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The tellurium (Te) corrosion behaviors of the hot-rolled GH3535 alloy have been investigated systematically in
this study as compared with the standard solid-solution treated one. In the hot-rolled alloy, the higher proportion
of Cr3Te4 and MnTe can be observed in the corrosion scales. Beneath the scales, Te was found to enrich in the
primary M6C carbides rather than at the grain boundaries. The blocking effect by the protective Cr3Te4 and
MnTe and the trapping effect by the primary M6C carbides jointly contribute to the better Te corrosion and
cracking resistance of the hot-rolled alloy.

1. Introduction
Molten salt reactors (MSRs) are characterized by the uraniumbearing molten salts circulating in the primary circuit, which can carry
the fuels and transfer heats simultaneously. Such design together with
the thermo-physical properties of molten salts give MSRs some unique
advantages over the others, including inherent safety, simplified fuel
cycle and high power generation efficiency [1–3]. On the other hand,
such design makes the whole primary circuit exposed to the corrosive
molten salts and the fission products, which brings great challenges to
the structural materials [4–6].
Hastelloy N alloy (the China optimized version: GH3535) is a Ni16Mo-7Cr based solid-solution-strengthened superalloy developed
specifically for MSRs [6], which exhibits a good high temperature
strength and an excellent corrosion resistance to the molten salts [7].
However, the intergranular cracking of this alloy can be observed in
almost all primary circuit components after its four-year service in the
Molten Salt Reactor Experiment (MSRE), which was related to the inward diffusion of fission products tellurium (Te) along the grain
boundaries [8–10]. When extrapolated to the long lifetime of a commercial reactor, these cracks would not be acceptable for some thinwalled pipes. Moreover, in the Liquid Metal Fast Breeder Reactor
(LMFBR), Te corrosion has been also observed in the cladding materials
(steels [11–15], Zircaloy 4 [16,17] and nickel based alloy [18]),
threatening the mechanical integrity of cladding.
To overcome the Te corrosion problem, the redox potential adjustment in fuel salts [8,19], alloy composition modification [8,9] and alloy
⁎

microstructure tailoring [12,20–22] have been tried in the previous
studies. It has been reported that the small niobium [8] or aluminum
[9] additions to Hastelloy N alloy can reduce significantly the degree of
embrittlement in the Te corrosion environment. On the other hand, the
microstructure tailoring methods were also proved to be effective in
several commercial alloys for restrain the intergranular cracking, including grain refinement and precipitates control. In 316 stainless steel
corroded by Te vapor, Arima et al. [12] found that the amount of Te
penetrating into the grain boundaries was larger in the coarse-grained
specimen. Our recent study [20] found that the density and the depth of
surface cracking respectively decrease and increase with increasing
grain sizes in the Te-corroded GH3535 alloy. It can be concluded that
the fine-grained alloys reveal the obvious advantages in resisting Te
corrosion and Te-induced cracking. Adamson [21] found that Cr23C6
carbides form along the intragranular slip line in the cold-worked 316
stainless steel and act as diffusion paths for Cs/Te mixtures, which can
cause the more uniform corrosion attack zone than the deep intergranular type observed in the annealed alloy. Sasaki et al. [22] have
investigated the dependence of Cs/Te corrosion depth on the distribution of Cr23C6 carbides in 10Cr steel, and found that the corrosion is
stronger in the specimen with grain boundary carbides than that with
intragranular carbides. The positive effects of the grain refinement and
carbide redistribution in resisting Te corrosion and Te-induced cracking
inspire us to evaluate the possibility of the hot-rolled GH3535 as a Te
corrosion-resistant material, which is just characterized by fine grains
and a lot of intragranular M6C carbides [23].
In this study, we have investigated systematically the Te corrosion
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or at the grain boundaries along the rolling direction, which have been
identified as M6C type carbides [26,27]. As compared with the HR
specimens, the additional solid-solution treatment for ST ones promotes
the grains growth and the dissolution of these primary M6C carbides. It
has been reported that Σ3 (twin) boundaries can completely resist the
Te penetration along the grain boundaries in GH3535 alloy [28]. Thus,
Σ3 boundaries were excluded from the quantitative analyses of the
grain size by EBSD (Fig. 1c and d). When all potential paths for Te
penetration (random grain boundaries and the other few coincidence
site lattice type ones) were included, the mean grain sizes of HR and ST
specimens were calculated as ∼ 8 μm and ∼ 66 μm, respectively.
After Te corrosion at 800 °C, secondary grain boundary precipitates
can be observed in the two specimens (Fig. 1e and f), which were also
identified as M6C type [26,27]. As shown in Fig. 1e and f, grain
boundary M6C carbides possess the same thickness in the two specimens but become more continuous in the ST one. The length ratios of
grain boundary segment with M6C carbides in ST and HR specimens
reach ∼ 66 % and ∼ 31 %, respectively. Such difference results from
the allocation of Mo and C atoms between the primary M6C carbides
and the grain boundary ones. When close to the surface, the distribution
of grain boundary M6C carbides becomes different between the ST and
HR specimens. In the former, the length ratio remains unchanged with
the distance from the surface. While in the latter, there exists a band
with a width of ∼ 18 μm near the surface, in which no grain boundary
M6C carbides can be observed (Fig. 2). It implies the potential effects of
corrosion reaction on the precipitation of grain boundary M6C carbides.
The mechanism would be discussed below.

