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The eﬀects of grain size on the tellurium corrosion behaviors have been investigated systematically in GH3535
alloy. After the exposure to Te vapor, the triple-layer scales, which consist of Ni3Te2, Cr3Te4, MnTe, M6C carbides
and Fe-riched γ phase, occur in both the ﬁne-grained and coarse-grained specimens. The thicker outer layer, the
more discrete inner layer, the shallower Te permeation and Cr3Te4 existence along grain boundaries can be
observed in the ﬁne-grained specimens. By comparing the Gibbs free energies and calculating the eﬀective
diﬀusion coeﬃcients, the tellurization mechanism and the role of grain size were discussed.

1. Introduction
Molten salt reactors (MSRs) are a class of nuclear reactors in which
the primary nuclear reactor coolant, or even the fuel itself, is molten
salt mixtures [1–3]. Due to their inherent safety, simpliﬁed fuel cycle,
and high power generation eﬃciency, many countries have made great
eﬀorts to develop diﬀerent MSR designs [4,5]. Despite the advantages
of MSRs, the harsh service environments, including the high temperature molten salts, neutron irradiation and ﬁssion products, bring great
challenges to the structural materials [6–9].
Hastelloy N alloy, also called as GH3535 alloy in China, is a Ni16Mo-7Cr based solid solution strengthened alloy invented by Oak
Ridge National Laboratory (ORNL) speciﬁcally for Molten Salt Reactor
Experiment (MSRE) [9], which aﬀorded the best combination of high
temperature strength and environmental resistance in liquid ﬂuoride
salts [10]. However, the intergranular cracking (IGC) of Hastelloy N
had been observed after the four years’ operation of MSRE, which was
ascribed to the inward diﬀusion of ﬁssion products tellurium (Te)
[11,12]. The depth of cracking observed in the MSRE would not be
acceptable when extrapolated to the 30-year design life of a commercial
reactor. In addition, Te-induced cracking has been also reported for
various types of cladding materials (316 stainless steel [13,14], Zircaloy
4 [15,16] and nickel base alloy [17]) in the Liquid Metal Fast Breeder
Reactor (LMFBR), which threatened the mechanical integrity of cladding. The failure mechanism for Te-induced cracking has been investigated widely in decades past [7,18–21]. Adamson and his coworkers [18] associated this type of failure with the combined eﬀects of

⁎

stress and contact with molten ﬁssion products, speciﬁcally suggesting
liquid metal embrittlement (LME) by molten tellurium-cesium mixtures
as the damaging process. Computer simulation results indicated that the
segregation of Te at grain boundaries induced their expansion in pure
Ni, thus weakened the interfacial Ni–Ni bonds which are essential to
grain boundary cohesion [21]. Cheng et al. [7] proposed that the formation of Cr3Te4 at grain boundaries possibly induced intergranular
cracking in Hastelloy N alloy. In spite of some disagreement, all studies
related the Te-induced cracking to Te diﬀusion at grain boundaries.
In view of the dominant role of grain boundaries, several studies
[13,22,23] have been carried out to determine the inﬂuence of grain
size on Te diﬀusion and Te-induced cracking in Hastelloy N alloy and
steels. McNabb and McCoy [22] found that the frequency of cracking
decreases and the depth of cracking increases with increasing grain
sizes in the Te-penetrated Hastelloy N alloy. Arima et al. [13] investigated the corrosion behavior of 316 stainless steel under diﬀerent
oxygen potentials with Te vapor and found that the amount of Te penetrating into the grain boundaries was larger in the specimen with a
large grain size. As reported by Ukai et al. [23], the ﬁne-grained
9CrODS steel gives the lower reduction in specimen thickness than that
of the coarse-grained PNC-FMS steel after exposed the liquid Cs-Te
mixture. Although the obvious advantages of ﬁne-grained alloys in resisting Te diﬀusion and Te-induced cracking have been determined, the
related mechanism remains poorly understood to date.
In this study, GH3535 alloy specimens were solution-treated at
diﬀerent temperatures to obtain diﬀerent grain size. The corrosion
product scales, Te penetration depth and tensile mechanical properties
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Then it was hot-rolled into round bars of 16 mm in diameter. To obtain
the diﬀerent grain size in this alloy, the hot-rolled bars were solutiontreated respectively under two conditions: at 1177 °C for 20 min and at
1260 °C for 40 min, followed by water quenching. Tensile specimens
with dimensions of 1 mm thickness, 3.5 mm gauge width and 18 mm
gauge length were machined along the length direction of the bars.
After that, the surfaces of the tensile specimens were mechanically
ground using SiC papers down to 1200 grit and washed with ethanol by
ultrasonic bath for 20 min. Then each specimen was sealed into a vacuumed quartz tube (18 mm in diameter and 35 cm in length) by a
Partulab device (MRVS-1002) along with a suﬃcient amount of
amorphous Te powders (99.99% purity, 10 mg/cm2 according to the
size of specimen) to produce a Te vapor atmosphere. The quartz tubes
were placed in a muﬄe furnace and heated at 800 °C for 150 h, and
then quenched into water and broken to take out the specimens. The
control specimens were sealed in a vacuumed quartz tube without Te
powders and then treated in the same way.
The tensile tests were carried out using a Zwick Z100 mechanical
testing machine at 700 °C under laboratory air with a constant strain

Table 1
Chemical composition of GH3535 alloy.
Element

C

Mn

Si

Cr

Mo

Fe

Ni

wt. %
at. %

0.06
0.31

0.59
0.66

0.46
1.01

6.98
8.25

16.42
10.50

4.04
4.45

71.45
74.83

were systematically investigated in these specimens. Our purpose is to
develop a better understanding of the role of grain boundaries in Te
diﬀusion and Te-induced cracking, which can contribute to designing
appropriate manufacturing process to reduce the harmful eﬀects of Te
in GH3535 alloy.
2. Experiment
The chemical composition of GH3535 alloy used in present work is
listed in Table 1. The master alloy was melted into 10 kg ingot via
vacuum induction melt-furnace (VIM). The ingot was homogenized and
subsequently forged into bar of 30 mm × 30 mm in square section.

