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corrosion.  
Figure 10 shows the depth of corrosive attack on 

the surface of specimens tested in argon gas and in air at 
823 K. Apparently, corrosive attack in air was more 
extensive than that in argon gas. The depth of corrosion 
attack on the specimen immersed in pure molten salt was 
almost the same as that on the specimen in the molten 
salt–cesium iodide mixture (Fig. 10). This similarity 
suggests that corrosive attack in air significantly affected 
corrosion of Hastelloy-N in molten salt and that the 
synergistic effect of added FPs on corrosion in molten 
salt was negligible under these conditions. 
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Fig. 6: Cross-sectional images of Hastelloy-N specimen 
immersed in molten salt at 773 K: (a) immersion test in 
an alumina crucible and (b) immersion test in graphite 
crucible. 
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Fig. 7: Cross-sectional images of Hastelloy-N immersed 
in molten salt at 873 K. (a) SEM image and (b)–(d) 
element mapping images for K, Ni, and Cr, respectively, 
from EDS. 

 
 
 
 
 

Fig .8: SEM and EDS mapping images of Hastelloy-N 
immersed in (a) molten salt and in (b) a molten 
salt–cesium iodide mixture tested at 923 K. 

 
Fig. 9: Plot of the depth of corrosive attack versus test 
temperature. 

Fig. 10: Depth of corrosive attack on Hastelloy-N in pure 
molten salt under air (a) and under Ar gas (b) and on 
Hastelloy-N in a molten salt–cesium iodide-mixture 
under Ar gas (c). 
 

K

Cr

Ni

SEM

30 ���P

Cs

���D�� ���E��

0

20

40

60

773K 823K 873K 923K

D
ep

th
 o

f c
or

ro
si

ve
 a

tta
ck

 
(�

��P
)

Alumina Crucible

Graphite Crucible

Alumina Crucible
with CsI

0

5

10

15

Ar atmosphere
FLiNaK

Ar atmosphere
FLiNaKH�CsI

Air atmosphere
FLiNaK

D
ep

th
 o

f c
or

ro
si

ve
 

at
ta

ck
 (

��
�P

)

823K
Graphite Crucible

117

M. Yamawaki et al., Evaluation Study of Source Term for Severe Accident Analysis of Molten Salt Reactors



 

3.3 Discussion 
Fluoride salts constituting the molten salt are more 

thermodynamically stable than are fluorides of the metals 
constituting the structural alloys; thus, most structural 
alloys are stable in molten fluoride salts. Nickel, in 
particular, is relatively resistant to corrosion in molten 
fluoride salts. Previous works showed that impurities 
such as moisture could drastically accelerate corrosion 
via formation of hydrogen fluoride [4]. The effect of 
impurities in the molten fluoride salt on corrosion could 
be expressed in the following chemical reactions:   

2NaF + H2O → Na2O + 2HF 
2LiF + H2O → Li2O + 2HF 
2HF + Cr → CrF2 + H2 
NiF2 + Cr → CrF2 + Ni 

In the case of FLiNaK, water could react with 
sodium fluoride and lithium fluoride in the salt and 
produce HF gas, which could leach chromium fluorides 
in the alloy into the salt. Impurities such as molybdenum 
or iron in salts for nickel-based matrixes can also promote 
dissolution of chromium into the salt. The present study 
differs from previous works in terms of the molten 
fluoride salt used (e.g., LiF–BeF2 system vs. 
LiF–NaF–KF system) and the experimental procedure 
(e.g., static immersion test vs. thermal-convection loop 
test). However, the same tendency of corrosion behavior 
involving thermal interaction between molten fluoride 
salt and Hastelloy-N could be reproduced in this work.  

