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Milestone M3RD-24OR060404
Measure the effect of molten halide salt exposure on creep rupture lifetime  
Oak Ridge National Laboratory, Oak Ridge, TN, 37831 
 
Introduction 
 

Recent resurgence in the research and commercial interests in molten salt reactors (MSRs) as a 
viable advanced reactor concept to achieve the short- and long-term climate goals [1, 2] has resulted in 
ongoing efforts to demonstrate their commercial potential [3, 4]. These are relying on a combination of the 
extensive legacy knowledge from the molten salt reactor experiment (MSRE) [5] and relatively recent data 
on materials compatibility of structural materials of interest such as 316H in molten salts environments [6]. 
However, there is a critical lack of data on the mechanical behavior of alloys of interest for MSRS such as 
316H, 617 and 709 in molten fluoride (FLiNaK or FLiBe) or chloride (NaCl-MgCl2) salts.  Limited legacy 
data from the molten salt reactor experiment (MSRE) program [7] showed a significant reduction in creep 
rupture strength of a Ni-base alloy  (Ni-15Cr-7Fe wt.%) in the molten fluoride NaF-ZrF4-UF4 (50-46-4 
mol.%) salt. With ongoing efforts to commercialize different molten salt reactor concepts, the industry can 
considerably benefit from quantitative information on the impact of molten halide salts on the engineering 
properties such as creep and fatigue strength of materials of interest. 

Creep tests for 316H were conducted with fluoride (FLiNaK) and chloride (NaCl-MgCl2) salts tat 
650°C/150 MPa while alloys 709 and 617 were tested with FLiNaK at 700C/158 MPa and 750C.146 MPa 
respectively. Baseline tests were conducted in air to assess the impact of the molten salts on the creep 
behavior. 
 
Procedure 
 

The cylindrical hollow creep specimens had a 57.2 mm gage length, 12.7 mm outer and 11.2 mm 
inner diameter (ID).  A stainless-steel cup made of type 316L stainless steel was attached to the bottom of 
the creep specimen to capture the molten salt after rupture. This specimen design was derived from a patent 
application [8]. All specimens were subjected to rigorous geometry checks in order to verify dimensions 
and surface finish. Particularly, the inner surface was electrical discharge machined (EDM) and polished to 
an Ra of 0.4 µm measured using a profilometer.  
 
Table 1: Compositions of the studied alloys in wt.% determined by plasma/combustion analyses 
 

Alloy Fe Cr Ni Mn Si Mo C Co Al Ti Other 

316H Bal. 16.6 10.3 1.6 0.3 2.0 0.04 0.2 - - 
Cu 0.4 
N 0.03 

709 Bal. 20.0 24.6 0.9 0.35 1.5 0.08 - - - Nb 0.2 
617 1.6 22.2 Bal. 0.1 0.1 8.6 0.05 11.6 1.1 0.4 Cu 0.04 
282 0.8 19.4 Bal. - - 8.5 0.06 10.2 1.5 2.2 Zr 0.01 

 

Specimens of 316H were machined from a 2.54 cm thick 316H plate provided in a solution 
annealed state. The creep specimens of alloy 709 were machined from a 4.6 cm plate produced by ATI Flat 
Rolled Products. The as-received plate was solution annealed at a minimum temperature of 1150°C 
followed by a precipitation treatment at 775°C for 10h. Alloy 617 specimens were machined from a 3.7 cm 

measured composition of the three alloys is given in Table 1.  
The FLiNaK salt used for this work was prepared by a now defunct company Electrochemical 

Systems. The composition of the as-received salt was previously reported [6] . The NaCl MgCl2 eutectic 
salt used in this study was prepared with 58.5 mol% anhydrous NaCl salt and 41.5 mol% anhydrous MgCl2 
salt. The salt was homogenously mixed and purified following an established purification procedure for 



 

chloride salts [9]. The trace impurities of the NaCl MgCl2 eutectic salt mixture were identified by 
inductively coupled plasma mass spectrometry (ICP-MS) analysis [10] in which the most prominent 
impurity elements and the corresponding concentrations were 0.79 ppm Li, 5.44 ppm S, 15.7 ppm K, 6.99 
ppm Ca, 0.03 ppm Cr, 0.01 ppm Mn, 0.13 ppm Fe, 0.23 ppm Ni (weight). The oxygen level in the salt was 
~300-400 wppm. 