Fig. 1. Optical microscope images of the ﬁnegrained (a) and coarse-grained specimens (b).
Grain boundary networks of the microstructures of the ﬁne-grained (c) and coarsegrained specimens (d). Random boundaries,
Σ3, Σ9, Σ27 and other low-Σ CSL boundaries
are depicted by black, red, blue, green and
yellow lines respectively. (c) and (d) share the
same scale (500 μm). The grain sizes of the two
specimens were calculated with Σ3 (twin)
boundaries excluded. Backscattered electron
(BSE) images for grain boundary M6C carbides
in the ﬁne-grained (e) and coarse-grained
specimens (f). The length ratio between the
grain boundary segments with M6C carbides
and the whole grain boundary were shown in
(e) and (f). (For interpretation of the references
to colour in this ﬁgure legend, the reader is
referred to the web version of this article).
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decreases from 0.64% to 0.04% when the solid solution treatment
condition changes from 1177 °C/20 min to 1260 °C/40 min.
After the solid-solution treatment, specimens were exposed to the
vacuum environment at 800 °C. Secondary precipitates can be observed
at grain boundaries (Fig. 1e and f), which were also identiﬁed as M6C
type carbides in the previous studies [29]. The same results can also be
observed in the specimens exposed to Te vapor. It can be found that
grain boundary M6C carbides remain the same thickness but become
more continuous with the grain size increasing. The length ratio of
grain boundary segment with M6C carbides almost reaches ∼91% in
the coarse-grained specimen (Fig. 1f). In view of the obvious carbide
dissolution in the coarse-grained specimen (Fig. 1), more Mo, Si and C
atoms would be released into the matrix during the solid-solution
treatment. Every grain boundary M6C carbide particle in the coarsegrained specimen would obtain more constituent elements (Mo, Si and
C) for its continuous growth during the thermal exposure at 800 °C.
Then, these discrete M6C carbide particles grow into a continuous
morphology as shown in Fig. 1f. In the case of the ﬁne-grained specimen, the relatively limited constituent elements would be assigned to
grain boundary M6C carbide particles, which causes the discrete morphology and the small length ratio (Fig. 1e).

rate of 3.5 mm/min to rupture. The specimens were maintained in the
furnace for 10 min at each temperature before tensile tests. A temperature ﬂuctuation in the furnace did not exceed ± 2 °C over the gauge
length. At least three identical specimens were tested under each condition.
Metallographic samples were prepared by standard metallographic
techniques and the polished samples were etched with a mixture solution (3 g CuSO4 + 10 ml H2SO4 + 40 ml HCl + 50 ml water) for 30 s.
The microstructures and fractographs were examined by the optical
microscopy (Axio Imager M2m) and the scanning electron microscope
(SEM, Carl Zeiss Merlin Compact) equipped with an energy dispersive
spectrometer (EDX). The beam energy of EDX is 5 Kev and the interaction volume of primary beam in our alloy is about 115 nm according
to Castaing relation [24]. The sample drift, especially at the poor
conductive surface, would also enhance the transition area between
diﬀerent phase in the EDX proﬁles. Electron backscatter diﬀraction
(EBSD) experiments were employed for the determination of the grain
size and grain boundary character within an Oxford Instruments AZtec
system, which were operated at high current mode at 20 kV with an
aperture size of 120 μm. The EBSD map scannings were performed with
a scanning step sizes of 1 μm. The Coincident Site Lattice (CSL)
boundary identiﬁcation followed the Brandon’s criterion Δθ = 15·Σ−1/
2
, where Δθ is the maximum allowable misorientation angle for a
boundary to be considered to be a CSL boundary [25]. Specimens
prepared for EBSD received a vibration-assisted ﬁnal polishing (VibroMet2) to improve the surface ﬁnish and to remove the damaged
layer caused by the mechanical polishing. The phase constitution of the
scales were analyzed by Bruker D8 advance X-ray with a Cu Kα radiation source. The diﬀractometer with Cu Kα radiation
(λ = 0.15406 nm) was used in the angular range of 20° < 2θ < 130°,
Δ2θ = 0.02° and t = 12 s/step. Electron probe micro analyzer (EPMA,
SHIMADZU-1720 H) was used to analyze the Te distribution at the
grain boundaries near the sample surface. The accelerating voltage of
15 kV and a beam current of 100 nA were used to obtain the minimum
beam size. A Tecnai G2 F20 transmission electron microscope with EDX
(TEM-EDX) was applied to determine their crystal structures and chemical compositions. The TEM samples were prepared by a focus ion
beam (FIB) machine (Zeiss CrossBeam 540).

