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h i g h l i g h t s
 Ni-Cr binary alloy is used to study the diffusion of Te in nickel alloys.
 The mechanism of Cr suppresses the diffusion of Te is discussed.
 The process of Cr stopping the Te diffusion along grain boundaries of the alloys is analyzed.
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The embrittlement of Ni-based structural alloys caused by ﬁssion production Te is one of the major
challenges for molten salt reactors. It has been reported that solution element Cr can prevent the situation of intergranular cracks caused by Te. However, there is no detailed mechanism explanation on this
phenomenon. In this study, the effect of Cr on Te diffusion in Ni-Cr binary system was investigated by
diffusion experiments at 800  C for 100 h. Results show that Te reacts with the alloy mainly forming
Ni3Te2, and strip shaped Cr3Te4 is only found on the surface of Ni-15%Cr alloy. According to the discussion
of thermodynamic chemical reaction process, Cr3Te4 exhibits the best stability and preferential formation
compound in Te/NieCr system as its Gibbs free energy of formation is the lowest. With the increase of Cr
content in the alloy, the diffusion depth of Te along grain boundaries signiﬁcantly decreases. Moreover,
the formation process of reaction product and diffusion process are described. The diffusion of Te can be
suppressed by high content of Cr in Ni-Cr alloy due to the formation of Cr3Te4 and thus the grain
boundary is protected from Te corroding.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Development of nuclear power becomes increasingly urgent
due to the glaring contradiction between rapid growth of
economical energy demands and environmental protection [1e3].
Molten-salt reactor (MSR), one of the most promising next generation reactors, has considerable advantages: inherent safety, ﬁssion
fuel sustainable utilization, producing less long-lived wastes,
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excellent heat transfer characteristics and so on [4e6]. However,
the harsh environment conditions such as severe molten salt
corrosion, neutron irradiation and high temperature are still challenging structural materials in MSRs [7e10]. In the 1950s, Hastelloy
N, a Ni-based superalloy, was developed by Oak Ridge National
Laboratory (ORNL) to use as the structural material in MSR and
directly contact with ﬂuoride salts [11]. After four-year testing,
intergranular embrittlement caused by ﬁssion product Te was
found on the surface of Hastelloy N alloy, which can deteriorate the
mechanical properties and seriously affects the lifetime of Hastelloy
N [12,13].
Based on a series experimental investigations, ORNL discovered
that the element of Cr in Ni-based alloy could prevent the situation
of intergranular cracks caused by Te. When the content of Cr was
higher than 15%, Ni-based alloy had a signiﬁcant effect on cracking
resistance. Thus, ORNL raised a method to reduce the embrittlement effect of Te by increasing the content of Cr (more than 15%)
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[14]. Nevertheless, to date, no detailed mechanism of Cr on intergranular cracking resistance in Ni-based superalloy is further
elaborated. Recently, Cheng, etc. found that chromium telluride
formed at grain boundary and at the interfaces between intergranular carbides and alloy matrix, but did not conﬁrm whether
these chromium tellurides can increase the resistance of the alloy
to Te embrittlement [15,16]. Moreover, part of Ni-based alloys with
a content of Cr exceeding 15%, such as Hastelloy S alloy (Cr content
of 35%) and Incoloy 800 alloy (Fe-21% Cre34% Ni), were also subjected to obvious intergranular embrittlement by Te after extension
test or other mechanical property test [17].
In this work, we attempt to conﬁrm the mechanism of Cr
inhibiting intergranular embrittlement by Te. Normally Ni-based
alloys contain many alloying elements and precipitates, the alloy
system is too complicated to research the effect of Cr on intergranular crack caused by Te. Therefore, we simplify the research
system and select Ni-Cr binary system as the research object, to
investigate the mechanism of Cr element suppresses the diffusion
of Te in Ni-based alloys.

