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Abstract
In this study, the corrosion and cracking behavior of the GH3535 alloy exposed to molten FLiNaK salts (46.5LiF-11.5NaF-
42KF, mol%) with 0 and 0.1wt.% Cr

3
 Te

4
 and 0, 1 and 3wt.% EuF

3
 additions at 700◦ C for 250 h were investigated. The 

results showed that all the samples exposed to tellurium containing salts exhibited intergranular corrosion and cracking, and 
the cracking severity increased with the increasing EuF

3
 concentration. Among them, the average and maximum cracking 

depths were 164 and 57.1�m , respectively. In contrast, the control sample exposed to salt without Te exhibited less evident 
intergranular corrosion and no intergranular cracking. These results demonstrate that the synergistic effect between EuF

3
 and 

Cr
3
 Te

4
 promotes grain boundary Te segregation and Cr depletion, resulting in more severe intergranular cracking.

Keywords  Fission product · EuF
3
 · Tellurium · FLiNaK

1  Introduction

Molten salt reactors (MSRs) are characterized by the uti-
lization of molten salts as both a nuclear fuel and coolant. 
Liquid fuel design simplifies the fuel cycle and facilitates the 
recycling of diverse fuel compositions, including uranium, 
plutonium, and minor actinides. In addition, the high boil-
ing point of molten salts enables MSRs to operate at high 
temperatures and near atmospheric pressure, enhancing the 
efficiency and safety of the reactors [1]. However, the special 
environment of an MSR requires harsh conditions for its 
structural materials [2, 3].

Molten-salt corrosion is a major challenge for MSR struc-
tural alloys. Because protective oxide films are not stable in 

molten fluoride salts, corrosion mainly occurs through the 
selective dissolution of active alloy elements such as Cr and 
Al [4]. Therefore, a low-Cr nickel-based alloy, UNS N10003 
alloy (Ni-16 Mo-7 Cr), was developed specifically for MSR 
applications and showed excellent corrosion resistance and 
other properties [5–8]. The GH3535 alloy, the Chinese 
domestic version of the UNS N10003 alloy, was developed 
for the Thorium Molten Salt Reactor (TMSR) project [9]. 
The molten corrosion behavior of GH3535 alloys has been 
widely investigated in recent years. The influences of dif-
ferent factors such as alloy microstructure [10], salt impuri-
ties [11–13], dissimilar materials effects [14, 15], flowing 
conditions [16], and irradiation effects [17–19], have been 
clarified.

Among the possible corrosion mechanisms, corrosion 
caused by fission products (FPs) is worth noting because FPs 
can circulate with molten fuel salt throughout the reactor 
primary system. A molten salt reactor experiment (MSRE) 
showed that tellurium, a major FPs, is particularly harm-
ful [20]. Te can corrode the grain boundaries (GBs) of the 
structural alloy, leading to embrittlement and consequent 
intergranular cracking of the alloy [21, 22]. Te-induced 
intergranular cracking was observed in various components 
and surveillance specimens of the MSRE. Although most 
cracks were formed after room-temperature tensile tests, 
some could be observed directly after polishing [20].
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With the increase in MSR-related research over the past 
decade, extensive efforts have been made to evaluate Te cor-
rosion. Numerous previous studies have exposed alloys to 
Te vapor [23–27] or Te coatings in a sealed vacuum envi-
ronment [28–32]. Such approaches frequently result in the 
development of telluride reaction layers on the sample sur-
face, which significantly influence the Te corrosion depth 
[33–36] and the diffusion rate of Te [37–39]. However, no 
significant surface tellurides were observed on the surfaces 
of the alloy samples or components within the MSRE [20], 
indicating that the complex interaction between molten salt 
corrosion and Te corrosion was overlooked in the vacuum 
experiments.

As proposed by the Oak Ridge National Laboratory 
(ORNL) [22] and confirmed by the Kurchatov Institute [40], 
out-of-pile corrosion experiments using fuel salts with UF

4
 

and Te sources can reproduce Te-induced cracking with-
out the formation of significant tellurides. The severity of 
this cracking is sensitive to the reduction/oxidation (redox) 
potential of the fuel salts, which is defined by the UF

4
/UF

3
 

concentration ratio. However, handling UF
4
-containing 

molten salts requires special radiochemistry facilities and 
permissions, making them inaccessible to many researchers. 
Instead, several recent studies have conducted Te corrosion 
experiments in molten FLiNaK salt [41–45], but the experi-
mental conditions and results have varied significantly.

Hu conducted corrosion tests on a GH3535 alloy in 
molten FLiNaK salt with the addition of Te powder in nickel 
crucibles and revealed that increasing the Te content from 
0.1wt.% to 1wt.% greatly enhanced the intergranular cor-
rosion depth of GH3535 alloy [44]. Hong’s research deter-
mined that the corrosion depth, as well as the reduction in 
yield strength and strain, of stainless steel 304 in molten 
FLiNaK salt was less severe when using nickel crucibles 
with the addition of 1wt.% Te powder compared to those 
with only 0.1wt.% Te powder [45]. Considering that the 
activity of Te [22, 46] and the redox potential of the molten 
salt [22, 40, 47] may significantly affect Te corrosion, some 
experiments have focused on these aspects. Jiang conducted 
Te exposure experiments in GH3535 alloy tubes using the 
FLiNaK salt containing Cr

3
 Te

4
 as a low-activity Te source 

and NiF
2
 as the redox agent. It was revealed that the inter-

granular cracking was absent with only Cr
3
 Te

4
 addition, but 

was severe when NiF
2
 was also present, and the reduction 

of NiF
2
 caused Ni deposition on sample surface [41, 42]. 