Table 1
Chemical composition of GH3535 alloy.
Element

C

Mn

Si

Cr

Mo

Fe

Ni

wt. %

0.06

0.510

0.46

6.108

16.42

4.04

71.45

behaviors of the hot-rolled GH3535 alloy with the standard one as a
comparison. Based on the microstructure characterizations on the corrosion products and the corroded primary M6C carbides, the mechanism for resisting Te corrosion and cracking in the hot-rolled
GH3535 alloy was discussed.
2. Experiment
Table 1 lists the chemical composition of GH3535 alloy used in this
study. The pure raw materials were melted into one ingot by a vacuum
induction melt-furnace. Then it was forged into 30 mm × 30 mm square
bars and further hot-rolled into round bars with a diameter of 16 mm.
As control, a part of rolled bars were solid solution treated at 1220 °C
for 40 min to obtain the standard bars. Tensile specimens were machined from the hot-rolled (HR) and solid-solution-treated (ST) bars
along the length direction, respectively.
To simulate the Te corrosion in molten salt reactor, the Te vapor
was used as the corrosive medium in our experiments, which has been
proved to be comparable to the Te-containing molten salts in the mechanism or comparative studies [24]. In our study, the tensile specimens were sealed into a vacuumed quartz tube along with the amorphous Te powders (99.99 % purity) by 1 mg/cm2. This Te concentration
was set based on the predicted value as reported in a molten salt
breeder reactor (MSBR) design [25]. Before the seal process, the tensile
specimens have been mechanically ground by 4000 grit SiC papers and
ultrasonically washed with ethanol. The quartz tubes were heated to
800 °C, the Te powders would melt at 452 °C and volatilize into Te
vapor at the higher temperature. The specimens were exposed to the Te
vapor at 800 °C for 150 h. Then the quartz tubes were quenched into
water and broken to take out the specimens. The control specimens
were sealed in a vacuumed quartz tube without Te addition, and then
treated in the same way. The Zwick Z100 FM mechanical tester was
used for tensile testing at room temperature.
The Optical Microscopy (Axio Imager M2m) and the Scanning
Electron Microscope (SEM, Carl Zeiss Merlin Compact) equipped with
an Energy Dispersive Spectrometer (EDX) were used for the cracking
and the microstructure observations, respectively. The grain size and
grain boundary character in alloys were determined by electron backscatter diffraction equipment (EBSD, Oxford Instruments AZtec system),
which were operated at high current mode at 20 kV. The phase constitution of the scales were analyzed by Bruker D8 advance X-ray with a
Cu Kα radiation source (λ =0.15406 nm) in the angular range of
25° < 2θ < 80° and a step size of 0.02°. The distributions of Te and
other related elements were analyzed by the electron probe micro
analyzer (EPMA, SHIMADZU-1720 H). To decrease the beam size, the
accelerating voltage of 25 kV and a beam current of 150 nA were used.
A Tecnai G2 F20 transmission electron microscope with EDX (TEMEDX) was applied to determine their crystal structures and chemical
compositions.