2. Experimental procedure
According to the Ni-Cr phase diagram, two different ratio of NiCr ingot castings (7%Cr and 15%Cr) were obtained by electric arc
melting with 99.9%Ni and 99.9% Cr raw materials. Then the ingots
were rolled to plates with a thickness of 2 mm. The rolling temperature was 1100  C. After solution treatment at 1177  C for
10 min, the plates were cut into small specimens with dimensions
of 20 mm  10 mm  2 mm by electrospark wire-electrode cutting.
The component content of the alloys was measured by the Testing
Center of the Shanghai Research Institute of Materials, as shown in
Table 1. The surfaces of these specimens were prepared by grinding
on metallographic SiC papers to #1200, and then ultrasonically
cleaned in acetone for 20 min.
In this experiment, part of the original specimens were polished
and then etched with acetic acid, nitric acid and deionized water
(20:100:38) to observe the original metallographic morphology.
The other part of specimens were sealed in vacuum quartz ampoules with Te powder for the Te diffusion experiment, where the
pressure was less than 5Pa to remove the inﬂuence of oxygen. The
surface area of each specimen was about 5 cm2. Each specimen with
50 mg Te (corresponding to 10 mg/cm2 of Te powder deposited on
the alloy surface) was sealed in a quartz ampoule respectively. The
inner diameter of the quartz ampoule was 16 mm, the thickness
was 2 mm, and the length was about 150 mm, so the containment
volume was about 30 cm3. Then sealed the quartz ampoules were
annealed for 100 h in a mufﬂe furnace at 800  C which was the
highest working temperature of the structural materials.
The phase structure of the alloys was detected by X-ray
diffraction (XRD). The elemental distributions and diffusion depth
in cross-sectional sample were analyzed on a SHIMADZU 1720
Electron probe microanalysis (EPMA). The chemical composition
and structure of the corrosion layer of the alloy were investigated
by a 200 kV FEI Tecnai G2 F20S-TWIN Transmission electron microscope with an energy dispersion spectrometer (TEM-EDS). The
TEM specimens were prepared as follows: two small bars were cut
from the Te corroded specimen and the corroded surfaces were

Table 1
The composition of the rolled alloys (wt%).

Ni-7%Cr alloy
Ni-15%Cr alloy

Ni

Cr

Fe

Mo

C

Si

S

P

Bal.
Bal.

6.74
14.54

0.031
0.037

0.031
0.071

0.002
0.002

<0.02
0.023

<0.001
0.001

<0.002
0.002

joined face-to-face with G-1 epoxy. The edges were polished and
the specimen (with epoxy around) was inserted into a copper tube
with 3 mm external diameter. After that, the tube was sliced into
small pieces and then mechanical grinded down to 50 mm in
thickness. The middle of the thin foil was further thinned using a
dimple grinder to about 20 mm. Finally, 4.5 keV Ar-ion milling was
used to obtain a penetration hole in the middle. The cross section
layer was analyzed using bright-ﬁeld imaging (BF), SAED and EDS.
3. Results
The metallographic images of the two alloys after solution
treatment are shown in Fig. 1. The grain size of Ni-7%Cr alloy is
about 120 mm (Fig. 1a), while it is only 60 mm when Cr content
increased to 15% (Fig. 1b). It appears that the content of Cr has a
great inﬂuence on the grain size of alloy. The more content of Cr is
added, the smaller grain size of alloy is. This is because pinning
effect of Cr can prevent the grain further growth in alloy. In order to
obtain more microstructural information of the two alloys, the
distribution of precipitate in grain and grain boundary were
observed, as shown in Fig. 1. No precipitate exists neither in the
grain boundaries nor in the grains in the process of smelting and
solution treatment. Moreover, according to the Ni-Cr binary phase
diagram, the solid solution phase (g-phase) exists when Cr content
below 20%. Therefore, the two Ni-Cr alloys should be Ni-based solid
solution alloy.
Measurement of specimen's mass gain and loss is important to
estimate the Te corrosion property. The mass of the specimens were
weighed before and after the experiment as shown in Table 2. The
mass of specimen after experiment almost equals to the combined
mass of alloy sample and Te powder before experiment. So it can be
deduced that all the mass gain of specimens are same. All Te
powder deposits and reacts with alloy.
The XRD patterns of Ni-Cr alloys after solution treatment are
shown in Fig. 2b and c. The phase constitution of Ni-7%Cr and Ni15%Cr also indicates that the addition of Cr does not produce
marked effects on the crystal structure compared with that of pure
Ni (Fig. 2a), and no precipitated phase appears in the process of
annealing and rolling. In addition, doping Cr element can cause
lattice distortion. Along with the increase of the content of Cr, the
lattice distortion of solid solution alloy is more serious, and the
interplanar spacing increases gradually. After the Te diffusion at
800  C for 100 h, some reaction products generated on the surfaces
of both the alloys. Typical X-ray diffractions of Ni-Cr alloys annealed
at 800  C are shown in Fig. 2d and e. It indicates the product could
be mainly Ni3Te2 (a ¼ 7.538 Å, b ¼ 3.793 Å, c ¼ 6.088 Å, a ¼ g ¼ 90 ,
b ¼ 91.16 , space group P21/m) with monoclinic structure [18] or
NiTe0.69 (a ¼ 7.538 Å, b ¼ 3.788 Å, c ¼ 6.065 Å, a ¼ b ¼ g ¼ 90 . space
group Pma2) with orthorhombic structure [18] or both. It is difﬁcult
to differentiate them because many of the diffraction peaks are
identical. According to previous investigations, Ni3Te2 is the most
stable and prevalent compound with previous reports [12,18,19].
So, Ni3Te2 is considered to be the main product in this study.
Moreover, it seems like a small amount of Cr3Te4 with monoclinic
structure (a ¼ 6.84, b ¼ 3.89, c ¼ 12.53, a ¼ g ¼ 90 , b ¼ 91.13 , C2/
m(12)) [20,21] generated on the surface of alloy with 15%Cr, but
absent on the alloy with 7%Cr.
The elemental distributions of the cross-sectional specimens
were measured with EPMA, as shown in Fig. 3. The back scattering
electron images (Fig. 3a and d) show that most of Te reacts with
alloy. The cohesiveness of surface reaction layers are poor and could
fall off easily in the process of polishing. The concentration of Cr in
reaction layers of Ni-15%Cr alloy is higher than that of Ni-7%Cr
(Fig. 3b and e). Both the two alloys have a common feature that
Cr concentrates at the grain boundaries near alloy surface and the
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Fig. 1. The metallographic images and the insert SEM images of solution treatment alloys, (a) Ni-7%Cr, (b) Ni-15%Cr.

