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Abstract
The continued development of molten salt reactors and concentrated solar power plants requires

highly efficient and stable instruments that can efficiently monitor the chemical conditions of the molten
salt during long-term operation in both the fuel and coolant/heat transfer fluid loops. Sapphire (Al,O3)
fibers have shown tremendous potential due to inherent radiation resistance and a broader operational
range of temperature. In this work, computational thermodynamic modeling (CALPHAD) using the
ThermoCalc software in conjunction with the SGTE (Scientific Group Thermodata Europe) Molten Salts
(SALTTI) and Pure Substances (Pure5) databases is applied to understand the compatibility of Al,Os fibers
with NaCl-MgCl, eutectic molten salt in the temperature range of 1500 to 2500 K. The thermodynamic
calculations show that sapphire fibers are not expected to be stable over the long-term when exposed to
molten chloride salts at these temperatures. To improve the stability of these diagnostic fibers in molten
salt environments, various pure metallic elements were evaluated as potential cladding materials for
AlLO; fibers. Based on the thermodynamic analysis, molybdenum (Mo) and nickel (Ni) could be effective
cladding materials to enhance the stability of Al,O; in NaCl-MgCl, chloride salt molten bath in the
desired temperature range. Thus, the presence of Mo and Ni cladding can provide a protective coating
against the corrosive molten salts, thus improving the stability of Al,O;. Additionally, it is also shown
that Al,O; remains stable up to 2400 K in the presence of pre-existing Al,MgO, and Al,NiOy in the

eutectic molten chloride bath environment.
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1. Introduction

Energy production using molten salt reactors (MSRs) and concentrated solar power (CSP)
plants offers several advantages, including lower cost and higher operational safety. Some of the
newest MSR and CSP designs use molten chloride salts due to their desirable properties, such as
relatively low melting points, low viscosities, and lesser effect on structural materials (corrosion)
compared to fluoride melts [1-4]. In this aspect, molten chloride salts have been an excellent
choice for thermal energy storage material in CSP plants and heat transfer media in nuclear
reactors. Regarding raw materials cost, chloride salts, particularly those containing MgCl,, are by
far the least expensive [5-9]. These factors have motivated the selection of the binary NaCl-
MgCl, eutectic molten salt system for application in MSRs and CSPs. While several studies have
been conducted on the compatibility of NaCl-MgCl, molten salts and other molten chloride
baths, the corrosion behavior in these environments at the desired operating temperatures in

MSRs and CSPs between 600 to 1000°C is very complex [10].

The continued development of MSRs and CSPs has also seen the need for highly efficient instruments
for tracking the conditions of the molten salts. An essential requirement for such technology is enhanced
stability with respect to the corrosive environments offered by MSRs and CSPs, which is challenging for
many materials used in sensing technologies [11]. Critical differences in the salt chemistries and

operating temperatures of MSRs and CSPs preclude the application of many materials in the sensing

systems [12]. The chloride salt baths containing various corrosive species likely have a significant effect
on the stability of the sensor materials. Chloride salts such as NaCl and MgCl, are very important in this
regard because their eutectic composition has a low melting point of 600°C. Ding et al. studied the hot

corrosion of stainless steel SS 310, Incoloy 800 H, Hastelloy C-276 in molten MgCl,/NaCl/KCl


https://www.youtube.com/watch?v=Iwy_2x_tPlg

(60/20/20 mol%) under an inert atmosphere at 700°C [14]. Their study showed that Hastelloy exhibited
the highest corrosion resistance among the three.

Existing sensor technologies were not designed for high-temperature molten salts, requiring significant
post-market modifications for material compatibility [7,10,15]. Even with such modifications, these
sensor instruments are often not able to operate in the high operating temperatures and corrosive species
encountered in MSRs and CSPs. Improved devices are required for monitoring the local conditions of
molten salts in the fuel and heat transfer systems. Understanding the effect of these variations is critical to
developing sensors for monitoring molten salt characteristics, such as composition, temperature, thermal
conductivity, to name a few, in advanced energy production systems. Identifying compatible materials
that can be stable in these salt environments and operate at high temperatures is critical to developing
such sensors.