3.2. Microstructures of corrosion scales
To determine the corrosion products, the XRD detections were
carried out on both ST and HR specimens. Because most characteristic
peaks of tellurides locate in the angle range from 25° to 50°, only this
range was plotted in Fig. 3a to make the details more clear. The existence of the characteristic peaks of the gamma matrix indicates that
the signal of copper K radiation has been through the whole scales to
reach the matrix, and all potential phases can be involved in the detection range. Before the Te corrosion, only the characteristic peaks of
the gamma matrix and M6C carbides can be detected in the two specimens. In the corroded ST and HR specimens, the scales mainly consist
of Ni3Te2, Cr3Te4 and MnTe according to the XRD peaks. As compared
with the standard JCPDS-ICDD card, the angle deviation of peaks of
Cr3Te4 results from the lattice expansion, which is related to the doping
of other elements into Cr3Te4. In the corroded ST specimens, the relative intensity of peaks between the three kinds of tellurides decreases
in the following order: Ni3Te2 > Cr3Te4 > MnTe. In the corroded HR
one, the relative intensity of peaks of Cr3Te4 and MnTe seems stronger
than that in the ST one. Especially MnTe, its peaks are hard to distinguish from the XRD spectrum of the corroded ST specimens, while
become so obvious for the HR one. In addition, the lattice parameters of
the matrix in the ST, HR, corroded ST and corroded HR specimens were
calculated as 3.585 Å, 3.582 Å, 3.587 Å and 3.586 Å respectively by the
Nelson-Riley function (Fig. 3b) [29]. It can be found that the lattice
parameter of the matrix in the ST specimens is larger than that HR ones.
It has been reported that only 12 wt. % Mo is present in the matrix and
its concentration in the M6C carbides is up to 55 wt. % in Hastelloy N
alloy with 17 wt. % Mo [30]. The concentration of Mo in the matrix in
the ST specimens is higher than that in HR ones due to the decomposition of M6C carbides. In the Ni-Mo binary alloy, the lattice parameter decreases with the concentration of Mo decreasing at a slope of
0.116 % / at. % [31]. Thus, the higher lattice parameter of the matrix in
ST specimens can be attributed to the higher concentration of Mo in the
matrix. On the other hand, it can be observed that the lattices of the
matrix in both specimens expand after the Te corrosion. In the previous
studies, it has been reported that Te atoms can substitute in the Ni
lattice and lead to the lattice expansion according to the X-ray

3. Results
3.1. Microstructure evolution during Te corrosion
The Te corrosion behaviors are related to the microstructures of
alloys. Thus, the initial microstructures of ST and HR specimens and
their evolution during Te corrosion process should be clarified before
the further discussion. As shown in Fig. 1a and b, both ST and HR
specimens contain the primary precipitate particles in the grain interior
2
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Fig. 1. SEM images of the ST (a) and HR specimens (b). Grain boundary networks of the microstructures of the ST (c) and HR specimens (d). Random boundaries, Σ3,
Σ9, Σ27 and other low-Σ coincidence site lattice boundaries are depicted by black, red, blue, green and yellow lines respectively. The grain sizes of the two specimens
were calculated with Σ3 (twin) boundaries excluded. BSE images for grain boundary M6C carbides in the ST (e) and HR specimens (f). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

absorption spectroscopy results and first principle calculation [32].
Figs. 4 and 5 reveal the microstructure and the composition analyses
of the scales in ST and HR specimens by SEM. It can be observed that
there are three corrosion layers (outer, intermediate and inner layer) in
both specimens. For the ST specimens, the thicknesses of the continuous
outer and intermediate layer are ∼ 2 μm and 0.5 μm, respectively. The
inner layer is characterized by the discrete blocky precipitates (Fig. 4a).
By contrast, the HR specimens possess the thicker outer layer
(−3.5 μm) and the significantly less precipitates in the inner layer
(Fig. 4g).
According to the EDX mapping images, Ni-riched and Cr-riched

tellurides can be observed in the scales of both specimens, additionally,
numerous of Mn-riched tellurides exist in the scales of HR ones. These
results agree with the XRD results (Fig. 3). At the high magnification
(Fig. 5), the EDX line scanning results show that the relatively small
number of Cr-riched tellurides are enclosed by Ni-riched ones in the ST
specimens, and they hold the straight phase boundary between each
other and exhibit the lamellar morphology (Fig. 5a). In the HR ones, the
additional Mn-riched tellurides can be found to be enclosed in the Crriched ones, which exhibit an irregular plate-like morphology (Fig. 5b).
The discrete blocky precipitates in the inner layer are found to enrich in
Mo element, which always coexist with the Ni-riched tellurides (Fig. 4c,
3
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Fig. 2. The microstructures of Te-corroded ST (a) and HR (b) specimens near the surface observed from the cross section.