3.2. Scale microstructure investigations
The phase constitution was determined in the two specimens by
XRD characterization as shown in Fig. 2. The existence of characteristic
peaks of γ matrix indicates that the signal of Cu Kα radiation has been
through the whole scales to reach the matrix and all potential phases in
the scales can be involved in the detection range. It can be observed
that the scales mainly consist of Ni3Te2 and Cr3Te4 in both specimens.
With the increase of the grain size, the peak intensity of the two tellurides in comparison to that of the matrix considerably decreases obviously, which implied the same variation trend in the thickness of the
scales. The weak characteristic peaks of M6C carbides can also be observed in the XRD results, whose intensity becomes stronger in the
coarse-grained specimen. It has been revealed that the primary M6C
carbides in GH3535 alloy are diﬃcult to be detected by XRD due to
their small amount [30]. After solid-solution treated at 1260 °C, the
obvious re-dissolution of the primary M6C carbides make the XRD detection impossible. Thus, M6C carbides here are probably a newly
formed constituent phase in the scales.
The microstructure and the composition analyses of the scales in
both ﬁne-grained and coarse-grained specimens are revealed in Figs. 3
and 4 . It can be observed that there are three corrosion layers in both
specimens, which are called as outer layer, intermediate layer and inner
layer, respectively (Fig. 3). The thickness of outer layer (∼5.5 μm) in

3. Results
3.1. Microstructures of solid-solution treated and thermal exposed
specimens
Before the corrosion test, specimens undergo a heat treatment to
control the alloy grain size. Two heat treatments have been carried out:
one at 1177 °C during 20 min and the other at 1260 °C during 40 min.
The microstructures of the two heats are revealed in Fig. 1a and b,
respectively. Their microstructures contain heavily twinned equiaxed
grains and some primary intragranular precipitate particles (Fig. 1e and
f), which have been identiﬁed as M6C type carbides in the previous
studies [26]. The higher temperature treatment was found to promote
the grains growth and the carbide dissolution in this alloy. It has been
reported that Σ3 (twin) boundaries were immune to Te penetration in
GH3535 alloy [27]. Thus, it is necessary to exclude Σ3 boundaries
during the quantitative analyses of the grain size. As shown in Fig. 1c
and d, the grain boundary networks in the two specimens with diﬀerent
thermal treatments were obtained from the EBSD experiments. Except
the Σ3 grain boundaries (red lines), the random grain boundaries (black
lines) and the other few CSL ones are the potential paths for Te penetration. After excluded Σ3 grain boundaries, the mean grain sizes of the
two specimens were calculated as 46 μm and 107 μm, which would be
called as ﬁne-grained specimen and coarse-grained one in the following, respectively. On the other hand, the intragranular M6C carbides
become fewer with the higher temperature treatment (Fig. 1e and f). As
reported in our previous study [28], the area fraction of carbides

Fig. 2. XRD spectra for the surface corrosion productions of the ﬁne-grained
and coarse-grained specimens exposed at 800 °C for 150 h in a Te vapor environment.
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Fig. 3. BSE images of the scales and corresponding EDX mapping of Ni, Cr, Mo and Te in the ﬁne-grained and coarse-grained specimens.

and inner layers between the two specimens, which are ∼800 nm and
∼2 μm, respectively. In the two layers, the Mo-riched precipitate particles can be found to coexist with the tellurides from the EDX mapping
results (Fig. 3). At high magniﬁcation (Fig. 4a and b), it can be found
that the intermediate layer in the two specimens consists of three

the ﬁne-grained specimen is greatly larger than that (∼2.4 μm) in the
coarse-grained one. According to the EDX mapping results, Ni-riched
and Cr-riched tellurides are found to coexist in the outer layers and hold
the straight phase boundary.
There is no obvious diﬀerence in the thickness of the intermediate

Fig. 4. (a) BSE images for the intermediate layer of the scales and the EDX line scans (at 5 Kev) results as marked by Line1 in the ﬁne-grained specimen. (b) BSE
images for the intermediate layer of the scales and the EDX line scans (at 5 Kev) results as marked by Line2 in the coarse-grained specimen.
113
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Fig. 5. TEM images (a) of the scales and corresponding TEM-EDX mapping of Ni (b), Mo (c), Cr (d), Fe (e) and Te (f) in the coarse-grained specimens. In (e), the Feriched regions were marked by the white arrows. In (b), three regions marked by the white boxes 1, 2 and 3 were picked out for further TEM observation as shown in
Fig. 6.

proportion in the two layers. Some Mo-riched phases grow from the
inner layers into the substrate (Fig. 6b). The SAED pattern indicate that
Mo-riched phases are M6C type carbides, which possess a cube-on-cube
orientation relation with the surrounding γ matrix (Fig. 6b1). As
marked by the white arrows in Fig. 5b and e, some regions of the intermediate layer exhibit the obvious enrichment of Fe. Similar regions
also exist in the border region of the inner layers and the γ matrix.
These regions were identiﬁed as γ phases by SAED pattern in Fig. 6b2,
thus can be called as Fe-riched γ phases. The Fe-riched γ phases, M6C
carbides and Ni3Te2 correspond to the dark, gray and bright phases in
Fig. 4, respectively. As shown in Fig. 5d and f, a small number of Crriched and Mn-riched telluride particles can be observed in intermediate and inner layers, which were identiﬁed as Cr3Te4 and MnTe,
respectively (Fig. 6c1 and b3).
Fig. 7 lists the TEM-EDX spectra and semi-quantitative compositions
of the constituent phases in the scales. The concentration ratio between
Ni and Te in Ni3Te2 is ∼ 1.7 (Fig. 7a), which is larger than the strict
stoichiometric ratio of Ni3Te2. In Cr3Te4, Cr atoms (Fig. 7b) are partially replaced by Mn atoms. A fair amount of Ni atoms and a small
number of Cr, Fe and Mo atoms are involved in MnTe (Fig. 7c). All
tellurides exhibit the ﬂexibility of chemical composition. As shown in
Fig. 7d, Fe-riched γ phases contain ∼ 6 at. % Fe, which is higher than
4.5 at. % in the matrix (Table 1). It's worth noting that a small number
of Te atoms can be detected in M6C carbides in the scales (Figs. 7e and 4
b), which would be called as Te-containing M6C carbides to distinguish
from the primary ones (Fig. 7f). The composition of Te-containing M6C
carbides can be deduced as Ni2Mo4C type, wherein Ni atoms are