Sensors based on silica fibers are attractive because they can be manufactured reasonably. However,
silica can also exhibit instabilities at high temperatures, leading to erroneous temperature measurement
fluctuation [19,20]. Ceramics of oxide type on the other hand are attractive candidate materials for high
temperature applications. Ding et al. studied the mechanical compatibility of ZrO, and Al,O; in molten
chloride bath of MgCl,-NaCl- KCI mixture at 1000 K [31]. The study showed that ZrO, sample surface
undergoes structural phase transformation due to reaction with MgCl,. However, no such structural
transformation was observed for Al,O3;. Both Al,O; and ZrO, maintained their mechanical compatibility
with the molten chloride bath after an exposure period of 600 hours. Nagaoka et al. studied the hot
corrosion of alumina (Al,O;) and Silicon Carbide (SiC) structural ceramics in a KCI-NaCl molten bath at
700-800°C exposed for 100 to 400 hours [21]. Single-crystal sapphire (Al,O;) is chemically inert, offers
radiation tolerance, and has a very high melting point (~2050°C) [16]. Therefore, Al,O; fibers could be a
suitable candidate for applications in optical fiber-based sensors in high-temperature conditions. Also,
single crystal-based sapphire fibers have shown tremendous potential by enabling a broader operational -
range of temperature [17-19]. The work demonstrated that while hot corrosion of Al,O; was not

observed, SiO, emerged as a corrosion product in the case of SiC. However, to our best knowledge, there



is a lack of investigation on the corrosion resistance of sapphire fibers exposed to corrosive molten
chlorides at temperatures above 800 °C. This study discusses the effect of the molten salt bath
environment (NaCl- MgCl,), especially the hot corrosion modeling of clad and unclad sapphire.

The hot corrosion phenomenon indicates material degradation in the presence of molten salts. Previous
studies have primarily been based on experimental work. A detailed study of the hot corrosion process
was recently reported by Olson et al. [22], who studied the hot corrosion of Hastelloy-N, Haynes-230,
Inconel-617, and a C/Si SiC ceramic in FliNaK (LiF-NaF-KF) at 850°C after an exposure time of 500 hrs.
The researchers reported de-alloying of Cr from Cr-bearing alloys when exposed to the molten salt bath.
Another study by Koger and Litman [23] reported on the stability of Hastelloy-N and Haynes alloy in a
sodium fluoroborate mixture. It concluded that in the temperature range of 460 to 605°C, Haynes 25 alloy
was damaged by selective leaching of Co and Cr after exposure of 3660 hours.

The high temperature and aggressive nature of molten baths make experimental work quite time-
consuming for screening and selection of candidate materials. Computational efforts can significantly
lower that time requirement.

Computational frameworks such as CALPHAD (Computer Coupling of Phase Diagrams and
Thermochemistry) modeling and ab initio molecular dynamics (AIMD) frameworks have been
established to assess the thermodynamic stability and surface reactions of materials in the molten salt
environment. Recently, Glazoff et al. [8,24] studied the thermodynamic stability of Alloy 242 and Alloy
N in a molten eutectic fluoride environment using CALPHAD modeling. The thermodynamic simulations
give an idea of the phases that exist at equilibrium but do not show the reaction pathways. On the other
hand, Kwon et al. [25] have extensively used the ab-initio molecular dynamics (AIMD) computational
approach to obtain thermodynamic and kinetic properties like diffusion coefficients and the viscosity of
LiCI-KCI eutectic molten salt bath mixture with Uranium. The authors developed a model for reliably
predicting the effect of LiCl-KCl molten salt on a tungsten (W) electrode for an electrorefining process.
The AIMD simulations allow for the analysis of reaction pathways during hot corrosion [26]. However,

these simulations are computationally expensive, even considering only a few dozen atoms.



The focus of this work is to assess whether Al,O; fibers could be potentially utilized for critical
corrosion components in NaCl-MgCl, eutectic molten salt environments in temperatures ranging from
600 to 1000°C. For this purpose, computational (CALPHAD) modeling using the ThermoCalc software
in conjunction with the SGTE Molten Salts (SALT1) and Pure Substances (Pure5) databases is used. The
CALPHAD method is used to obtain a consistent description of the phase diagram and the
thermodynamic properties so as to reliably predict the set of stable phases. The SALTI database
contained a variety of assessed systems and is suitable for molten salts calculations and can be used in

applications such as hot salt corrosion of materials.