McAlpine compared the corrosion of four commercial alloys 
by the molten FLiNaK salt with that of Te and other simu-
lated fission products. 4.8wt.% EuF

3
 was added as the redox 

agent to produce highly oxidized salts, NiTe as Te source 
and nickel crucibles to contain the salts. However, Hastel-
loy N did not show severe intergranular corrosion in their 
case, regardless of the Te content; there was no evidence of 
Te penetration in any of the tested alloys, and EuF

3
 was the 

major cause of corrosion [43].
Therefore, the surrogate Te corrosion experiments 

reported to date highlight that molten FLiNaK salt still has 
room for further improvement. The use of Te sources with 
too high or too low Te activity should be avoided, and the 
type and content of the redox agent, as well as the salt-con-
taining materials, should be selected such that they do not 
cause significant interference. Quantifying the addition of 
redox agents to simulate the extent of cracking after ten-
sile testing in fuel salts with different redox potentials is 
essential. In this study, graphite crucibles were chosen as 
the container for the molten FLiNaK salt because it is not 
as susceptible to reacting with Te [48] as Ni does [42]. The 
GH3535 alloy was selected as the sample to meet the envi-
ronmental requirements of the reactor for comparison with 
previous experimental studies. Cr

3
 Te

4
 was chosen as the 

Te source, similar to that adopted from previous fuel salt 
[22, 47] and FLiNaK salt [41, 42] experiments. EuF

3
 was 

chosen as the redox agent because the equilibrium of EuF
3

/EuF
2
 is similar to that of UF

4
/UF

3
 in actual MSRs [49], and 

1% and 3% EuF
3
 contents were selected to quantify the cor-

rosion effect. In the present study, we investigated the effect 
of EuF

3
 content on the Te-induced corrosion and cracking 

of the GH3535 alloy through salt exposure tests, mechanical 
tests, salt chemical analyses, and alloy microstructural char-
acterizations. The aim was to deepen our understanding of 
Te corrosion and to identify an improved protocol for future 
surrogate experiments.

2 � Materials and experimental procedure

2.1 � Materials

In this study, all the exposure experiments were conducted 
in nuclear grade graphite crucibles with an inner diameter of 
20 mm. Each exposure experiment involved one tensile sam-
ple and one corrosion samples. The samples were EDM-cut 
from a hot-rolled GH3535 alloy plate, whose composition 
is shown in Table 1. The schematic diagrams of the samples 
are shown in Fig. 1. The corroded sample has a rectangular 
shape with a hole on one end for fixing, and the dog-bone 
shape was adapted for the tensile sample. The samples were 

Table 1   Chemical composition 
of the GH3535 alloy (wt.%)

Elements Ni Mo Cr Fe Mn Si Al Ti Co C

Wt.% 70.5 17.3 7.1 3.9 0.6 0.4 0.02 0.002 0.004 0.06
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first abraded sequentially with 400#, 800#, and 1500# SiC 
abrasive papers. Subsequently, they were polished with a 
nano-alumina suspension containing particles of 0.05 μm 
diameter to achieve a smooth surface finish. After polishing, 
the samples were electro-polished in a solution consisting of 
10% deionized water, 40% acetic acid ( C

3
 H

8
 O

3
 ), and 50% 

sulfuric acid ( H
2
 SO

4
 ) at 0 ◦ C with an applied voltage of 

36 V for approximately 10 s to eliminate the surface stress. 
Then, they were rinsed with alcohol and deionized water. 
Finally, the samples were dried in an oven at 150 ◦ C for 12 h 
to remove the adsorbed impurities.

The FLiNaK salt (46.5LiF-11.5NaF-42KF, mol%) was 
prepared by mixing a totally 500 g of LiF (99.9% purity) , 
NaF (99.99% purity) , and KF (99.9% purity) powders in a 
graphite crucible. Subsequently, the crucible containing the 
salts was baked at 350 ◦ C for 5 h and then melted at 650 ◦ C 
for 2 h in a muffle furnace inside an Ar-filled glovebox. The 
salt ingots were then polished and chunked upon cooling. 
EuF

3
 powder (99.9% purity) was added to the produced FLi-

NaK salt as the redox agent, and Cr
3
 Te

4
 powder (99.9% 

purity) was added as the Te source.

2.2 � Corrosion tests

The corrosion technique used in this study was a static salt 
immersion test. Corrosion tests were carried out in four 
groups, each group contained 35 g of FLiNaK salt with dif-
ferent concentrations of Cr

3
 Te

4
 and EuF

3
 additions. Group 

#1: 0.1wt.% Cr
3
 Te

4
 (35 mg) ; group #2: 0.1wt.% Cr

3
 Te

4
 + 

1wt.% EuF
3
 (0.35 g); group #3: 0.1wt.% Cr

3
 Te

4
 + 3wt.% 

EuF
3
 (1.05 g) ; group #4: 3wt.% EuF

3
 (1.05 g) . The aim was 

to elucidate the influence of EuF
3
 addition on Te-induced 

corrosion while isolating the direct corrosion effect by itself. 
All the operations were performed in an Ar glove box (the 
moisture and oxygen contents remained below 5 ppm) .