diﬀerent phases (dark, gray and bright) according to the BSE image
contrast. The EDX line scans across the three phases (Fig. 4c and d)
were carried out to determine their compositions. The dark phases
mainly contain Ni, Mo, Fe and a small amount of other elements. The
gray phases mainly contain Mo and Ni elements, and are enriched with
Si and C elements. The bright phases are mainly composed of Ni and Te.
It is worth noting that the inner layers of the two specimens exhibit
the entirely diﬀerent morphologies. In the ﬁne-grained specimen, the
voids and the gray-bright mixed phases in their bottom discretely distribute in the inner layer as marked by blue arrows in Figs. 3 and 4a. In
the case of the coarse-grained specimens, the gray-bright mixed phases
continuously distribute in the inner layer (Fig. 3). At high magniﬁcation, some needle-like gray phases and small voids can also be observed
(Fig. 4b).
TEM experiments were carried out in the two specimens to observe
the morphology of the intermediate and inner layers more clearly and
determine the crystal structures of diﬀerent phases, and the typical
results from the coarse-grained specimen are shown in Figs. 5 and 6 .
According to TEM-EDX mappings of Ni, Cr and Te, Ni-riched and Crriched tellurides are found to coexist in the outer layers (Fig. 5b, d and
g), which were identiﬁed as Ni3Te2 and Cr3Te4 by the selected area
electron diﬀraction (SAED) patterns (Fig. 6a1 and a2). In the intermediate and inner layers, ﬁve diﬀerent phases can be distinguished
from each other by the composition characteristic. The most regions of
the two layers have the same elements distribution as Ni3Te2 in the
outer layer. Thus, Ni3Te2 are the more predominant phases in the two
layers. From Fig. 5c, the Mo-riched phases also make up a large
114
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Fig. 6. TEM images and SAED patterns for typical regions in the scales of the coarse-grained specimens. (a), (b) and (c) correspond to the three regions marked by the
white boxes 1, 2 and 3 in Fig. 5b, respectively. a1, a2, b1, b2, b3 and c1 show the SAED patterns of Ni3Te2, Cr3Te4 (outer layer), M6C carbides, Fe-riched γ phases,
MnTe and Cr3Te4 (inner layer), respectively.

diﬀusion of Te in GH3535 alloy were investigated by EPMA as shown in
Fig. 8. In the distribution mapping of Te (Fig. 8a), the red bands on the
alloy surface correspond to the telluride scales, which have been
identiﬁed as Ni3Te2 and Cr3Te4 as mentioned earlier. Beneath the
corrosion scales, it can observed that Te diﬀuses into the alloy preferentially along the grain boundaries, and the mean diﬀusion depths in
the ﬁne-grained and coarse-grained specimens are 69 μm and 129 μm.
The ﬁne-grained specimens exhibits obviously better resistance to the
diﬀusion of Te along grain boundaries in the depth direction. On the
other hand, the number of grain boundaries with Te penetration in the
coarse-grained specimen was found to be less than that in the ﬁnegrained one, which results from the fewer grain boundaries as diﬀusion
paths in the former.
From Fig. 8b, the enrichment of Cr in the corrosion scales was related to the existence of Cr3Te4 as shown in Fig. 3. The length ratio of
Cr3Te4 in the scales in the ﬁne-grained specimen (35%) is larger than
that (28%) in the coarse-grained specimens. At the grain boundaries
with severe Te penetration, the corresponding depletion of Cr can also
be observed. In order to clarify this result, the SEM observations by BSE
mode and EDX line scans were carried out on the grain boundaries in
the two specimens as shown in Fig. 9. According to the BSE image
contrast, one bright phases were found to coexist with the dark phases
(M6C carbides) at the grain boundaries (Fig. 9a and b), which can be
identiﬁed as Cr3Te4 in view of the enrichment of Cr and Te as shown in
Fig. 9c and d. At the shallow segments of grain boundaries (Fig. 9a and
the zone 1 in Fig. 9b), Cr3Te4 completely encase or cut through M6C

partially replaced by Cr and Si atoms. By contrast, the primary M6C
carbides in the matrix are Ni3Mo3C type, which was also proposed in
one previous study [26]. There exist more Fe atoms in the Te-containing M6C carbides as compared with the primary ones. In addition,
Te-containing M6C carbides possess a cube-on-cube orientation relation
with the surrounding γ matrix (Fig. 6b1), which cannot be observed for
the primary ones. These diﬀerences in the chemical composition and
microstructures imply that Te-containing M6C carbides are newly
formed from the tellurium corrosion process. The more continuous
inner layer in the coarse-grained specimens can accommodate more Tecontaining M6C carbides, which contribute to their stronger XRD
characteristic peaks as shown in Fig. 2.
Based on the morphology observations by SEM and TEM and phase
identiﬁcations by XRD and SAED patterns, it can be concluded that the
thicker outer layer was formed in the ﬁne-grained specimens, while the
more continuous inner layer can be observed in the coarse-grained
ones. In the two kinds of specimens, the outer layer consists of Ni3Te2
and Cr3Te4, while the intermediate and inner layer mainly contain
Ni3Te2, Te-containing M6C carbides and a small number of Fe-riched γ
phases, Cr3Te4 and MnTe.