2. The NaCl-MgCl, Binary System

The quasi-binary phase diagram of NaCl-MgCl, obtained using Thermocalc and SALT1 is shown in
Fig. 1. The following assumptions were made in creating the quasi-binary NaCl and MgCl, phase
diagram using ThermoCalc as discussed in [24]: (1) The phase diagram was not completely assessed with
all the intermetallic phases and (2) The molten salt mixture of NaCl and MgCl, was assumed to be
described using the ideal solution model. The above-simplified approach provided insights into the hot
corrosion of materials in the salt mixture databases where detailed information on thermodynamics
properties and phase equilibria are not available. Similar assumptions were made by Glazoff et al. [24] in
their CALPHAD analysis of the thermodynamic stability of Alloy 242 and Alloy N in a molten eutectic
fluoride environment. As seen from the quasi-binary phase diagram, there is no solubility of MgCl, in
NaCl or vice versa. The nonvariant eutectic transformation takes place at 600°C with a eutectic point at
50 mol% NaCl.
The predicted phase diagram is different from Ref. [12], which showed a eutectic temperature of 475°C at
42mol% NaCl of binary NaCl-MgCl, predicted using the FactStage software [12]. To study the
composition evolution as a function of temperature, a quasi-binary model based on well-established
thermodynamic databases were chosen [30]. Currently, such a model can be studied using Calphad
simulations which offers efficient algorithms for minimizing the global Gibbs free energy of a system

under equilibrium conditions. The difference in the predicted eutectic temperature could be attributed to



over-simplification of the simulations based on the ideal solution model and uncertainties in the
thermodynamic databases used.
3. Compatibility assessment of AL,O;

In general, the stability of materials in aggressive chemical environments depends on the oxidation of
material to form protective oxides. However, the protective oxide layer may dissolve under the action of
chemical salts or gases, leaving the underlying material more susceptible to corrosion attack. For
example, the formation of the Cr,05 layer on the steel surface acts as a protective coating. However, under
extremely aggressive conditions, the dissolution of the Cr,O; layer results in corrosion of the steel [27].
Indeed, computational thermodynamic work has explained the above behavior [2]. The authors [2] have
previously studied the effects of molten salt (NaCl), sulfur, oxygen, carbon, and nitrogen on the hot
corrosion behavior of Cr alloyed steel. The results indicate that Cr,O; remains stable for up to ~1000°C,
followed by rapid dissolution. A similar study has been conducted to study the hot corrosion of stainless
steel in a KCI-ZnCl, molten salt bath mixture [15,28]. These studies show the feasibility of using
computational modeling techniques to study the hot corrosion processes of materials in molten salts.
While the hot corrosion of steel and other metals has been addressed, the effect of the aggressive chemical
environment on ceramics like Al,O; has not been studied for temperatures > 900°C to the best of our
knowledge. In this work, an effort has been made to study the hot corrosion of sapphire in NaCl-MgCl,
molten salt bath.

3.1. ALL,O; in the molten bath of NaCl-MgCl,Here, we report on the stability of Al,O;3 in a molten salt
bath comprised of NaCl-MgCl, in the temperature range of 0 to 3000K. The following cases were studied:
(i) Unclad Sapphire (A1,0;) — Pure sapphire in contact with the salt (i) Clad Sapphire (A1,0;): -
Sapphire and additional cladding metals such as Ni, Au, and Mo in contact with the salt,

3.1.1. Unclad Sapphire (Al,O3): The hot corrosion of unclad sapphire in the chloride molten salt
mixture is summarized in Fig 2(a). The red line (label-1) represents the mole-fraction of Al,Os, the dark
blue (label 3 and light blue (label -2) lines indicate MgCl, and NaCl mole fractions, respectively; the

green line (label-4) represents Al,MgO,. Other phases include ionic liquid — melting of the NaCl and



MgCl, eutectic mixture at 750 K: gaseous phase. The instability of the Al,O; manifested in the form of a
reduction in its mole fraction. In the temperature range of interest, the Al,O; dissolves to some extent to
form Al,MgO,. It can also be seen that Al,O; remains relatively stable for up to 1470 K and a relatively
considerable conversion to A,MgO, occurs beyond 1400 K. Although this simulation provided insights
into the stability of Al,Os it is not clear if the formed Al,MgO, is protective oxide on the surface or
dissolved into the molten salt bath. Thus, based on the thermodynamic calculations, it can be concluded
that sapphire fibers may not be compatible with long-term exposure to molten chloride salts at the
proposed operating temperature of MSRs.