Firstly, the weighed FLiNaK salt chunks, Cr
3
 Te

4
 powder 

and EuF
3
 powder were placed in four crucibles in the follow-

ing sequence: EuF
3
 was added to the bottom of the crucible; 

next, 2/3 of the crucible was filled with the FLiNaK salt 
and Cr

3
 Te

4
 powder, and the remaining 1/3 was filled with 

the FLiNaK salt. Second, the four loaded crucibles were 
placed into a muffle furnace and heated at 700 ◦ C for 8 h 
to melt the salt and dissolve the powders. The salt samples 
before corrosion were removed from each crucible by dip-
ping a tungsten rod. Finally, the alloys samples fixed to the 
crucible lids with by the GH3535 wire were placed into the 
molten salt and subjected to thermal exposure at 700 ◦ C for 
250 h. After exposure, the alloy samples were removed to 
cool in the glove box, and the salt samples after corrosion 
were dipped out using a tungsten rod, before turning off the 
furnace to cool the entire system.

2.3 � Post‑corrosion tests and characterizations

The characterizations primarily encompassed the analy-
sis of the salt, the microstructure of the alloy samples, the 
distribution of elements, and the mechanical properties, 
with a particular focus on the morphology of the cracks. 
The salt samples collected before and after the corrosion 
process underwent chemical analysis using inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) and 
mass spectrometry (ICP-MS). ICP-MS was utilized for the 
analysis of Te and Eu, while ICP-OES was employed for 
the analysis of all other elements. A comparison of the val-
ues obtained from these analyses before and after corrosion 
revealed changes in the elemental contents.

The tensile samples were subjected to room temperature 
(RT) testing using a mechanical testing machine (Zwick 
Z100) at a constant strain rate of 3.5 mm/min. Owing to the 
small sample size, an extensometer was not used. The data 
from the tensile tests were plotted as stress–strain curves 
to assess the impact of the different corrosion conditions. 
Microstructural and elemental analyses of both the cor-
roded and tensile samples were conducted using a scanning 
electron microscope (SEM, Carl Zeiss Merlin Compact) 
equipped with an energy-dispersive X-ray spectrometer 
(EDS). Initially, EDS point scanning was performed at var-
ious points across the sample surface. This was followed 
by EDS line scanning of both the surface and cross section 
of the samples, with a focus on the GBs and near-surface 
region. Given the difficulty in detecting Te segregation at the 
GBs using EDS, an electron probe microanalyzer (EPMA, 
SHIMADZU-1720 H) was employed to ascertain the distri-
bution of Te.

Fig. 1   Schematics of the corrosion and tensile samples (all values 
shown in the figure are in mm)
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3 � Results

3.1 � Salt composition analyses 
before and after corrosion

Before corrosion, the metal impurities in the salt were 
minimal, with Fe at a maximum of 35 ppm. After cor-
rosion, the contents of Cr and Mn in all the salt samples 
increased, indicating the dissolution of the active elements 
in the alloy. Among them, the salt containing both Cr

3
 

Te
4
 and 3% EuF

3
 increased the most, followed by the salt 

containing only EuF
3
 , and the least increase was observed 

in the salt containing only Cr
3
 Te

4
 , suggesting that the 

addition of Cr
3
 Te

4
 and EuF

3
 affected corrosion. The over-

all trend of Fe and Ni in the post-corrosion salt showed 
a decrease, but with some fluctuations. Additionally, the 
content of Mo increased slightly in #2, #3, and #4, with 
the most significant increase observed in #3.

The differences between the measured and calculated 
Eu values were statistically significant. Before corrosion, 
the measured values did not exceed 20% of the calculated 
values, whereas after corrosion, the measured values for 
#2, #3, and #4 were 51%, 88%, and 16% of the calculated 
values, respectively. This result can be ascribed to the lim-
ited solubility of EuF

3
 in the molten FLiNaK salt or in 

the acid solution during ICP sample preparation. Notably, 
the measured Eu content after corrosion was higher than 
before corrosion, with Te-containing sample #3 showing 
a higher Eu content than the Te-free sample #4, although 
both samples had the same 3% EuF

3
 addition.

Before corrosion, the measured Te values are close to 
the calculated values. The measured Te values for the 0%, 
1% and 3% EuF

3
 salts were 90% 99.5% and 99.7% of the 

calculated values, respectively. After corrosion, the meas-
ured Te values were 109%, 104%, and 88% of the calcu-
lated values, respectively. Overall, the change in Te before 
and after corrosion was not significant, and it is uncertain 
whether the differences in the measured values were due to 
test errors or the real changes in Te form and distribution.

3.2 � Microstructure and composition 
characterization of corroded samples

The surface morphologies of the corroded samples under 
various experimental conditions are depicted in Fig 3. It 
is evident that all the samples exhibited GB corrosion; the 
overall difference between the samples was not obvious, 
and no tellurides were observed on the sample surface.