3.3. Te diﬀusion and tellurides formation along grain boundaries
When exposed in Te–containing environment, the embrittlement of
alloys was always related to the inward diﬀusion of Te along the surface
grain boundaries. In this work, the inﬂuences of grain size on the
115
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Fig. 7. Typical TEM-EDX spectrums and semi-quantitative composition analyses in the coarse-grained specimens for (a) Ni3Te2, (b) Cr3Te4, (c) MnTe, (d) Fe-riched γ
phases, (e) Te-containing M6C carbides and (f) primary M6C carbides. The characteristic peaks for the major elements were labeled. The accurate carbon concentrations in M6C carbides and Fe-riched γ phases were hard to detect by EDX, so only the relative contents (at. %) of metal atoms are listed.

3.4. Deterioration of tensile properties after exposed to Te vapor

carbides. While the smaller Cr3Te4 particles can be observe to locate at
the phase interfaces between M6C carbides and the matrix at the deeper
segments (zone 2 in Fig. 9b). This reﬂects the gradient in Te activity
from its maximum at the alloy surface to a minimum in the alloy interior. In addition, Cr3Te4 cannot exist on its own even at the segments
very close to the surface (as marked by the blue arrow in Fig. 9a), but
must be bound to M6C carbides. M6C carbides and their interfaces with
the matrix could play an important role in the formation of Cr3Te4 at
the grain boundaries. Due to the small size and the discontinuous form
of Cr3Te4, the enrichment of Cr in these tellurides cannot be revealed by
EPMA at low magniﬁcations (Fig. 8b). Based on this, the depletion of Cr
should be ascribed to the outward diﬀusion of Cr to support the formation of Cr3Te4 in the scales and at the grain boundaries. When
comparing the two specimens, it can be found that the depth of Cr3Te4
existence at grain boundaries (∼ 12 μm) in the ﬁne-grained specimen is
obviously smaller than that (∼44 μm) in the coarse-grained one. No
obvious diﬀerence in the depth of grain boundary Cr depletion can be
found in the two specimens.

To evaluate the eﬀects of grain size on the Te embrittlement of
GH3535 alloy, the ﬁne-grained and coarse-grained specimens were
exposed in vacuum and Te vapor, respectively. Then, the tensile tests of
the exposed and the initial specimens were carried out at 700 °C and
their tensile properties were compared as shown in Fig. 10. After exposed in vacuum, both specimens exhibit the better strength and
elongation than the initial ones do, except the elongation of coarsegrained ones. In addition, the coarse-grained specimens possess the
higher yield strength (YS) and ultimate tensile strength (UTS) and the
slightly lower elongation than the ﬁne-grained specimens do. After
exposed in Te vapor, the tensile properties of the ﬁne-grained and
coarse-grained specimens, especially the UTS and elongation, all
worsen as compared with that exposed in vacuum. Our results demonstrate the strengthening and weakening eﬀects by vacuum and Te
vapor exposure, respectively. The coarse-grained specimens exhibit the
more severe deterioration of tensile properties than ﬁne-grained
116
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Fig. 10. The yield strength (YS), ultimate tensile strength (UTS) and elongation
of ﬁne-grained (FG) and coarse-grained (CG) specimens exposed in vacuum and
in Te vapor and without exposure. The reduction degrees of tensile properties
between the vacuum-exposed and Te-exposed specimens were marked by red
arrows. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article).

surface of tensile test specimens. In the case of the Te-exposed specimens, the intergranular fracture in the near-surface region coexists with
the transgranular ductile fracture in the center region (Fig. 11c and d).
The intergranular fracture in the coarse-grained specimens are found to
be deeper (Fig. 11c and d) but fewer (Fig. 12c and d) as compared with
that in the ﬁne-grained specimens. At the same time, the depth and
density of Te-penetrated grain boundaries increase and decrease respectively (Fig. 8). The same variation trend indicates that the diﬀusion
and segregation of Te along grain boundaries cause the intergranular
fracture. It is noteworthy that the diﬀusion depth of Te detected by
EPMA (Fig. 8a), is obvious smaller that the depth of intergranular
fracture (Fig. 11c and d). This fact implies that the levels of Te required
to embrittle this alloy are lower than the detection limit of EMPA.

Fig. 8. The element distribution mapping of Te (a) and Cr (b) by EPMA in the
cross section of the ﬁne-grained and coarse-grained specimens after exposed to
Te vapor.

specimens do. In other words, the ﬁne-grained specimens have the
better resistance to Te embrittlement.
Fig. 11 shows the fractographs for vacuum-exposed and Te-exposed
specimens tested at 700 °C. After exposed in vacuum, a lot of dimples
exist on the fracture of both ﬁne-grained and coarse-grained specimens
as shown in Fig. 11a and b. The presence of dimples indicates the occurrence of the transgranular ductile fracture. From Fig. 12a and b, a
small number of intergranular cracks can also be observed on the

Fig. 9. BSE images for the grain boundary
precipitates in the ﬁne-grained (a) and the
coarse-grained (b) specimens, and EDX line
scans (at 5 Kev) results as marked by Line 1 (c)
in the ﬁne-grained specimen and Line 2 (d) in
the coarse-grained specimen. Cr3Te4 cannot
exist on its own even at the segments very close
to the surface as marked by the blue arrow in
(a). The voids on the intergranular telluride–matrix interfaces is marked by red arrows. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article).
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Fig. 11. SEM fractographs for the diﬀerent specimens tested at 700 °C. (a) Fine-grained specimen exposed in vacuum, (b) Coarse-grained specimen exposed in
vacuum, (c) Fine-grained specimen exposed in Te vapor, (d) Coarse-grained specimen exposed in vacuum.