Table 2
The mass gain of specimens.

Ni-7%Cr
Ni-15%Cr

Mass of alloy before corrosion (mg)

Te (mg)

Mass of alloy after corrosion (mg)

Mass gain (mg)

3419.16
3141.04

50.00
50.00

3468.87
3191.12

49.71
50.08

of the Ni-15%Cr alloy specimen annealed at 800  C, as shown in
Fig. 5. The results show that strip shaped phases arranging in the
reaction products grow from the diffusion layer to the surface of
reaction layer, as shown in bright ﬁeld image Fig. 5a. TEM-EDS
mapping shows that the strip shaped phases are rich in Cr, Te and
lack in Ni, while the adjacent phases are rich in Ni (Fig. 5b). The
corresponding SAED pattern of reaction product A is shown in
Fig. 5c, which is identiﬁed as Ni3Te2-monoclinic with space group
P21/m. The diffraction spots of strip shaped phases B well ﬁts with
Cr3Te4 which has a monoclinic structure with space group C2/
m(12). The interplanar spacing and lattice parameters of the two
phases derived from the SAED patterns are shown in Table 3, which
are in good agreement with the results of XRD in Fig. 2. Moreover,
no Cr-Te phase is detected in reaction layer of Ni-7%Cr alloy and the
grain boundary close to the surface (about 1 mm) of the two kinds
Ni-Cr alloy.

Fig. 2. XRD patterns of Ni-Cr alloy after solution treatment: (a) Ni, (b) Ni-7%Cr, (c) Ni15%Cr, and annealed with Te at 800  C for 100 h: (d)Ni-7%Cr, (e)Ni-15%Cr.