The extent of corrosion of Hastelloy-N in molten 
salt under air was significantly greater than that in argon 
gas. Oxidation of molten fluoride salt probably caused 
loss of electrical neutrality and enhancement of the 
chemical activity of the surface reaction. In severe 
accidents such as leakage of molten salt into the primary 
coolant pipe, these lead to extensive, beyond-design-basis 
corrosion of the pipe surface. Addition of the FP cesium 
iodide to molten salt did not influence the corrosion 
attack on the microstructure of the specimen surface by 
molten salt. Some cesium remained in the molten salt 
phase at microstructural examination; only cesium or 
cesium iodide did not attack the surface directly. The 
synergistic effect of FPs such as cesium iodide on 
corrosion of the specimen surface in molten salt was not 
apparent; thus, the effect of the interaction between FPs 
and molten salt on corrosion of Hastelloy-N was 
negligible. However, tellurium or cesium telluride was 
reported to heavily attack the surface of stainless steel 
and of nickel-based alloy used in MFSR operation [14, 

15]. The additional effect of tellurium in molten salt on 
corrosive attack on Hastelloy-N should thus be studied in 
the future.   

Corrosion in molten salts includes dissimilar 
material corrosion in which differences in elemental 
activity between various materials in the molten salt drive 
deterioration. Corrosion of stainless steel in molten 
fluoride salt in graphite crucibles is significantly greater 
than that in stainless-steel crucibles [4]. In this work, 
there was no evidence of surface roughening of the 
alumina crucible after the immersion test, and the 
specimen was stable against corrosion in molten salt. The 
extent of surface corrosion of the specimen in molten salt 
in the graphite crucible was greater than that of the 
specimen in the alumina crucible, similar to the 
observation in a previous report [4, 15]. Graphite acts as a 
reductant for moisture and gas impurities in the molten 
salt solution and promotes the chemical interaction 
between the molten salt and specimen surface. Previous 
studies [16, 17] showed the acceleration of corrosion 
within corrosion capsules in a graphite crucible. This 
acceleration is due to the tendency of FLiNaK to cause 
chromium to take on multiple valence states, as well as 
the difference in chemical activities between the 
electronegative metal chromium in the alloy and the 
graphite crucible and components. When adding FPs in 
simulations of corrosion behavior in molten salt fuel 
containing nuclear waste, the effect of the crucible must 
be considered to ensure that the essential chemical 
interaction between molten salt and materials is not 
disrupted.  

  
 
3.4 Conclusion of section 3 

Effects of air on the corrosion of Hastelloy-N alloy 
in molten salt containing FP elements were investigated 
to evaluate the behavior of structural materials on a 
severe accident of MSR or FHR. Corrosion tests on 
Hastelloy-N in the molten fluoride salt FLiNaK were 
performed. The tests were performed at 773 to 923 K for 
100 h in alumina crucible or graphite crucible under 
argon gas or under air. Metallographic examination of 
Hastelloy-N tested at 773 K showed little evidence of 
corrosive attack other than shallow surface roughening. 
The depth of corrosive attack, as well as the extent of 
chromium and molybdenum depletion, increased with 
increasing temperature. The extent of Hastelloy-N 
corrosion in molten salt under air was significantly 
greater than that in argon gas. The effect of cesium iodide 
added to molten salt on corrosion in a simulated test on 
the molten salt containing nuclear fuel or waste fuel was 
negligible. When adding FPs in corrosion test on molten 
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salt fuel, the effect of the crucible must be considered so 
as not to disrupt the essential chemical interaction 
between the molten salt and material.     
 
4. Overall summary  
    Source term for severe accident of MSRs was 
tackled by performing a vaporization study and corrosion 
study of fluoride molten salt. From the vaporization study, 
vapor species and vapor pressures of Cs- and I-containing 
species were identified and measured. From the corrosion 
study, effect of temperature, atmosphere (air, crucible) 
and FPs on corrosion attack of Hastelloy-N alloy by 
fluoride molten salt were determined. Results of this 
study suggest how to evaluate the source term for severe 
accident analysis of MSRs. 
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