i, f and 5 L). The Mo-riched precipitates can also be observed in the
intermediate layers of the two specimens. According to the distribution
mapping of Mo, the more and larger Mo-riched precipitates can be
observed in the ST specimens than that in the HR ones. From the XRD
detections (Fig. 3), the EDX mapping results (Figs. 4 and 5) and the
careful TEM observations in our previous study [20], the Ni-riched, Crriched and Mn-riched tellurides and the Mo-riched precipitates can be
identified as Ni3Te2, Cr3Te4, MnTe and M6C carbides, respectively. The
count of Cr signal seems to be slightly low in the Cr3Te4 (Line 1 and
Line 3), which results from the dilution effect in the SEM-EDX due to its
poor space resolution. The Ni signal from the surrounding Ni3Te2 masks
the Cr one from the nano-sized Cr3Te4 to a certain extent. Such dilution
effect has also been reported in the previous SEM-EDX detections, and
the Cr-riched tellurides observed in the SEM-EDX spectra were identified as Cr3Te4 ones by the FIB and TEM [20]. On the other hand, it can
be found that MnTe tellurides contain a number of Cr (Line 2), which
should result from the strong solubility of Cr in MnTe tellurides as reported in previous study [33]. Although these tellurides possess complex compositions, we just described them using the standard chemical
formula for simplicity. It can be concluded that the HR specimens are
characterized by the thicker scales, the fewer M6C carbides and the
additional Cr3Te4/MnTe mixed structures in the scales.

discrete distributions of Cr3Te4 and MnTe in the scales can also be revealed by the EPMA scanning images of Cr and Mn (Fig. 6b, c, f and g).
The length ratio of Cr3Te4 + MnTe relative to the whole scales was
calculated to evaluate their proportion. Then, it can be found that there
are more Cr3Te4 and MnTe in the scales of HR specimens (54 % length
ratio) than that in ST ones (24 % length ratio), which agrees well with
the XRD results (Fig. 3).
Beneath the corrosion scales, the grain boundaries are found to
enrich in Te element (Figs. 6 and 7), which indicates the preferential
diffusion of Te along the grain boundaries. The distribution depth of Te
at the grain boundaries in ST and HR specimens are ∼ 78 μm and ∼
46 μm, respectively, suggesting the HR specimens are more resistant to
the penetration of Te along the grain boundaries. On the other hand,
the number of Te grain boundaries with Te distribution in the ST specimens is less than that in the HR specimens, which is due to the fewer
grain boundaries as diffusion paths in the former. At the higher magnification (Fig. 7), it can be found that the concentration of Te at the
grain boundaries in the ST specimens seems to be obviously higher than
that in the HR ones at the same depth, which indicates the higher Te
enrichment degree at the grain boundaries in the former. As shown in
Fig. 7b, c, f and g, the corresponding depletion of Cr and Mn can be
observed at the grain boundaries with Te distribution in the two specimens. It proves that the outward diffusion of Cr and Mn and the inward diffusion of Te occur simultaneously along the grain boundaries
during the Te corrosion process. As shown in Fig. 7e and h, the positions
with the higher counts of Te signal are just those with higher counts of
Mo signal.
SEM observations were carried out to determine the existence forms
of tellurium in detail. In the ST specimens, most tellurides (Cr-riched,
Ni-riched or the mixed ones of them) can be observed to coexist with
the grain boundary M6C carbides. The typical results are shown in
Fig. 8a, and the lamellar morphology indicates that they are Ni3Te2 and

3.3. Tellurium distribution along grain boundaries and phase interfaces
The Te-induced embrittlement phenomenon depends on the distribution of Te elements at the grain boundaries near the surface. In this
work, the distribution of Te and other related elements (Cr, Mn and Mo)
in ST and HR specimens were determined by EPMA and SEM-EDX. As
shown in EPMA scanning images of Te (Fig. 6a and e), the red bands on
the alloy surface correspond to the telluride scales, which have been
identified as Ni3Te2, Cr3Te4 and MnTe as mentioned earlier. The

Fig. 3. (a) XRD spectra for the surface corrosion products of the ST and HR specimens exposed at 800 °C for 150 h in Te vapor environment. The JCPDS-ICDD card for
Ni3Te2, Cr3Te4 and MnTe were also involved for reference. (b) The calculated lattice parameters of γ matrix by Nelson-Riley function.
4
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Fig. 4. BSE images of the scales and corresponding EDX mapping of Ni, Cr, Mn, Mo and Te in the ST and HR specimens.

