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Selection and qualification of materials for molten salt reactors (MSRs) is an important prerequisite before 

the deployment of MSRs. This presentation will highlight the most impactful developments in MSR 

materials research over the years. In addition, technical knowledge gaps related to MSR materials integrity 

will be presented. The presentation will mainly focus on a) high temperature mechanical properties in 

structural materials, b) molten-salt environment as it relates to corrosion of structural materials and c) 

damage to materials caused by irradiation.  

Due to the aggressive, high-temperature environments, materials with strong mechanical properties 

are needed for MSRs. This presentation will begin with a discussion of the high-temperature mechanical 

properties of commonly considered candidate structural alloys, with a focus on Hastelloy-N and its variants. 

Tensile, creep, and fatigue strength will be discussed. Weldments and aging effects will also be considered. 

Several suitable alloys may exist, including high-temperature nickel-base alloys and modified Hastelloy N 

variants, but ASME code qualification is a pressing need for service in MSRs.  

Hastelloy N was developed at Oak Ridge National Laboratory (ORNL) in the 1950s for the Aircraft 

Reactor Experiment (ARE) and was used in the Molten Salt Reactor Experiment (MSRE).[1-4] Originally 

called INOR-8, alloy N was developed for use as a salt-facing structural material for the reactor vessel and 

piping and pumps for primary and secondary coolant loops and/or heat exchangers. Because of its low 

chromium and high nickel and molybdenum content, Hastelloy N is highly compatible with fluoride salt 

environments. The small amount of Cr (7%) is sufficient to form protective films that prevent further 

oxidation in high temperature (up to 982°C) air. There is little experimental data on Hastelloy N in molten 

chloride environments, and further studies will need to be done to evaluate Hastelloy N in molten chloride 

salts. One disadvantage of using Hastelloy N is its performance under neutron irradiation. Prior work has 

shown the alloy is susceptible to embrittlement at damage levels as low as 2 dpa. This alloy is codified for 

ASME Boiler and Pressure Vessel Code (BPVC) Sections VIII-Rules for Construction of Pressure Vessels 

and XII-Rules for Construction and Continued Service of Transport Tanks. For designating Hastelloy N as 

Division 5 Class B material is straightforward and there should be enough existing data for that. For 

qualifying Hastelloy N as Division 5 Class A material, we have recommended against it in a recent report 

from Wright and Sham. Long-term creep data in the range of 100,000 h will be required for the subject 

material to be fully included in Section III division 5, which calls for a systematic collaboration. However, 

from an irradiation damage perspective, base Hastelloy N is not recommended for use in MSRs, but some 

of the modified alloy versions may be considered. 

Incoloy 800H, developed by Special Metals Corp., is a high nickel and chromium alloy that is 

resistant to oxidation in air.[5] However, it is more susceptible to attack in fluoride and chloride 

environments due to the high chromium content. Incoloy 800H is very ductile and has good weldability. 

The proposed MSR use of this alloy is in reactor vessel, primary and secondary piping and core internal 
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structures. There is limited experience with this alloy in molten fluoride or chloride environments. Incoloy 

800H is approved for ASME BPVC Section I, and Section VIII, Divisions 1 and 2. In nuclear construction 

it is approved under ASME BPVC Section III-5.  

Stainless steels, SS 304, SS 304L, SS 304H, and SS 316, have excellent oxidation resistance in 

many environments due to their high chromium content but perform poorly in molten fluoride and chloride 

salts. All SSs have excellent weldability and can be formed in coils, sheet, plate, strip, tube, pipes, fittings, 

etc. The proposed use of SS 304 steels in MSRs is in all baseline materials for MSR design where no 

molten-salt exposure is anticipated. SS 316H is a leading candidate for use as a structural material due to 

its low cost and availability. SS 316H is proposed to be used in reactor vessel, guard vessel, piping, internal 

core structures and heat exchangers in primary and secondary loops.  

Haynes 230 is a high nickel, chromium and tungsten alloy. It has excellent strength, resistance to 

oxidizing environments and long-term stability at temperatures up to 1149 °C. Relatively lower thermal 

expansion characteristics is another advantage of Haynes 230. It has good ductility and can be cold-worked 

provided that the cold-worked parts are annealed after forming. Haynes 230 is suitable in MSR use for 

reactor vessel and internal core parts. In several studies Haynes 230 has been exposed to molten chloride 

salts but due to its relatively high Cr content (22%) it is prone to attack in molten salts.[6] 

Haynes 242 is a low Cr alloy with similar Cr content to Hastelloy N which makes it more resistant 

to attack in molten salt environments. This alloy has excellent oxidation resistance up to 815 °C and very 

good strength and ductility. Haynes 242 has good resistance to fluorine and fluoride environments but 

performs worse compared to Hastelloy N. The proposed use of Haynes 242 is in various fastener and bolting 

applications and secondary heat exchangers.  

In terms of code qualification of materials, ASME BPVC Section III-5-codified materials including 

Incoloy 800H, SS 304 and SS 316 are considered to have good mechanical strength that is required at MSR 

operating temperatures. However, due to their high chromium content these alloys are not suitable in molten 

fluoride or chloride salt environments. By reducing the core outlet temperatures, using replaceable 

components, and implementing redox controls of the molten salt chemistries, some MSR developers have 

selected Type 316 SS as construction material for their first-of-a-kind MSR applications. Data gaps have 

been identified for this first-to-market strategy. A strategy of cladding corrosion resistant materials on salt-

wetting surfaces of MSR components constructed of qualified Class A materials is being pursued by 

industry, universities and DOE program for applications in the nth-of-a-kind MSR systems. Strategies to 

address the long-term MSR materials needs on requisite high temperature strength, corrosion resistance and 

irradiation-damage tolerance are being pursued by NEUP projects. Implementation of a materials 

surveillance program based on in situ, passive surveillance test articles that capture creep-fatigue damage 

and effects of thermal aging, corrosion and irradiation on mechanical properties would provide added 

confidence in MSR operations. Development efforts to establish the technical basis of such materials 

surveillance program are of high priority. 