The hollow creep specimens were filled in an Ar-filled glovebox (O2 and H2O < 0.1 ppm) with 
~15 g of the salt and sealed by welding the cap (same material as the specimen) on the top in the glovebox. 
Before beginning the creep test, thermocouples were fixed at about 1/3 of the gauge length before threading 
on the catch cup. The completed load train (including the pull rods and specimen) was loaded into the 
furnace and threaded into the turn buckle before additional insulation was applied. The heating was 1 h to 
temperature followed by a 0.5 h hold to reach a steady state. The system was operated within a 3°C variance 
between the thermocouple on the specimen and the control thermocouple of the furnace. The linear variable 
displacement transducer (LVDT) used to measure displacement and derive creep strains was zeroed at this 
point and the specimen was loaded. The furnace was programmed to be switched off immediately upon 
specimen rupture to minimize corrosion damage to the specimen due to the leaking molten salt. The test 
matrix for the creep tests is given in Table 1. 
 

Table 1.  Test matrix for the creep tests 

Alloy Temperature (°C) Stress (MPa) Environment 

316H 650 150 

Air 

FLiNaK 

NaCl-MgCl2 

709 700 158 
Air 

FLiNaK 

617 750 146 
Air 

FLiNaK 

 

Post-exposure, specimens were cross-sectioned for metallographic analyses. The mounted samples 

surface finish. Microstructural characterization to measure compositional changes and identify phase 
transformations was performed using scanning electron (SE), back-scattered electron (BSE) microscopy 
(TESCAN MIRA3 SEM) and energy dispersive x-ray spectroscopy (EDS:EDAX Octane Elect Super 
Silicon Drift Detector). 
 
Results 
 

Figure 1 shows the measured creep strains of 316H in air, FLiNaK and NaCl-MgCl2 at 650 °C/150 
MPa. The molten salt environment has evidently reduced the creep rupture life of the alloy in FLiNaK 
compared to the baseline creep rupture lifetime in air (~50% reduction from 1702h to 793h). Additionally, 
there is evidently a significant reduction in creep ductility due to the molten salt environment. However, 
the test with NaCl-MgCl2 did not affect the creep rupture lifetime with the specimen failing after 1948h. 
This is a surprising result since an earlier test at 650°C/160 MPa had shown a ~30% reduction in creep 
rupture lifetime compared to the exposure in air [11]. An additional creep test with NaCl-MgCl2 was started 
to repeat this condition and verify reproducibility. 



 

 
Figure 1: Measured creep strains of  316H in air, FLiNaK, NaCl-MgCl2 at 650°C/150 MPa. 
Open symbols indicate failure time. 

 
The creep behavior of 709 was significantly affected by the molten salt environment (Figure 2). 

The specimen tested with FLiNaK failed after 150h compared to the 1095h creep rupture time for the 
specimen tested in air. The test with FLiNaK was repeated and the specimen failed after 273h with a creep 
strain of 1.3% suggesting a brittle fracture. 
 
 

 
Figure 2: Measured creep strains of  709 in air and FLiNaK at 700°C/158 MPa. Open 
symbols indicate failure time. 
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Figure 3: Measured creep strains of  617 in air and FLiNaK at 750°C/146 MPa. Open 
symbols indicate failure time. 

 
Figure 3 shows the measured creep strains of 617 in air and FLiNaK at 750 °C and 146 MPa. The 

creep strains were relatively low for both 617 specimens compared to the data for 617 in the literature [12]. 
This might be due to the lower number of grains expected across the wall thickness of the current specimen 
geometry (0.76 mm) which is below the recommended wall thickness of 3.175 mm [12].  The specimen 
tested in FLiNaK showed about a 30% reduction in creep rupture time. 
 
Conclusions 

 
The creep tests with FLiNaK resulted in the reduction of creep rupture lifetime of all investigated 

alloys with the impact being the strongest on alloy 709. For 316H, the test with NaCl-MgCl2 did not 
influence creep rupture lifetime at 650°C/150 MPa but was observed to reduce creep rupture lifetime at 
650°C/160 MPa in an earlier work. The ongoing repeat test will provide additional data and aid in 
confirming the observation. The assessment of the impact of molten fluoride and chloride salts on creep 
behavior of 316H, 709 and 617 at different stresses will be continued in FY25. There is an additional focus 
on identifying the precise mechanisms of creep-corrosion interactions to provide insights into the observed 
creep rupture data. 
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