EDS point analysis was performed at the GBs and 
inside the grains. As shown in Table 3, compared to the 
original content (7.1wt.%) , all the surface experienced a 

depletion in the element Cr. Cr depletion at the GBs was 
more severe than that inside the grains. Adding more EuF

3
 

to the salt caused an increase in Cr depletion, both inside 
the grains and at the GBs. When both EuF

3
 and Cr

3
 Te

4
 

were present in the salt, the loss of Cr at the GBs increased 
faster than that inside the grains with the increasing EuF

3
 

addition. However, without Cr
3
 Te

4
 , the Cr depletions at 

the GBs and inside the grains were similar (sample #4) . 
This indicates that the synergistic effect of EuF

3
 and Cr

3
 

Te
4
 enhances the GB corrosion.
Cross-sectional analyses of the samples were performed 

to ascertain the depth of corrosion, and the SEM cross-sec-
tional images of the samples under varying corrosion condi-
tions are shown in Fig. 4(a). Overall, the grains underneath 
the surfaces of all tested samples remained free of corrosion 
defects. As shown in Fig. 4(b) , no obvious intragranular Cr 
depletion was found except in samples #4 that corroded in 
solely EuF

3
 containing salt, which showed a Cr depletion of 

4 μm . On the contrary, grain boundary corrosion was obvi-
ous in samples that corroded in salts containing both Cr

3
 

Te
4
 and EuF

3
 . After corrosion in the salt containing Cr

3
 Te

4
 

and 1% EuF
3
 , a small quantity of pores could be seen on 

grain boundaries in sample #2 up to more than 10 μm depth. 
But when the EuF

3
 increased to 3%, sample #3 corroded in 

Te-containing salt showed extensive corrosion pores on the 
grain boundaries up to more 100 μm depth. It is worth noting 
that not all grain boundaries in sample #3 suffered severe 
corrosion, typical corroded and un-corroded boundaries are 
marked with 1 and 2 in Fig. 4(a), respectively. EDS scans 
across grain boundaries of underneath the surface of each 
sample confirmed that Cr was slightly depleted in sample 
#2 and significantly depleted in sample #3, due to the co-
existence of EuF

3
 and Cr

3
 Te

4
 in the salt; this observation 

was consistent with the surface analysis results.
Because EDS does not have sufficient detection ability 

for trace elements, EPMA was used to further analyze the 
elemental distribution of the samples after corrosion in salts 
containing Cr

3
 Te

4
+1%EuF

3
 and Cr

3
 Te

4
+3%EuF

3
 , as shown 

in Fig. 5(a) and (b) . This again confirms that when the addi-
tion of EuF

3
 in the molten salt was increased to 3%, the 

depth and extent of Cr depletion along the GBs of the sam-
ple increased significantly. However, none of the samples 
exhibited Te enrichment in the corrosion-affected regions, 
indicating that the Te activity in the salts was low.

3.3 � Tensile tests and microstructure 
characterization of fractured samples

After corrosion, the tensile samples under the four experi-
mental conditions were tested at RT using a universal mate-
rial-testing machine. The stress–strain curves of the samples 
are shown in Fig. 6, and the strength and elongation data 
are listed in Table 4. The sample size was small, and thus, 
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an extensometer could not be used. Therefore, the curve of 
the elastic stage in Fig. 6 is not accurate; the curve after the 
yielding stage provides detailed information.

As shown in Fig. 6 and Table 4, the yield strengths of 
both the corroded and uncorroded samples were similar, but 
the ultimate strengths and elongations varied significantly. 
The uncorroded samples had the greatest ultimate strength 
and elongation of 834.3 MPa and 63.4%, respectively. The 
sample corroded in solely EuF

3
-containing salt follow, with 

ultimate strength and elongation of 813 MPa and 55.7%, 
respectively, while adding Cr

3
 Te

4
 to the salt caused reduc-

tions in both properties. It is worth noting that among the 
samples corroded in Cr

3
 Te

4
-containing salts, the extent 

of reduction in mechanical properties increased with the 
increasing EuF

3
 contents. The sample corroded in the salt 

containing Cr
3
 Te

4
+3%EuF

3
 had the lowest ultimate strength 

and elongation of 456.2 MPa and 17%, respectively.
The surface morphologies of fractured samples at differ-

ent locations from the holding end to the fractured end were 
observed by SEM. According to the sample geometry, the 
stresses borne during tensile test increased from locations I 
to IV. As shown in Fig. 7, all tested samples show no cracks 
at location I, but show clear surface cracks at location IV, 
indicating that the cracking was sensitive to stresses. Sample 
#4 corroded in the salt with solely EuF

3
 addition exhibited 

the least severe cracking, only some short cracks on carbides 
were found even near the fracture, and no intergranular crack 
was seen. On the contrary, intergranular cracks existed in 
all the samples corroded in Cr

3
 Te

4
-containing salts, but the 

size, density and occurring location of these cracks varied. 
While only few intergranular cracks were seen at locations 
III and IV in Sample #1, more intergranular cracks existed 
even at location II in sample #2 and #3. It is clear that for 
samples corroded in Cr

3
 Te

4
-containing salts, the severity of 

cracking was increased with the increasing EuF
3
 additions. 

The order of the increasing intergranular cracking of the 
fractured samples was consistent with that of the decreasing 
tensile properties.

The cross-sectional microstructures of the fractured sam-
ples were also observed using SEM. Samples #1 and #4 did 
not exhibit cracks; therefore, these images are not presented. 
Samples #2 and #3 exhibited increased cracking, as shown 
in Fig. 8(a) and (b), respectively.

