were relatively low, while that from SS316 was very high, which is consistent with the
literature on SS316, where the active dissolution of Cr and Fe has been reported due to
intergranular corrosion [45].

Table 3. Dissolved metal concentration (in ppm) determined by ICP-OES after corrosion test at 650 ◦C
with reference to the salt before the corrosion test (i.e., immediately following salt pre-conditioning);
error ± 5%.

Material
Studied Hf Ta Ti V W Zr Cr Fe Ni Mo

Salt <0.1 ±
0.005

<0.1 ±
0.005

<0.1 ±
0.005

0.89 ±
0.04

<0.1 ±
0.005

0.64 ±
0.03

5.38 ±
0.2

8.45 ±
0.4

12.64 ±
0.5

1.32 ±
0.06

HfTaTiVZr 11.68 ±
0.5

1.94 ±
0.09

8.34 ±
0.4

5.1 ±
0.2 - 5.18 ±

0.26 - - - -

TaTiVWZr - 1.65 ±
0.08

4.12 ±
0.2

1.3 ±
0.06

0.69 ±
0.03

6.82 ±
0.4 - - - -

IN718 - - - - - - 0.5 ±
0.1

0.76 ±
0.04

8.56 ±
0.4

1.25 ±
0.06

SS316 - - - - - - 27.27 ±
1.1

8 ±
0.36

9.48 ±
0.5 -

3.3.2. Surface Microstructure

The surface microstructure of the alloys after the corrosion test was characterized
using a scanning electron microscope (SEM) and shown in Figure 5. The HfTaTiVZr RHEA
showed lesser grain boundary corrosion (Figure 5a) compared to extensive grain boundary
corrosion seen for SS316 (Figure 5d). The corroded surface for TaTiVWZr (Figure 5b)
showed selective leaching of an interdendritic region rich in Ti, V, and Zr. The dendritic
region in TaTiVWZr showed relatively lesser dissolution because of a higher concentration
of Ta and W. The corroded surface for IN 718 showed uniform pitting (Figure 5c).



Metals 2023, 13, 450 8 of 13Metals 2023, 13, x FOR PEER REVIEW  8  of  13 
 

 

 

Figure 5. SEM image of the surface after electrochemical test at 650 °C for: (a) HfTaTiVZr, (b) Ta‐

TiVWZr, (c) IN718, and (d) SS316; the insets in figures (a) through (d) show a zoomed‐in view of 

the corroded surface indicating grain boundary corrosion for HfTaTiVZr and SS316 in contrast to 

pitting corrosion for IN718 and selective corrosion of inter‐dendritic region in TaTiVWZr. 

3.3.3. Cross‐Sectional Morphology and Element Distribution 

Figure 6a–d displays the morphology and distribution of elements across the cross‐

sections of four samples—HfTaTiVZr (a), TaTiVWZr (b), IN718 (c), and SS 316 (d)—after 

they were immersed in molten FLiNaK salt for 60 h at a temperature of 650 °C. The corro‐

sion products for HfTaTiVZr RHEA were rich in Ta, and V. TaTiVWZr RHEA showed 

they depleted inter‐dendritic region de‐alloyed of Ti and Zr resulting in void formation. 

For IN718 and SS304, the corrosion products dissolved in the salt by fluxing action. How‐

ever, some undissolved corrosion products were found on the surface of IN718, with en‐

richment of Mo/Nb  and depletion of Cr.  Intergranular  corrosion was observed  in  the 

cross‐section image for HfTaTiVZr with a thin layer of non‐adherent corrosion product 

along the exposed surface (Figure 6a). The surface layer for HfTaTiVZr was divided into 

two regions: the top region rich in oxygen and the bottom region consisting of all alloying 

elements except Ti. The cross‐section morphology for TaTiVWZr exposed to the molten 

salt exhibited more corrosion of the inter‐dendritic region compared to the dendritic re‐

gion. The affected depth of corrosion was ~15 μm in the interdendritic region and ~5 μm 

in the dendritic region (Figure 6b). Rct value was higher for TaTiVWZr compared to HfTa‐

TiVZr because of the strong dissolution resistance of the Ta–W‐rich dendrite region. IN718 

showed no prominent corrosion voids or intergranular corrosion in the cross‐section (Fig‐

ure 6c). In contrast, SS316 showed extensive pitting, intergranular corrosion, and subsur‐

face voids (Figure 6d). 

Figure 5. SEM image of the surface after electrochemical test at 650 ◦C for: (a) HfTaTiVZr,
(b) TaTiVWZr, (c) IN718, and (d) SS316; the insets in figures (a) through (d) show a zoomed-in
view of the corroded surface indicating grain boundary corrosion for HfTaTiVZr and SS316 in
contrast to pitting corrosion for IN718 and selective corrosion of inter-dendritic region in TaTiVWZr.