Next, compatibility of materials with the molten salt environment will be considered. Early data 

from the Molten Salt Reactor Experiment (MSRE) at Oak Ridge National Laboratory (ORNL) showed 

acceptable compatibility of highly pure fluoride salts with Hastelloy-N, but data acquired under other 

conditions are scattered and not well controlled.[7] Data on materials in chloride salts are especially limited. 

It is recommended that standards be developed for experimentation in molten salts to produce a consistent 

data set so alloy behavior can be understood in different salt conditions. Thermodynamic data on alloy and 

salt combinations are also needed to better understand interfacial phenomena in MSRs. Further, there is a 

need for rate modeling to predict lifetimes of salt-facing materials. 



25th Conference on Structural Mechanics in Reactor Technology 

Charlotte, NC, USA, August 4-9, 2019 

Division I

Molten fluoride and chloride salts are highly corrosive environments for many structural alloys. 

Particularly, alloys with high chromium content are subject to depletion of chromium into the salt. Unlike 

in oxygen environments, the protective chromium oxide film does not form in molten salt environments. 

Selective depletion of chromium can be explained by thermodynamics considerations and comparison of 

the Gibbs free energies of salt constituents and that of the alloy-metal fluorides/chlorides. Alloy-metal 

halides have free energies of formation more positive compared to those of coolant halide salt constituents. 

This means that the formation of fluorides and chlorides with alloying elements is not spontaneous in 

molten salts and therefore thermodynamic-driven corrosion caused by pure salts should be minimal. 

However, in the presence of impurities such as HCl or HF, corrosion of structural alloys proceeds with 

increasing nobility of the alloy-metal constituents. Chromium, being one of the least noble transition metals, 

is the first element to get attacked. In addition to HCl or HF impurities, water is a major source of impurity-

drive corrosion in molten salts. Fluoride and chloride salt constituents can react with water impurity to form 

oxides and HF, HCl, respectively. The in-situ formed HF or HCl reacts and depletes chromium from 

structural alloys.  

Although corrosion by HF/HCl and water impurities is well understood in molten salt 

environments, other technical gaps in understanding of corrosion in molten salts exist. For example, there 

are currently no standards for salt purification procedures. The lack of standardized procedures and direct 

comparisons of level of salt purities results in scattered and irreproducible corrosion data. Besides HF/HCl 

and water, there is very little knowledge on the effect of other common impurities present in fluoride and 

chloride salts. The effect of oxides, sulfates, hydroxyfluorides/chlorides, bromides, sulfides and others need 

to be investigated. Significant knowledge gaps exist for the effect of fission products on corrosion and 

irradiation-induced corrosion in molten salt environments.  

Next, irradiation-induced damage to materials is a concern for MSRs. Expected radiation-related 

issues at service temperatures ~350–650°C are helium embrittlement, swelling, neutron embrittlement, and 

irradiation-assisted stress-corrosion cracking. For service temperatures above 650°C, several neutron 

effects, such as neutron embrittlement and swelling are not expected; but helium embrittlement due to 

transmutation in the alloy may still be lifetime limiting, and neutron irradiation data on this phenomenon 

are a priority research need. The original Hastelloy N has severe irradiation embrittlement issues and a 

strength drop above ~700°C, which make it unsuitable for some MSR designs. There is a significant lack 

of quality irradiation data for many of the metals, including Hastelloy N.  

Previous data has shown that Hastelloy N undergoes surface cracking when exposed to salts 

containing Te, a fission product found in thermal spectrum reactors. 1% Nb-modified Hastelloy N showed 

improved resistance to Te attack and thermal neutron embrittlement, but very little irradiation testing was 

done. Microstructure analysis using dedicated tools such as SEM and TEM was very limited in the MSRE 

era so no useful microstructural information was reported. The effect of microstructure and grain boundary 

conditions on radiation resistance needs to be studied. Further investigations are necessary for variants of 

Hastelloy N alloys under irradiation conditions.  

For graphite materials, upper limits in operation temperature under irradiation conditions need to 

be set. In addition, the combined effect of salt and irradiation conditions on various graphite grades need 

further study.  

Previous data on silicon carbide (SiC) under irradiation conditions exist up to 630 °C. Performance 

of SiC at elevated temperatures under irradiation and in the presence of salts need to be evaluated.  

In the long run, materials with a high permittable temperature range or high creep strength will be 

needed for MSR designs, especially considering the large pressure difference between the molten salt and 

the gaseous phase in the secondary heat exchangers. This review talk indicates a variety of alloys known 
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as Hastelloy N variants have been developed, but a careful screening process is needed to identify the 

material with the best performance in various environments for the codification in the next step. 

In summary, this talk will present a brief technical gap assessment of materials issues in molten 

salt reactors, to help guide future research and regulatory decisions. 

This work was sponsored by the Nuclear Regulatory Commission (NRC) office of Nuclear 

Regulatory Research (RES). The views expressed in this paper are those of the authors and do not reflect 

the views of the U.S. Nuclear Regulatory Commission.  This material is declared a work of the U.S. 

Government and is not subject to copyright protection in the United States.  Approved for public release; 

distribution is unlimited. 
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