For the sample corroded in the salt containing Cr
3
 Te

4
 and 

1%EuF
3
 , 16 cracks were found within the 5 mm observation 

range. Only one crack had a depth of 32 μm (Fig 8(a) ), all 
other cracks were shorter than 10 μm . When the addition of 
EuF

3
 was increased to 3%, both the density and depth of the 

cracks increased significantly. Further, 27 cracks were found 
in the 5 mm observation range, and the average depth was 
57.1 μ m. The standard deviation of cracks depth was large, 
with a maximum of 164 μ m and a minimum of 20 μm , and 
the depths of only nine cracks were larger than the aver-
age value. In addition to the depth, the widths of the cracks 
also varied. Two typical types of cracks were observed in 
sample #3: One had a widely opened crack mouth, such as 
crack 1 in Fig. 8(b) , and the other had no such as crack 2 
in Fig. 8(b) . A possible mechanism for their formation is 
discussed below.

4 � Discussion

Analysis of the data presented in Table 2 and Fig. 2 reveals 
that the presence of Eu and Te significantly influences the 
corrosion process, with EuF

3
 exhibiting a particularly pro-

nounced effect on Te-induced corrosion. However, the corro-
sion mechanism requires further investigation. Additionally, 
Table 3 and Fig 3 demonstrate that the simultaneous pres-
ence of EuF

3
 and Cr

3
 Te

4
 affects the depletion of Cr at the 

GBs, which contrasts with the effects observed when EuF
3
 

or Cr
3
 Te

4
 are added individually.

Figure 4(a) to 5(b), displaying the cross-sectional analy-
ses of the samples, indicate that the coexistence of EuF

3
 

and Cr
3
 Te

4
 leads to GB corrosion, affecting Cr depletion at 

these boundaries. In contrast, the samples with only EuF
3
 

Fig. 2   The variation of elemen-
tal content in FLiNaK before 
and after corrosion, where a 
represents the change in Mn 
content and b represents the 
change in Cr content
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showed only minor Cr depletion near the surface. Notably, 
no Te enrichment was detected using EPMA, suggesting 
that these effects may occur at a very low Te activity. The 
tensile test results and these observations (Fig. 6 to 8(b) and 
Table 4) collectively indicate that the mechanical properties 
and cracking after tensile testing are significantly affected by 
Cr

3
 Te

4
 , EuF

3
 , and their coexistence. These varying effects 

highlight the need to explore the underlying mechanisms.
In this section, we discuss the mechanisms observed 

in throughout the corrosion experiments. This includes 
the direct corrosion caused by the addition of EuF

3
 , the 

enhanced intergranular corrosion and cracking due to the 
synergistic effects of EuF

3
 and Cr

3
 Te

4
 , and a compari-

son of these findings with those of previous studies on Te 
corrosion.

4.1 � Direct corrosion induced by EuF
3

When EuF
3
 was present in the molten FLiNaK salt, equilib-

rium between EuF
3
/EuF

2
 was established, and the balance 

concentration ratio without reacting with other elements was 
measured as approximately 2 at 700 ◦ C [49]. This ratio may be 
highly oxidizing because an EuF

3
/EuF

2
 ratio lower than 0.05 is 

required to avoid the corrosion of Cr [49]. Therefore, EuF
3
 is 

typically used as an oxidant for accelerating corrosion in many 
of molten fluorides corrosion tests [43, 50, 51].

The results presented in the previous section demonstrate 
that the contents of dissolved Cr in the salt (Table 2) and 
depleted Cr on the sample surface (Table 3) after corrosion 
both increased with the increasing EuF

3
 content. This result 

can be ascribed to the oxidative nature of EuF
3
 ; its reaction 

with Cr in the alloy is expressed by the following equation:

However, as shown in Tables 2, 4 and Fig. 4(a), (b) , 7, sam-
ple #4 corroded in the salt containing solely EuF

3
 exhibited 

minor uniform Cr dissolution with no obvious grain bound-
ary Cr depletion nor intergranular cracking, and the greatest 
strength and elongation. This indicates that the direct corro-
sion of EuF

3
 is homogeneous and not particularly harmful 

to the mechanical properties of the alloy. Thus, the change 
in the severity of the intergranular corrosion and cracking 
behaviors with EuF

3
 concentrations can be ascribed to the 

synergistic effect of EuF
3
 and Cr

3
 Te

4
.

(1)2 EuF
3
+ Cr = CrF

2
+ 2 EuF

2

Table 2   Concentration of 
elements in FLiNaK salt before 
and after corrosion ( μg/g)

a FLiNaK salt added with Cr
3
 Te

4
 and 0% EuF

3
;

b FLiNaK salt added with Cr
3
 Te

4
 and 1% EuF

3
;

c FLiNaK salt added with Cr
3
 Te

4
 and 3% EuF

3
;

d FLiNaK salt added with 3% EuF
3

Elements Mn Cr Fe Mo Ni Te Eu

Nominal concentration of Cr, Te, and Eu added (calculated value)
0.1wt.%
Cr

3
 Te

4

/ 234 / / / 766 1wt.%:
7270

3wt.%:
21810

Concentration before corrosion (measured value)
#1 a 0.8 220.5 35.1 5.4 16.3 693.0 56.5
#2 b 0.4 190.6 19.5 / 2.3 762.0 787.5
#3 c 0.5 181.3 27.2 0.6 16.0 763.4 4023.6
#4 d 0.7 8.3 30.9 / 14.7 7.2 1940.2
Concentration after corrosion (measured value)
#1 a 3.8 250.8 22.7 5.0 4.4 836.3 43.7
#2 b 4.5 256.9 11.5 4.0 0.0 800.1 3708.7
#3 c 10.4 337.1 19.2 16.7 / 679.4 19290.8
#4 d 8.0 87.6 16.9 6.6 20.1 / 3558.1