3.1.2. Clad Sapphire (Al,03): Thermo-Calc modeling is limited in the ability to define the geometry
of the system of interest. The effect of cladding on the compatibility of Al,O; can be indirectly assessed
by adding the cladding material into the molten chloride bath along with Al,O;, This point is relevant to a
system in which sapphire fibers are contained in part in a metallic sleeve or coated for part of their length.
However, the assumption is that a portion of the fiber is also in contact with the salt (for example, the
active sensing length or the fiber termination). The effect of cladding on the thermodynamic stability of
Al,O;5 in NaCI-MgCl, was examined for various cladding materials, including nickel (Ni), gold (Au), and
molybdenum (Mo). The above arrangement is evaluated in Fig. 2(b), which shows the plot of a number of
the equilibrium phases in Al,O; with added Ni as cladding material inside the molten chloride bath as a
function of the exposure temperature. The red-colored line (label-1) represents Al,Os; the brown line
(label-2) represents Ni, and the green line (label-3) represents A,MgO,. The simulation results show that
in the temperature range of interest, the presence of Ni cladding enhances the stability of the Al,O; as no
secondary phases are formed. Furthermore, as seen from Fig. 2(b), ALLO; transforms into AI,MgQO, at
around 1700K, a higher transition temperature compared to 1470K for an unclad Al,O; (see Fig. 2a).
Further, it is assumed that the underlying Al,O; remains stable as long as the cladding material is stable.
For example, in Fig 2(b), Ni melts at around 1700 K, and by the above assumption, Al,O; should also be

stable up to 1700K.



The plot Fig. 3(a) shows the effect of Au cladding on the stability of Al,O; in the molten chloride bath.
The red line (label-1) represents Al,O;, the golden line (label-2) represents Au, and the green line (label
3) represents ALMgQO,. It can be seen that a small amount of Al,O; transforms into A,MgQO, at around
1700 K. In addition, Au may not be a viable cladding material because it melts at around 1337 K well
before the formation of AILMgO,. Fig. 3(b) reveals the effect of Mo cladding on the stability of sapphire
in molten chloride bath. As seen from Fig. 3(b), Mo remains stable in its BCC form represented by a
green color (label-2) until its melting point of 2400K. Consequently, sapphire should remain stable for up
to its melting point of 2400 K. The simulations for metal ‘clad’ sapphire indicate that the presence of a
metallic element (Ni, Au, or Mo) in addition to sapphire leads to the suppression of aluminum dissolution
from the sapphire material, thus improving its stability in chloride salts. Mo remains stable in its BCC
form represented by a green color (label-2) until its melting point of 2400K. It has been suggested that
the addition of a magnesium aluminate (Al,MgQO,) layer via sol-gel deposition during the fabrication of
AL Oj; fibers could improve their stability in various environments [29]. Therefore, it was interesting to
understand the role of Al,MgQO, additions on the stability of Al,O; in the presence of chloride salt. So, the
CALPHAD modeling runs were performed for unclad and Ni-clad sapphire with the addition of
AlL,MgO,. The above situation is depicted in Fig. 4(a), which shows that when the weight fraction of Mg
is low (not sufficient for eutectic reaction between NaCl and MgCl,), MgCl, is completely transformed to
AlL,MgO,. Hence the effect of pre-existing ALMgO,4 on the compatibility of sapphire in the molten
chloride bath was investigated in the NaCl bath in section 3.2.