5
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Fig. 5. BSE images of the scales in ST (a) and HR (b) specimens. The EDX line scanning results as marked by line 1, line 2 and line 3 in.(a) and (b) are also presented.

TEM-EDX mappings were carried out for Te, Mo, Cr and Mn as shown in
Fig. 9c. The TEM image and the distribution of Te indicate that there
exist the crossed flake-like tellurides with a thickness of 5−20 nm. The
enrichment of Cr and Mn can be observed in some thicker flakes
(Fig. 9c). The absence of such element enrichment in the thin flakes
could result from the dilution effect by the M6C carbides. It's worth
noting that Cr becomes depleted around the flakes, which can be ascribed to the formation of Cr-riched tellurides and also the outward
diffusion of Cr to the surface. The thickness of flakes is about 5−20 nm,
which is far smaller than that of TEM specimens (50−100 nm). During
the TEM-EDX detection, the signal of Cr from the flakes would be obviously diluted by that from the surrounding Cr-depletion regions. As
shown in Fig. 9d, the flake-like tellurides was identified as Cr3Te4 type
by the SAED pattern. Also, there exists one particular orientation relationship between flake-like Cr3Te4 tellurides and the M6C carbides:

(1 1 1)T // (1 1 1)C

(2 0 2)T // (2 0 0)C
(1 1 1)T // (1 1 1)C
where T and C denote the Cr3Te4 tellurides and M6C carbides respectively. There exists an angle deviation of ∼ 3° from the strict orientation relationship for the parallel {1 1 1} planes in the two crystals. In
the Region 5, one zig-zag layer can be observed at the M6C/matrix
interface, which has been reported in one previous study [34] without
identification. In this study, the zig-zag layer was found to contain the
flake-like Cr3Te4 tellurides according to dark field images taken by the
(2 0 2) reflection (Fig. 9e). The zig-zag morphology results from the
crossed distribution of flake-like Cr3Te4 tellurides along the different {1
1 1} planes.

Fig. 6. The distribution of Te, Cr, Mn and Mo elements on the cross sections in
the ST (a, b, c and d) and HR (e, f, g and h) specimens.

Cr3Te4 mixed tellurides. In the case of HR specimens, such combination
of tellurides and grain boundary carbides cannot be observed due to the
absence of the latter. Instead, the tellurides always appear at the interface between the primary M6C carbides and the matrix (Fig. 8b).
Also, Te-riched bands were found to run through the primary M6C
carbides as shown in Fig. 8c. It is hard to determine whether these
bands are tellurides or element segregation just from the SEM-EDX line
scanning result and then one FIB specimen was cut from the primary
M6C carbides with Te-riched bands as shown in Fig. 8c.
As shown in Fig. 9a, the two Te-riched bands, the interface between
carbides and the matrix, the concomitant M6C carbides and Cr3Te4
tellurides at the grain boundary are all involved in this FIB specimen.
The Cr3Te4 tellurides in the Region 1 were verified by selected area
electron diffraction (SAED) patterns as shown in Fig. 9b. The Te-riched
band was observed at the higher magnification and the corresponding

3.4. Intergranular cracking
In the MSRE, the intergranular cracking by the Te corrosion had
been observed in the heat exchange tubes and control rod thimble [35].
Te penetration would decrease the effective load area of the thin-walled
component. Such damage depends on the depth of Te penetration along
the grain boundaries. On the other hand, these cracks would further
propagate under the thermal stress, and the density of Te-induced
cracks could be related to the probability of failure. To evaluate the
degree of the intergranular cracking in the Te-exposed specimens, the
6
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Fig. 7. The distribution image at the high magnification for Te, Cr, Mn and Mo elements on the cross sections in the ST (a, b, c and d) and HR (e, f, g and h)
specimens. The typical regions were marked by the boxes in (e) and (h).