Table 3   Content of each element at each labeled point in Fig. 3 (wt%)

Elements Cr Fe Mo Ni

Inside the grain
#1 4.2 5.5 16.4 73.9
#2 4.1 5.2 16.9 73.8
#3 3.5 5.0 17.0 74.5
#4 3.5 8.9 14.9 72.7
GB
#1 3.9 6.3 14.3 75.5
#2 3.2 5.9 15.9 75.0
#3 1.9 5.3 24.1 68.7
#4 3.2 9.3 14.4 73.1
Difference in Cr content with inside the grain and GB
#1: 0.3 #2:  1.3 #3:  1.6 #4:  0.3
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4.2 � Synergistic effect of EuF
3
 and Cr

3
 Te

4
 

on corrosion and cracking

According to the early research by ORNL [22], it is the zero 
valence Te0 that diffuses into to the alloy, causes the embrit-
tlement of the alloy GBs and results in the intergranular 
cracking. Therefore, they proposed to control Te0 activity 
by adjusting the UF

4
/UF

3
 concentration ratio, through the 

“complexing” reaction of Te with chromium to retain it in 
the salt. The reaction can be expressed as Eq. (2) which 
implies that increasing the concentration of UF

4
 in the salt 

increases the content of Te0 released. Consequently, the 
redox potential of the salt has a strong influence on Te cor-
rosion; if the UF

4
/UF

3
 concentration ratio in the fuel salt is 

kept sufficiently low, Te-induced cracking is prevented [22].

In this investigation, the addition of EuF
3
 similarly affected 

the Te-induced corrosion, and the reaction can be described 
by Eq. (3). Without EuF

3
 , only a small amount of Te0 was 

formed by the reaction of impurities in the salt with Cr
3
 Te

4
 , 

whereas with an increase in EuF
3
 addition from 1% to 3%, 

EuF
3
 reacted with Cr

3
 Te

4
 to produce more Te0. The Te0 

released from Cr
3
 Te

4
 subsequently transferred to the alloy 

surface, diffused inward and aggregated at the GBs. Thus, 
sample #3, which was corroded in the salt containing Cr

3
 Te

4
 

+ 3%EuF
3
 , exhibited the most Te GB segregation.

Te segregation on the GB is harmful because it not 
only directly embrittles the GB [20], but also causes GB 

(2)6UF
4
+ Cr

3
Te

4
⇌ 6UF

3
+ 3CrF

2
+ 4 Te

(3)6 EuF
3
+ Cr

3
Te

4
⇌ 6 EuF

2
+ 3CrF

2
+ 4 Te

expansion, which reduces the diffusion barrier of other active 
elements along the GB. The accelerated outward diffusion 
of the active element causes void formation that further 
damages the GB [41]. Therefore, EuF

3
 in the salt induced 

the most Cr dissolution according to Eq. (1), whereas Cr 
depletion was much faster from the Te-segregated GBs in 
sample #3. This synergistic effect resulted in the most severe 
GB corrosion and the subsequent intergranular cracking in 
sample #3, hence greatly deteriorated its mechanical prop-
erties. To quantify the severity of Te-induced cracking, the 
density and length of cracks were counted from locations 
III and IV of cross-sectional samples, and the K values [20, 
40] defined as the number of cracks per centimeter of alloy 
multiplied by the average depth of cracks (unit: pc × μm/cm) 
were calculated as follows:

From Figs. 4(a), 5(b) , 7, 8(b) show that all the GBs in sam-
ple #3 suffered from GB corrosion and cracking, and the 
morphologies of the corroded and cracked boundaries also 
varied. This may be ascribed to the different amounts of 
Te accumulated at each GB, as the Te diffusion behavior 
depends on the GB characteristics [23]. As shown in Fig. 9, 
GBs with more Te segregation may have more expansion, 
thus undergoing faster Cr depletion and more severe cor-
rosion (e.g., GB 1 in Fig. 4(a)) . The direct embrittlement 
effect of Te segregation and further damage caused by Cr 
depletion and void formation significantly deteriorated the 
GB strength. Therefore, it may crack under low stress at the 
early stage of tensile stress, and the opening of the crack 

(4)

K(#2) = 16 × (6.1 ± 7.1) pc × μm∕5mm ≈ 195 pc × μm∕cm

K(#3) = 27 × (57.1 ± 33.5) pc × μm∕5mm ≈ 3083 pc × μm∕cm

Fig. 3   SEM images the sam-
ples’ surfaces after corrosion in 
molten FLiNaK with different 
additions: #1. Cr

3
 Te

4
 , #2. Cr

3
 

Te
4
 + 1%EuF

3
 , #3. Cr

3
 Te

4
 + 

3%EuF
3
 , #4. 3%EuF

3
 . The point 

is referring to the zone where 
the EDS point analysis was 
conducted
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mouth widens with the elongation of the sample during ten-
sile stress (crack 1). In contrast, the strength of the GB with 
less Te segregation was less affected by direct Te embrittle-
ment and corrosion damage (e.g., GB 2 in Fig. 4(a)) . Thus, 
it did not crack until the late stage of tensile stress, where 
strain localization induced a larger stress, resulting in a nar-
row shape (crack 2).