3.2. AL,O; in the molten bath of NaCl and AL,LMgO,

3.2.1 Unclad Sapphire (Al,03): As mentioned above, the CALPHAD system could not be initialized
with both Al,O3; and Al,MgQO, as components. Instead, the individual elements such as Al, Mg, and O,
along with Na and Cl, were added to the system. In this case, all the Mg added was consumed in the
formation of Al,MgO, with no trace of MgCl,, indicating the Al,MgO, precedence over MgCl, formation.
In Fig. 4, the red line (label-1) represents Al,Os, the green line (label-2) indicates Al,MgQy, the light blue

line (label-3) represents NaCl. It can be inferred that Al,O; remains stable in the absence of MgCl, up to



its melting point of 2400 K. The above analysis indicates that the conversion of Al,O; into Al,MgO4
occurs primarily because of the presence of MgCl,. The effect of pre-existing Al,MgO, on the stability of
Ni cladded sapphire was also investigated in the NaCl bath in the desired temperature range.

3.2.2. Ni-Clad AlL,O; in molten NaCl and ALMgO,: In Fig. 5(a), the stability of Ni cladded sapphire
was depicted in the presence of A[LMgO in the NaCl molten bath. The red line (label-1) denotes Al,Os,
the green line (label -2) represents ALMgO,, and the dark blue line (label-3) indicates Al,NiO4, As seen
in Fig. 5(a), Al,O; was observed to transform into Al,NiO4 at 600 K when the mass of Ni in the NaCl
molten bath was 2g (Fig. 5a). This result points to the conversion of ALO; into ALLNiO, causing
instability in the sapphire (Al,O;). Interestingly, when the mass of Ni was increased to 20g, as shown in
Fig. 5(b), ALNiO, (dark blue line -label -3) forms at room temperature along with elemental Ni. Al,O;
remains stable up to its melting point of 2400 K in the presence of pre-existing ALNiO, and Al,MgO;, in
the molten chloride bath, as shown in Fig. 5(b). The above analysis indicates that the addition of Al,NiO4

and Al,MgO,4may increase the stability of Al,0;in the molten chloride bath.

4. Conclusions

By employing fundamental CALPHAD analysis, it was found that Mo and Ni could be effective cladding
or coating materials to enhance the stability of Al,0O; in an NaCl and MgCl, chloride molten salt bath in
the temperature range desired for MSR operation. The presence of metallic cladding leads to the
suppression of aluminum dissolution from Al,Os;, thus improving its stability in chloride salts. It was also
shown that Al,O; remains stable up to its melting point (2400K) in the presence of pre-existing Al,MgO4
and AILbNiO, in the NaCl molten bath environment. The CALPHAD approach used in this work does not
predict kinetics or reaction rates. For this purpose, an ab-initio molecular dynamics study is needed to
completely understand the dynamics of sapphire or other materials in a chemically aggressive molten salt
bath. Furthermore, the effective degradation of the material and its impact on the optical fiber sensor’s

performance needs to be verified experimentally.
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Caption Table

Figure 1. Quasi binary approximation of molten chloride phase diagram of MgCl, and NaCl from
calculations using Thermocalc software. The composition and temperature of interest is the eutectic point

with 50 mol% NaCl and temperature of 600 °C.

Figure 2. Moles of thermodynamically stable phases obtained upon exposure of (a) unclad sapphire (Al,O3)

and (b) Ni-clad sapphire to NaCl-MgCl, salt-mixture, at temperatures ranging from 200-3000 K.

Figure 3. Moles of thermodynamically stable phases obtained upon exposure of (a) Au-clad sapphire (b) Mo-

clad sapphire, to NaCIl-MgCl, salt-mixture, at temperatures ranging from 200-3000K.

Figure 4. Moles of thermodynamically stable phases obtained upon exposure of unclad sapphire (Al,O;) to

NaCl salt, at temperatures ranging from 200-3000K, in presence of AI,MgQO, phase in the initial system.

Figure 5. (a) Al,O; was observed to transform into Al,NiO,4 at 600 K when the mass of (Ni) = 2g in the NaCl
molten bath environment, however increasing the Ni content to 20 g (b) ALNiO4 was formed at ambient
conditions before the beginning of the simulation. This plot indicates that in the presence of pre-existing

AlLMgOg4and Al,NiOy4, Al,O; remains stable up to its melting point 2300 K in NaCl molten bath environment.