4. Discussion

of formation per molecule Te (thermodynamic factor), and also the
concentration of tellurides-forming elements (dynamic factor). Fig. 13
shows the Gibbs free energy of formation per molecule Te at 800 °C for
the potential tellurides in GH3535 alloy. It can observed that their
Gibbs free energy in increasing order is MnTe, Cr3Te4, Ni3Te2, Mo-riched ones, Fe-riched ones and Si2Te3. Due to the more negative Gibbs
free energy values of tellurides for Mn, Cr and Ni, they preferentially
react with the limited Te to form the corresponding tellurides and
suppress the formation of other potential tellurides. On the other hand,
the nucleation and growth behaviors of tellurides are aﬀected by the
enrichment ratio of constituent elements from the surrounding matrix.

4.1. Tellurization mechanism and eﬀects of grain size
After exposed in Te vapor, the triple-layer scales, which consist of
Ni3Te2, Cr3Te4, MnTe, M6C carbides and Fe-riched matrix, and the intergranular Cr3Te4 occur in both the ﬁne-grained and coarse-grained
specimens. Understanding the formation mechanism of scales is very
necessary to evaluate the eﬀects of grain size on Te diﬀusion and Teinduced cracking.
The formation of telluride scales depend on their Gibbs free energy

Fig. 12. The cracks on the surface of the diﬀerent specimens tested at 700 °C. (a) Fine-grained specimen exposed in vacuum, (b) Coarse-grained specimen exposed in
vacuum, (c) Fine-grained specimen exposed in Te vapor, (d) Coarse-grained specimen exposed in vacuum.
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Fig. 13. Gibbs free energy of formation per molecule of Te for MnTe, Cr3Te4,
Ni3Te2 and other potential tellurides at 800 °C. The data for Cr3Te4 and Ni3Te2
were extracted from the previous references [31,32]. The other were calculated
using HSC Chemistry 6 computer software and its associated databases.

Fig. 14. The mass fraction of M6C carbides and Fe concentrations in the matrix
and M6C carbides as a function of Ni concentration in the alloy at 800 °C.

can be deduced as following:
The concentrations (at. %) of Mn, Cr and Ni in the matrix are 0.66, 8.25
and 74.83, respectively (Table 1). The counterparts in the corresponding tellurides are 50.4, 41.8 and 63.4, respectively (Fig. 7). Thus,
the enrichment ratios for Mn, Cr and Ni are ∼ 76, ∼ 5 and ∼ 0.8,
respectively. The diﬀusion and aggregation of constituent elements at
the nucleation sites are essential for the formation of MnTe and Cr3Te4,
particularly the former. In the case of Ni3Te2, the Ni atoms in the matrix
are enough to support the strong growth. So, the quantities of tellurides
in the scales increase in the following order: MnTe, Cr3Te4 and Ni3Te2
as mentioned above.
Te and O elements are together in the same group on the periodic
table, thus oxidation and tellurization processes of alloys are comparable to a certain extent. In the present work, there exists the inner
telluride layer and the intergranular Cr3Te4, which is similar to the
features of internal oxidation. Thus, we call this phenomenon as “internal tellurization”. As summarized by Young in his book [33], the
internal oxidation occur when the selectively oxidized component (Cr,
Al, etc.) cannot reach the surface quickly to develop a scale, or become
depleted due to the formation of the corresponding scale. Under some
circumstances, internal oxidation and external scaling can occur simultaneously. Alloys such as Ni-Cr, if suﬃciently dilute, form external
scales of nickel-rich oxides together with internally precipitated chromium-rich oxides. In view of the microstructures of scales and intergranular Cr3Te4, the tellurization of the low-Cr GH3535 alloy could be a
similar situation.
The tellurization behaviors have been investigated in stainless steels
[13,14,34,35], PE16 alloy [17], Fe-Cr [36] and Ni-Cr [31] binary alloys, and some common phenomena have been observed. When exposed to Te vapor or liquid, the duplex scales mainly consist of a
homogeneous Fe or/and Ni-Te rich outer layer and a Cr-Te rich inner
layer in these alloys. As proposed by Masaaki, iron telluride and
chromium telluride layers grow by the diﬀusion of Fe and Te through
the telluride scale in Fe-Cr alloy, respectively [36]. In addition, the
corrosion resistance of Ni-Cr and Fe-Cr alloys to Te vapor can be improve by the increase of Cr content [31,36]. The protection eﬀect by Cr
can be explained by the fact that chromium telluride covered over the
surface of alloy interrupts the outward diﬀusion of Fe or Ni. The depletion of Cr and Ni can be observed at the grain boundaries near the
surface and/or from the whole alloy subsurface [17,35]. In extreme
circumstances, the depletion of Cr by the outward diﬀusion left an Ferich subsurface which took the form of an even and broad ferritic band
in M316 alloy [17].
Based on the concept of internal oxidation and the tellurization
behaviors in other studies, the tellurization processes of GH3535 alloy

(1) At the initial stage, Te vapor is assumed to react directly with the
Ni, Cr and Mn atoms on the surface of specimens to form the intermediate layer. Due to the formation of Ni3Te2, Cr3Te4 and MnTe
in this layer, the other elements including Mo, Fe, Si and C become
greatly enriched in the residual matrix. To establish the new thermodynamic equilibrium, the supersaturated matrix tend to decomposes to Mo/Fe/Si enriched M6C carbides and Fe-riched γ
phases. The reaction process can be described by following equations:
Initial γ + Te → Ni3Te2 + Cr3Te4 + MnTe + Supersaturated γ

(1)

Supersaturated γ → M6C + Fe-riched γ

(2)