4.3 � Assessment of the present surrogate 
experiment

The major test conditions and results of the present experi-
ment, as well as other typical Te vapor, Te-containing 

fuel salt and FLiNaK salt corrosion experiments for UNS 
N10003 alloy (alloy N) at 700 ◦ C, are summarized for com-
parison in Table 5.

When alloy N was corroded with 1.0mg/cm
2 Te power 

sealed in a vacuum ampoule without molten salt, large 
amounts of surface tellurides formed, which affected the 
inward diffusion of Te and resulted in a GB corrosion depth 
of 139 μm after 3000 h [27]. In contrast, alloy N corroded in 
Te-containing salts did not show clear evidence of surface 
tellurides [22, 42–44] and often showed deeper depths even 
in a much shorter time [42, 44]. Therefore, the Te vapor 
test may underestimate the extent of Te-induced corrosion 
in MSRs.

Fig. 4   (Color online) SEM 
images the cross sections of 
samples after corrosion in 
molten FLiNaK with differ-
ent additions, along with the 
corresponding EDS line scans 
of Cr. (a) SEM images the 
samples’ cross sections after 
corrosion in molten FLiNaK 
with different additions: #1.Cr

3
 

Te
4
 , #2. Cr

3
 Te

4
 + 1%EuF

3
 , #3. 

Cr
3
 Te

4
 + 3%EuF

3
 , #4. 3%EuF

3
.

The line is referring to the zone 
where the EDS line scan was 
conducted. (b) Grain boundary 
and near-surface EDS line scans 
of Cr underneath the surfaces of 
samples in (a)
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In a salt corrosion test using Te powder as the Te source 
[44], cracks were formed without tensile stress, indicating 
that severe Te-induced corrosion had occurred. This result 
is obtained possibly because the direct introduction of Te0 
avoids the necessity of reactions Eq. 2 and 3 to release Te0 
from Te compounds, but may lead to high Te activity and 
Te release rate, which exceed those observed in real MSRs.

When alloy N was corroded in Cr
3
 Te

4
 containing salt 

with and without NiF
2
 for 1000 h [42], the trend was similar 

to that observed in the present study; however, the extent 

Fig. 5   (Color online) EPMA 
analysis of the cross sections of 
samples corroded in salt with 
Cr

3
 Te

4
 and varying amounts 

of EuF
3
. a EPMA analysis of 

the cross section of the sample 
corroded in salt with Cr

3
 Te

4

+1%EuF
3
. b EPMA analysis of 

the cross section of the sample 
corroded in salt with Cr

3
 Te

4

+3%EuF
3

Fig. 6   (Color online) Stress–strain curves for both uncorroded and 
corroded alloy tensile samples under different conditions

Table 4   Yield strength, ultimate strength, and elongation data for 
both corroded and uncorroded samples

Sample Yield strength Ultimate strength Elongation
(MPa) (MPa) (%)

#1 392.8 759.0 50.4
#2 348.8 648.8 44.0
#3 362.5 456.2 17.0
#4 391.9 813.0 55.7
Without corrosion 391.2 834.3 63.4
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Fig. 7   SEM surface morphol-
ogy images of the fractured 
samples corroded in molten 
FLiNaK with different addi-
tions: #1.Cr

3
 Te

4
 , #2. Cr

3
 Te

4
 + 

1%EuF
3
 , #3. Cr

3
 Te

4
 + 3%EuF

3
 , 

#4. 3%EuF
3
 . I is the gripping 

section of the tensile specimen, 
II is the transition section of 
the tensile specimen, III is the 
parallel section of the tensile 
specimen, and IV is the fracture 
location of the tensile specimen

Fig. 8   SEM Cross-sectional 
images of the parallel section 
and fracture location of the 
fractured samples corroded in 
salt with Cr

3
 Te

4
 and varying 

amounts of EuF
3
 . (a) Cross-

sectional SEM images of the 
parallel section and fracture 
location of the fractured sam-
ples corroded in FLiNaK + Cr

3
 

Te
4
 + 1%EuF

3
 (a1~a3, a4~a6 

approaching the fracture direc-
tion). (b) Cross-sectional SEM 
images of the parallel section 
and fracture location of the 
fractured samples corroded in 
FLiNaK + Cr

3
 Te

4
 + 3%EuF

3
 

(b1~b6 approaching the fracture 
direction)
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Fig. 9   (Color online) Schematic 
showing the formation of differ-
ent crack morphologies

Table 5   Comparison of cracking depths in the UNS N10003 alloy exposed to different Te-contained environment at 700 ◦C

a Vacuum ampoule. EPMA revealed grain boundary (GB) Cr depletion and Te enrichment, tellurides formed on surface. Extensive GB cracks 
observed by OM after RT tensile test
b UNS N10003 alloy reaction vessel. GB cracks observed by OM after RT tensile test
c UNS N10003 alloy reaction vessel. Extensive GB cracks observed by OM after RT tensile test
d  Ni crucible as reaction vessel. Extensive GB cracks observed by OM after RT tensile test
e Ni crucible as reaction vessel. No tensile test, extensive GB cracks directly caused by corrosion observed by SEM
f Ni crucible as reaction vessel. EPMA revealed GB Cr depletion and Te enrichment. No tensile test, extensive intragranular and GB cracks 
directly caused by corrosion observed by SEM
g UNS N10003 alloy tube. EDS line scan reveals intragranular Cr depletion. No cracks observed by SEM after RT tensile test
h UNS N10003 alloy tube. EPMA reveals GB Cr depletion and Te enrichment. Extensive GB cracks observed by SEM after RT tensile test. Ni 
deposit on surface
i Ni crucible. EPMA revealed no GB Cr depletion and Te enrichment. No tensile testing, extensive intragranular corrosion pores and minor GB 
corrosion observed by SEM
j Graphite crucible. EPMA revealed no GB Cr depletion and Te enrichment. Extensive GB cracks observed by SEM after RT tensile test
k  Graphite crucible. EPMA reveals grain boundary Cr depletion but no Te enrichment. Extensive GB cracks observed by SEM after RT tensile 
test