4. Discussion

interface between reaction layer and alloy. To obtain more micro
information on elements distribution, the high magniﬁcation images are shown in Fig. 4. There are much more pitting holes in the
surface of Ni-15%Cr alloy than that of Ni-7%Cr alloy (Fig. 4a and d).
Moreover, many strip shaped phases rich Cr and Te embed in the
whole reaction layer of Ni-15%Cr alloy (Fig. 4e and f) and the content of Te in strip shaped phases is much higher than that in matrix
reaction layer. While no such precipitates appear in the Ni-7%Cr
alloy (Fig. 4b and c). Similar with the diffusion behavior of Te into
Ni [22], the diffusion of Te into Ni-Cr alloy is also mainly along grain
boundaries, as shown in the EPMA images (Figs. 3 and 4). The
diffusion depth of Te along the grain boundaries of Ni-7%Cr alloy is
about 330 mm after 100 h heat treatment at 800  C (Fig. 3c), while
only 200 mm in Ni-15%Cr alloy (Fig. 3f). SEM images (Fig. 1) and XRD
patterns (Fig. 2) reveal that no precipitate phase exists in the two
alloys. Therefore, the diffusion of Te along the grain boundary
should be closely related to Cr content in the alloy. Combined with
the previous research of Te in pure Ni [18], it indicates that the
content of Cr in alloy is higher, the diffusion depth is lower.
TEM is used to characterize the reaction products on the surface

Based on the above experiment results, reaction product and
diffusion depth of Te in Ni-Cr binary alloy greatly changed with the
Cr content.
Since grain boundaries have higher energy state and lower
diffusion activation energy compared with the matrix, they tend to
become high diffusion channel in the moderate and low annealed
temperature [23]. Therefore, Te diffuses more easily into alloy along
the grain boundary and the diffusion of Te in Ni-7%Cr alloy should
be slower than that of Ni-15%Cr alloy because Ni-15%Cr alloy has
smaller grain size and larger grain boundaries area in the unit area.
However, the elements distribution of cross section (Fig. 3) show
that the diffusion depth of Te along the grain boundary in the Ni15%Cr alloy is lower than that in Ni-7%Cr alloy. Meanwhile, the
diffusion depths of Te in two Ni-Cr alloys are all less than that in
pure Ni [22]. It indicates that Cr3Te4, formed by the reaction of Cr
with Te in the alloy, has positive effect on resisting against the
diffusion of Te which offsets the negative effect of grain boundaries.
According to Fig. 2, there are two kinds of possible Ni-Te compounds, but it is difﬁcult to distinguish them only by XRD because
of their identical interplanar spacings. It is known that Ni-Te system
have three phases (beta, gamma and delta). And the beta phase has
three crystallographic structures. Among them, b-Ni3Te2 appears to
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Fig. 3. EPMA images and the corresponding element distribution mappings of cross-sectional specimens with different content of Cr annealed at 800  C for 100 h. Ni-7%Cr alloy: (a)
back scattering electron image, (b) distribution of Cr, (c) distribution of Te. Ni-15%Cr alloy: (d) back scattering electron image, (e) distribution of Cr, (f) distribution of Te.

Fig. 4. High magniﬁcation of EPMA images and corresponding element distribution mappings of cross-sectional specimens with different content of Cr annealed at 800  C for 100 h.
Ni-7%Cr alloy: (a) back scattering electron image, (b) distribution of Cr, (c) distribution of Te. Ni-15%Cr alloy: (d)back scattering electron image, (e)distribution of Cr, (f)distribution of
Te.

be the most stable and prevalent nickel telluride [12,18,19]. On the
other hand, Gibbs free energies of Ni0.6Te0.4 (i.e. Ni3Te2) at 800  C
is 22.99 kJ/mol calculated by Ball [24]. And the corresponding
Gibbs free energy of formation per molecule of Te (DGo) for Ni3Te2
formed is 58.95 kJ/mol, which is more negative than that of NiTe
(36.85 kJ/mol) calculated using HSC Chemistry 6 computer software and its associated databases, as shown in Fig. 6. So, Ni3Te2 is
deduced as the main stable nickel telluride in present study.
However, the XRD and EPMA results show that a small amount of
Cr-Te compound appears in the reaction layer of Ni-15%Cr alloy
(Fig. 2e and Fig. 5b). And a few micrometers width of strip shaped
corrosion product in specimens is observed and indexed as Cr3Te4
by TEM (Fig. 5b and d). Moreover, the Gibbs free energies of several
Cr-Te compounds are compared at 800  C. According to the result of
Azad et al. [25], the Gibbs free energies of Cr2Te3 at 800  C