3.3.3. Cross-Sectional Morphology and Element Distribution

Figure 6a–d displays the morphology and distribution of elements across the cross-
sections of four samples—HfTaTiVZr (a), TaTiVWZr (b), IN718 (c), and SS 316 (d)—after
they were immersed in molten FLiNaK salt for 60 h at a temperature of 650 ◦C. The
corrosion products for HfTaTiVZr RHEA were rich in Ta, and V. TaTiVWZr RHEA showed
they depleted inter-dendritic region de-alloyed of Ti and Zr resulting in void formation. For
IN718 and SS304, the corrosion products dissolved in the salt by fluxing action. However,
some undissolved corrosion products were found on the surface of IN718, with enrichment
of Mo/Nb and depletion of Cr. Intergranular corrosion was observed in the cross-section
image for HfTaTiVZr with a thin layer of non-adherent corrosion product along the exposed
surface (Figure 6a). The surface layer for HfTaTiVZr was divided into two regions: the top
region rich in oxygen and the bottom region consisting of all alloying elements except Ti.
The cross-section morphology for TaTiVWZr exposed to the molten salt exhibited more
corrosion of the inter-dendritic region compared to the dendritic region. The affected depth
of corrosion was ~15 µm in the interdendritic region and ~5 µm in the dendritic region
(Figure 6b). Rct value was higher for TaTiVWZr compared to HfTaTiVZr because of the
strong dissolution resistance of the Ta–W-rich dendrite region. IN718 showed no prominent
corrosion voids or intergranular corrosion in the cross-section (Figure 6c). In contrast, SS316
showed extensive pitting, intergranular corrosion, and subsurface voids (Figure 6d).

3.3.4. XRD Analysis

Figure 7a–d shows the XRD patterns after the immersion test for HfTaTiVZr, TaTiVWZr,
IN 718, and SS316. Both the RHEAs showed peaks corresponding to BCC in HfTaTiVZr
(Figure 7a) and BCC1 + BCC2 in TaTiVWZr (Figure 7b). The XRD peak analysis for
HfTaTiVZr indicated that the corrosion products were in the form of Ta2O5 and VO2. For
TaTiVWZr, the corrosion products mostly dissolved in the molten salt, and the presence
of some complex fluorides was detected. For IN 718, a mixture of MoO2 and Nb2O5
was detected on the exposed surface. For SS 316, there was no indication of Ni–Cr–Fe
oxide phases suggesting extensive dissolution of the alloying elements and lack of surface



Metals 2023, 13, 450 9 of 13

passivation layer. In addition to the salt constituents, other complex fluorides and unstable
oxides were detected.
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Figure 7. The XRD spectra obtained from the surface of (a) HfTaTiVZr, (b) TaTiVWZr, (c) IN718,
and (d) SS316 alloys after immersion test in molten FLiNaK salt at a temperature of 650 ◦C for a
duration of 60 h.

4. Discussion

The Gibbs free energy of the formation of potential corrosion products between the four
alloys studied here and the molten salt constituents (LiF, NaF, KF) are shown in Table 4. The
Gibbs free energy of formation was calculated with FactSage software (version 8.0, FactPS
database, Montreal, QC, Canada) [46]. Impurities like moisture and metallic fluorideslead
to thermodynamically driven corrosion mechanisms [10,22]. The diffusion rate of reactive
alloying elements to the alloy-salt interface may further affect the molten salt corrosion
process. The fluorination reaction between a metallic constituent of the alloy and the salt to
form a metal fluoride can be described by the following reaction [20,47]:

xMe(s) + yMF(l)→ MexFy(l) + yM(l) (5)

where, Me is an alloying element (Me = Hf, W, Cr, V, Zr, Ni, Ti, Fe, Ta, etc.) and MF is a salt
constituent. Unlike in oxygen-rich environments, surface passivation layers for commonly
used alloys are chemically unstable and readily dissolve in molten fluoride salts. Table 4,
Hf is prone to preferential dissolution in the molten salt due to the highest negative Gibbs
free energy of fluoride formation. Among the RHEAs, HfTaTiVZr showed intergranu-
lar corrosion (Figure 6a), while TaTiVWZr showed non-uniform corrosion between the
dendritic and inter-dendritic regions. The Ti–V–Zr-rich inter-dendritic region showed
extensive pitting, while the Ta–W-rich dendritic region showed less corrosion (Figure 6b),
possibly due to the less negative Gibbs free energy of tungsten fluoride formation. Mo-
and Nb-based corrosion products in IN718 provide resistance against the de-alloying of
less noble elements such as Cr and Fe. However, Mo and Nb do not form stable film but
accumulate in the Cr-depleted regions in IN718. The value of Rct was highest for IN718
among all the tested alloys, indicating strong resistance against corrosion. In contrast, SS316
showed the lowest value of Rct, roughly half that of IN718, because of the active dissolution
of the alloying elements and non-protective film on the surface.
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Table 4. Gibbs free energy of formation (∆fGo) of metal fluorides and potential corrosion products
per mol of F2 evaluated at 650 ◦C.

Fluoride ∆fGo (kJ/mol F2)

LiF (l) −1056.8
NaF (l) −956.5
KF (l) −935.0

HfF4 (g) −802.65
VF2 (l) −773.22

ZrF2 (g) −737.82
TiF2 (g) −701.46
TaF5 (g) −628.39
CrF2 (l) −578.32
FeF2 (l) −520.74
NiF2 (l) −435.26
WF6 (g) −473.58
MoF6 (g) −423.86

5. Conclusions

The corrosion behavior and degradation mechanisms of HfTaTiVZr, TaTiVWZr, IN
718, and SS 316 were studied in molten FLiNaK salt under an Ar gas atmosphere at 650 ◦C.
The main conclusions are as follows:

• The alloys’ overall corrosion rate followed the sequence of IN718 < TaTiVWZr <
HfTaTiVZr < SS316. The TaTiVWZr refractory high-entropy alloy exhibited a corrosion
rate similar to that of IN718.

• The corrosion products formed for IN718 and TaTiVWZr showed enrichment of noble
alloying elements after the dissolution of less noble elements in molten FLiNaK salt.

• Analysis of the corroded surface indicated grain boundary corrosion for HfTaTiVZr
and SS316 in contrast to pitting corrosion for IN718 and selective dissolution of the
inter-dendritic region in TaTiVWZr.
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