Experimental environment Time Corrosion depth Cracking depth Cracking density K Refs.
(h) (μm) (μm) (cm-1) (depth × density)

(pc × μm/cm)

Te powder a 3000 139± 9 135 85 11475 [27]
(LiF-BeF

2
-ThF

4
-UF

4
 ) + CrTe

1.266
 ( U

IV/III
=60) b 250 / 13 5 65 [22]

(LiF-BeF
2
-ThF

4
-UF

4
 ) + CrTe

1.266
 ( U

IV/III
=85) c 250 / 10.7 68 728 [22]

(LiF-BeF
2
-ThF

4
-UF

4
 ) + Cr

3
 Te

4
 ( U

IV/III
=90) d 500 / 74.8 122 9126 [22]

FLiNaK +0.1wt%Te powder e 1000 GB: 2 2 / / [44]
FLiNaK +1wt.%Te powder f 1000 Grain: 25

GB: >200
25
>200

/ / [44]

FLiNaK+0.1wt.%Cr
3
 Te

4
 g 1000 Grain: 8 No cracking / / [42]

FLiNaK +0.1wt.%Cr
3
 Te

4
+NiF

2
 h 1000 Grain: 15

GB: 210
210 / / [42]

FLiNaK+0.14wt.%NiTe +4.8 wt.%EuF
3
 i 150 Grain: 23

GB: >100
/ / /  [43]

FLiNaK+0.1wt.%Cr
3
 Te

4
 +1wt.%EuF

3
 j 250 >10 Max: 32

Avg: 6.1
32 195 This work

FLiNaK+0.1wt.%Cr
3
 Te

4
 +3wt.%EuF

3
 k 250 Grain: 4

GB>100
Max: 164
Avg: 57.1

54 3083 This work
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of cracking was greater. Without NiF
2
 , no intergranular 

cracking occurred even after tensile test, while intergranu-
lar cracks deeper than 100 μm formed before tensile test and 
cracks up to 210 μm formed after tensile with NiF

2
 addition. 

Although Te sources of the same type and concentration 
were used, the different redox couples contributed to the 
observed differences. According to the potential chart [49], 
the equilibrium of NiF

2
/Ni resulted in a higher oxidizing 

potential than EuF
3
/EuF

2
 or UF

4
/UF

3
 in a similar concentra-

tion range; hence, the Te activity in the salt was higher even 
though the same Cr

3
 Te

4
 was used. In addition, reduced Ni 

was deposited as a corrosion product on the alloy surface, 
which may have affected the corrosion behavior of the alloy.

For the salt corrosion test with 4.8wt.% EuF
3
 but with 

NiTe as Te source [43], the intragranular Cr depletion depth 
was 23 μm after 150 h, which was much higher than that 
of the present study ( 4 μm after 250 h) probably due to the 
higher EuF

3
 concentration. However, no GB depletion was 

observed in this case, which may be ascribed to the lower 
Te activity induced by the NiTe source and Ni crucible [46]. 
The probability of such a low Te activity inducing inter-
granular cracking is not clear because tensile tests were not 
performed in this study.

In the present study, the Te activity was maintained suf-
ficiently low such that the Te concentration in the GB of the 
tested alloy N was below the EPMA detection limit but suf-
ficiently high to cause intergranular cracking after the tensile 
tests. When 1% EuF

3
 was added, the cracking behavior of 

alloy N was similar to that of the reducing fuel salt, and the 
K value was equivalent to that of the fuel salt with UF

4
/UF

3
 

ratios of between 60 and 85. When 3% EuF
3
 is added, the 

cracking behavior and K value resemble those of an oxidiz-
ing fuel salt. This suggests that the present experimental 
design may serve as a surrogate approach for avoiding the 
use of radioactive hazardous fuel salts in future Te corro-
sion studies.

5 � Conclusion

(1)	 EuF
3
 induced intergranular corrosion of the GH3535 

alloy in Cr
3
 Te

4
 containing salt. The corrosion depth 

increased with the increasing EuF
3
 concentration up 

to more than 100 μm in that salt. On the contrary, EuF
3
 

induced uniform corrosion up to 4 μm in salt without 
Cr

3
 Te

4
.

(2)	 Corrosion deteriorated the mechanical properties of the 
alloys. The ultimate tensile stress decreased from 834 
MPa to 456 MPa, and the elongation decreased from 
63.4% to 17% in the most corroded alloy.

(3)	 Cr
3
 Te

4
 induced intergranular cracking in the alloy. The 

severity of cracking increases with the increasing EuF
3
 

concentration in Cr
3
 Te

4
 containing salt, with a maxi-

mum crack depth of 164 μm.
(4)	 The synergistic effect between EuF

3
 and Cr

3
 Te

4
 

resulted in greater GB Te segregation and Cr depletion, 
which deteriorated the GB strength and caused severe 
intergranular cracking.
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