is 162.16 kJ/mol, and the corresponding DGo of Cr2Te3 formed
is 54.05 kJ/mol by calculation, as shown in Fig. 6. The Gibbs free
energy of Cr0.47Te0.53 (i.e. Cr3Te4) is 32.34 kJ/mol at 827  C [20,26],
and the extrapolated values to the present test temperature
(800  C) is 32.64 kJ/mol. SoDGo of Cr3Te4 is 61.58 kJ/mol. And
theDGo of Cr5Te8 can be calculated as 14.89 kJ/mol by the enthalpy
and entropy at 800  C [26]. Cr3Te4 exhibites the best stability as
itsDGo is the most negative (61.58 kJ/mol) in the several compounds. Meanwhile, theDGo of Cr3Te4 is more negative than that of
Ni3Te2 shown in Fig. 6. Therefore, the Cr3Te4 must be the most
stable and preferential formation compound in Te/NieCr system.
In conclusion, the formation process of reaction product and
diffusion process of Te in this study can be summarized as follows:
Firstly, Te reacts with alloy at 800  C. Cr3Te4 preferentially forms
and grows up as strip shape due to the more negative Gibbs free

Y. Jia et al. / Journal of Nuclear Materials 497 (2017) 101e106

105

Fig. 5. TEM analysis of reaction products on surface of Ni-15%Cr alloy annealed at 800  C for 100 h. (a) bright-ﬁeld image, (b) EDS elemental maps of red box, (c) diffraction pattern
of matrix of the reaction layer A, (d) diffraction pattern of strip shaped phases B. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

Table 3
Lattice parameter and angle obtained by the SAED of Fig. 5c and d.

Fig. 5(c)
Fig. 5(d)

1 (Å)

2 (Å)

3 (Å)

a (Å)

b (Å)

c (Å)

6.082
3.491

2.721
2.286

2.545
2.286

7.26
6.98

4.08
3.92

6.08
12.30

diffuses to alloy surface (Cr segregates in the grain boundaries and
grain crystal near surface of alloy shown in Fig. 3b and e). Meanwhile, Te diffuses to alloy surface along the grain boundaries from
the reaction layer. This phenomenon demonstrates that Cr has the
tendency to react with Te in products and GB and continues
forming strip-shaped Cr3Te4. Because the amount of Te diffusion is
scarce, there is no or rare Cr-Te compound formation at grain
boundary near surface. The schematic views of conﬁguration are
shown in Fig. 7. No Cr-Te compound appeared in the Ni-7%Cr alloy
must be because the content of Cr in Ni-7%Cr is so low that few CrTe compound formed, or the Cr-Te compound is so small that can be
hardly observed (Fig. 3b and Fig. 4b). With the increase of content of
Cr in the alloy, Cr-Te compound appears and grows up gradually.
According to the above analysis, the conclusion can be drawn that
Cr3Te4 compound can suppress further diffusion of Te and protect
the grain boundary from Te corroding.

5. Conclusions
Fig. 6. Gibbs free energy of formation per molecule of Te (DGo) for the metal tellurides
formed from the tested alloys at 800  C. The Gibbs free energy of formation of NiTe in
the graph was calculated using HSC Chemistry 6 computer software and its associated
databases.

energy between Cr and Te. With the reaction proceeding, Cr
element of the alloy surface is depleted. The reaction between Te
and large amount of Ni is continued and formed large amount of
Ni3Te2. Then, the strip-shape Cr3Te4 is surrounded by Ni3Te2. The
reactions ended when Te power depleted in quartz ampoule. Subsequently, with the increase of annealing time, the internal Cr

The diffusion behavior of Te into Ni-Cr binary alloy is investigated at 800  C annealing temperatures. The purpose of this work is
to understand the mechanism of Cr suppressing the diffusion of
tellurium in Ni-based alloys. The main conclusions are as follows:
(1) The reaction products on the surface of Ni-Cr binary alloy are
mainly Ni3Te2; strip shaped Cr3Te4 only appeared in Ni-15%
Cr alloy.
(2) Cr3Te4 has the most negative of Gibbs free energy, it is the
most stable and preferential formation compound in Te/
NieCr system.
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Fig. 7. The schematic views of surface reaction product and diffusion conﬁguration:
(a) Ni-7%Cr, (b) Ni-15%Cr.

(3) With the increase of Cr content in the alloy, the diffusion
depth of Te signiﬁcantly decreases.
(4) High content of Cr in NieCr alloy can resist against the
diffusion of Te due to the formation of Cr3Te4, which can
protect the grain boundary from Te corroding.
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