To verify Eq. (2), the mass fraction of M6C carbides and Fe concentrations in the matrix and M6C carbides as a function of Ni concentration in the alloy were predicted by using JMatPro 6.1 (Fig. 14).
The mass fraction of M6C carbides increases with Ni concentration
decreasing. This fact proves that the formation of Te-containing M6C
carbides in the scales are thermodynamic favorable. In addition, Fe
concentrations in the matrix and M6C carbides both increase with Ni
concentration decreasing, which agrees with the result in Fig. 7. Due to
the absence of Fe-Te compounds in the scales, the Fe atoms in the supersaturated γ tend to accommodate themselves to the Te-containing
M6C carbides and Fe-riched γ. The formations of ferritic band in M316
alloy [17] and Te-containing M6C carbides in this alloy can be both
ascribed to the loss of telluride-forming component from the matrix.
(2) During the second stage, it can be expected that the intermediate
layer would slow down but cannot inhibit the further tellurization.
As shown in Figs. 3 and 4, there exists a lot of cavities and cracks in
Ni3Te2 or on the interfaces between diﬀerent phases, which result
from the slow decomposition of Ni3Te2 into Ni metal and Te vapor
[37]. These defects can act as the paths for the outward diﬀusion of
Ni and Cr through the scales in the form of short-circuit diﬀusion.
The growth of Ni3Te2 is controlled by the outward diﬀusion of Ni in
the scales, while the growth of Cr3Te4 is controlled by the diﬀusion
of Cr in the alloy in view of its depletion at grain boundaries. At the
same time, the resident Te atoms at the interface between the
matrix and the intermediate layer continue to react with the matrix
to form the inner layer as described by Eqs. (1) and (2). It has been
reported that the grain boundary diﬀusivity coeﬃcient of Te in pure
Ni was much larger than the lattice diﬀusivity coeﬃcient at 800 °C
[38]. The same trend can also observed in Hastelloy N alloy at
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760 °C [39]. Thus, internal tellurization occurred preferentially at
grain boundaries rather than within the grains. The thickness of
inner layer is less than ∼ 2 μm, while the depth of Cr3Te4 existence
at grain boundaries is larger than ∼12 μm in the two specimens.
The similar trend can be also observed in the internal oxidation of
IN 617 alloy [33].
Although the coarse-grained and ﬁne-grained specimens follow the
same tellurization mechanism as mentioned above, the diﬀerences in
the telluride scale morphology, especially for the inner layer, Te penetration and Cr3Te4 existence depth, and the mechanical properties
need the further interpretation.
The eﬀects of grain size on the inner layer can be ascribed to the
decentralization eﬀect of grain boundaries. Due to the high diﬀusivity
coeﬃcient of Te along grain boundaries, a part of resident Te atoms at
the interface between the matrix and the intermediate layer are supposed to be pumped out into the grain boundaries. The fewer grain
boundaries per unit volume in the matrix, the more Te atoms stay put at
the interface to form the inner layer. Then, the more continuous inner
layer can be observed in the coarse-grained specimen as shown in
Fig. 4b. The eﬀects of grain size on Te penetration depth are related to
the geometric reason. Obviously, Te penetration depth should be higher
for the same diﬀusion length in the case of the coarse-grained specimen.
As mentioned above, the growth of Cr3Te4 is controlled by the
outward diﬀusion of Cr in the alloy, especially along the grain boundaries. Thus, the density of grain boundaries should be a key factor. It
has been widely reported [40–42] that the ﬁne-grained alloys can
provide a high density of fast grain boundary diﬀusion paths for Cr/Al/
Ti to form the more continuous protective oxide layer, and then exhibit
the stronger oxidation resistance. The ﬁne grain eﬀect has been proved
to be eﬀective for the oxidation of this alloy [43]. To interpret the effects of grain boundaries, an eﬀective diﬀusivity (Deﬀ) of Cr atoms in
the matrix is proposed [44,45], which is a summation of lattice diﬀusivity coeﬃcient (DV) and grain boundary one (DGB) as given below.

Deff = (1 − f ) DV + fDGB

Fig. 15. Dependence of the eﬀective diﬀusivity coeﬃcients (Deﬀ) of Cr in Ni-CrFe alloy on the grain size were determined according to the corresponding
lattice and grain boundary diﬀusivity coeﬃcients, Dv and δ·DGB. The data of
lattice and grain boundary diﬀusivity coeﬃcients were reported by Chen [46].

4.2. Te embrittlement and eﬀects of grain size
Te embrittlement phenomena have been observed in pure Fe
[47,48], 316 stainless steel [14,49], 20% Cr-25% Ni-Nb stabilized
stainless steel [34] and the present alloy [7,50–52] when exposed to Te
vapor or liquid. As proposed by Adamson et al. [49], the embrittlement
of 316 stainless steel by liquid Te-Cs exhibits many of features of liquid
metal embrittlement (LME). The more systematic experimental observations were carried out in the liquid Te exposed 316 stainless steel
by Hemsworth et al. [14], which were not consistent with the simple
LME models. Then, they proposed a two-step-process for the embrittlement, with cracks being initiated due to the chemical interaction but
propagating because of surface energy reductions. The chemical interaction (brittle intermetallic compounds) was just an assumption based
on the analogy to zinc-austenitic steel system. In 20% Cr-25% Ni-Nb
stabilized stainless steel [34,35], the embrittlement as revealed in
tensile and creep tests resulted from the nucleation of numerous intergranular surface cracks caused by Te penetration. The subsurface
intergranular voids can be observed after the long term exposures to Te
vapor, which were considered as the result of tellurides volatilization. It
has been reported recently that chromium tellurides were observed at
both grain boundaries and intergranular carbide–matrix interfaces in
GH3535 alloy exposed in Te vapor, which would induce the intergranular cracking [50].
This work has provided additional evidence about the intergranular
Cr3Te4 and the depletion of Cr, and also the eﬀects of grain size. The
deeper Te penetration and Cr3Te4 existence along grain boundaries
correspond to the deeper cracking and the poorer mechanical properties in the two specimens, which indicates Cr3Te4 and Te segregation
are responsible for the Te embrittlement in this alloy. Before tensile
tests, it can be expected that Cr3Te4 with a Pilling-Bedworth ratio (PBR)
more than one would bring about a tension on the grain boundaries,
especially in the shallow segments with the larger Cr3Te4. The voids on
the intergranular telluride–matrix interfaces has occurred in this stage
as shown in Fig. 9 (the red arrows). During the tensile tests, the tensile
stress lead to the cracking nucleation by the further interface decohesion. In 316 stainless steel [14], the surface energy for the surface in
contact with Te liquid was estimate at ∼ 0.35 J/m2, which was far less
than that (∼ 2.0 J/m2) of the surface without Te wetting. Such trend
could also apply to Te vapor-GH3535 alloy system. The segregation of
Te decreases the surface energy at grain boundaries. Subsequently,
cracking can propagate readily along the grain boundaries with Te
segregation to the unaﬀected zone.
The eﬀect of grain size on the Te embrittlement seems complicated
due to the interference of grain boundary M6C carbides. As shown in

(3)

where f is the density of grain boundaries per unit area. f can be formulated if the grains are assumed to be of cubic shape.

f=

2δ
d

(4)

where δ is the average width of the grain boundaries; δ is typically ∼
0.5 nm [44,45], and independent of the temperature; d is the alloy grain
size. Considering d ≫ 2δ , Eq. (3) can be simpliﬁed as

Deff = DV +

2(δ∙DGB )
d

(5)

Due to the lack of diﬀusion data in GH3535 alloy, the eﬀective
diﬀusivity coeﬃcient of Cr in the similar Ni-Cr-Fe alloy was calculated
using Dv and δ·DGB [46]. With the increase of grain size from 46 μm to
107 μm, the eﬀective diﬀusivity coeﬃcient of Cr drops (Fig. 15). Thus,
the more Cr3Te4 in the scales in the ﬁne-grained specimen can be attributed to the larger eﬀective diﬀusivity coeﬃcient of Cr.
In spite of the increase of the length ratio of Cr3Te4, their discrete
morphologies cannot suppress the Te corrosion in the two specimens.
The growth of Ni3Te2 is controlled by the outward diﬀusion of Ni in the
scales in the form of short-circuit diﬀusion. At the initial stage, Ni atoms
diﬀuse through the intermediate and outer layers to the surface to
support the growth of Ni3Te2. With the formation of inner layer, Ni
atoms diﬀuse through all three layers. As shown in Fig. 3, the inner
layer in the coarse-grained specimen is denser than the other two
layers. Also, the dense inner layer was found to joint with the matrix
closely without any gap, which is expected to more eﬀectively block the
outward diﬀusion of Ni. As a result, the thickness of outer layer in the
ﬁne-grained specimen is greatly larger than that in the coarse-grained
one.
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Fig. 10, the formation of the discrete grain boundary M6C carbides in
the ﬁne-grained specimen improves the UTS and elongation, while the
continuous grain boundary M6C carbides in the coarse-grained specimen have the negative eﬀects on the elongation after vacuum exposure. However, there are no diﬀerence in the morphologies of grain
boundary M6C carbides between the vacuum exposed and Te vapor
exposed specimens. Thus, the larger decreasing amplitude of tensile
properties in the coarse-grained specimen should be ascribed to the
larger Te penetration and Cr3Te4 existence depth.
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5. Conclusions
(1) Two sets of GH3535 alloy with diﬀerent grain sizes were obtained
by solid-solution treatments. After thermal exposed at 800 °C for
150 h, more continuous grain boundary M6C carbides can be observed in the coarse-grained specimen.
(2) After exposed to Te vapor at 800 °C for 150 h, the corrosion product
scales consist of three layers (outer, intermediate and inner) in both
specimens. The corrosion product scales in the ﬁne-grained specimens tend to grow outward to form the thicker outer layer. In
contrast, the more continuous inner layer can be observed in the
coarse-grained specimens. By XRD and TEM, it was found that the
outer layer consists of Ni3Te2 and Cr3Te4, while the intermediate
and inner layer mainly contain Ni3Te2, M6C carbides, Fe-riched γ
phases and a small number of Cr3Te4 and MnTe. Due to the formation of Ni3Te2, Cr3Te4 and MnTe in this layer, the other elements
including Mo, Fe, Si and C become greatly enriched in the residual
matrix. To establish the new thermodynamic equilibrium, the supersaturated matrix tend to decomposes to Mo/Fe/Si enriched M6C
carbides and Fe-riched γ phases.
(3) Beneath the corrosion scales, the deeper Te penetration and Cr3Te4
existence along grain boundaries can be observed in the coarsegrained specimens, which cause the more severe deterioration of
tensile properties than that of the ﬁne-grained specimens.
(4) The high density of grain boundaries in the ﬁne-grained specimen
can eﬀectively decentralize Te atoms into the grain boundaries, and
lead to a discrete inner layer in the interior of the grains. On the
other hand, the continuous inner layer in the coarse-grained specimen can inhibit the outward diﬀusion of Ni atoms to form the
thinner outer layer. The deeper Te penetration and Cr3Te4 existence
along grain boundaries in the coarse-grained specimen result from
the geometric reason.
(5) Te embrittlement results from Te penetration and Cr3Te4 existence
along grain boundaries. The larger decreasing amplitude of tensile
properties in the coarse-grained specimen should be ascribed to the
larger Te penetration and Cr3Te4 existence depth.
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