depth and density of cracks were observed and extracted from the
broken tensile specimens.
As shown in Fig. 10a and b, the transgranular ductile fracture can be
observed in the central region of the two specimens, which is characterized by a mass of dimples. In the near-surface region, the intergranular fracture can be observed, which is deeper in the ST specimens
than that in the HR ones. This result can also be verified when observed
from the longitudinal section (Fig. 10c and d). On the other hand, it can
be found that the surface cracks near the fracture in the Te-exposed HR
specimens are slightly denser than that in the ST ones. The HR specimens have finer grains, meaning that more grain boundaries are exposed to Te vapor and thus more grain boundaries will act as crack
initiation sites in the tensile loading. Because the actual deformation of
alloys in service could be very small, the data from the region far from
the fracture are more representative. The plots of the depth and density
of cracks vs the distance from the fracture were made as shown in
Fig. 11. The density of cracks in the HR specimens drops rapidly with
the distance from the fracture increasing and becomes more close to
that in ST specimens. This fact indicates that the proportion of the grain
boundaries without cracking in the HR specimens is much higher than
that in ST ones. It can be concluded that the HR specimens are more

resistant to Te corrosion and Te-induced intergranular cracking than
the ST ones.
4. Discussion
In this study, the microstructures, Te corrosion behaviors and Teinduced intergranular cracking of the HR specimens were investigated
with the ST ones as a control. It can be concluded that the HR specimens
are characterized by (a) the denser network of grain boundaries and
phase interfaces, (b) the higher proportion of Cr3Te4 and MnTe tellurides in the corrosion scales, (c) the more Te tied to the primary M6C
carbides rather than the grain boundaries and (d) the stronger resistance to Te-induced intergranular cracking. The formation mechanism of the microstructures in the two specimens has been discussed
as mentioned above. In this section, the tellurization mechanism of HR
specimens and its dependence on the microstructures would be elaborated.
4.1. The tellurization mechanism of HR specimens
The tellurization mechanism of ST specimens has been proposed in

Fig. 8. BSE images and the EDX line scanning results for the tellurides and the M6C carbides in the ST (a) and HR (b and c) specimens.
7
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Fig. 9. (a) TEM image for the M6C
carbides and tellurides near the surface
in the HR specimens. This FIB specimen
was cut from the position marked by
Line 3 as marked in Fig. 8c. The concomitant M6C carbides and Cr3Te4
tellurides can be observed in the regions marked by Region 1 and 2, the
two Te-riched bands were marked by
Region 3 and 4, and the M6C/Matrix
interface was marked by Region 5. (b)
TEM image and SAED pattern for the
concomitant M6C carbides and Cr3Te4
telluride at the grain boundary in the
region 1. (c) The network morphology
for the Te-riched band in Region 3 and
the TEM-EDX mapping of Te, Mo, Cr
and Mn in the dotted box. (d) The
SAED patterns for M6C carbides and
Cr3Te4 tellurides in the Te-riched
bands. (e) The dark field images of the
zig-zag layer at the M6C/Matrix interface taken by (2 0 2) reflection of
Cr3Te4 tellurides in Region 5.

our previous study [20]. The more negative Gibbs free energies for the
formation of Ni3Te2 (-58.95 kJ/mol), Cr3Te4 (−61.58 kJ/mol) and
MnTe (−117.44 kJ/mol) than other potential tellurides were responsible for their dominance in the corrosion scales. The formation of
M6C carbides in the intermediate and inner layers was ascribed to the
thermodynamic equilibrium due to the consumption of Ni and Cr from
the matrix. The reaction process can be described by following equations:

Initial γ + Te → Ni3Te2 + Cr3Te4 + MnTe + Supersaturated γ

(1)

Supersaturated γ → M6C + γ

(2)

The tellurization process was described as the formation of outer
and intermediate layers by the outward diffusion of Ni and Cr and the
formation of inner layer (including Te penetration along the grain
boundaries) by the inward diffusion of Te across the scales. In the
present study, the HR specimens possess the similar corrosion products
8
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Fig. 10. The distribution of the surface cracks observed from fractures (a, b) and the longitudinal section (c, d) in the ST (a, c) and HR (b, d) specimens respectively.

effective diffusivity (Deff) of Cr atoms has been proposed to evaluate the
effect of grain size (d), which is a summation of lattice diffusivity
coefficient and grain boundary one as given below.

Deff = 0.055 +

9.6
d

(3)

where the units for the effective diffusivity of Cr and d are in 10−16 m2/
s and μm, respectively [20]. To reveal the dependence of Deff on the
d(Deff )
grain size more clearly,
was calculated in this work and was
d(d )
plotted as a function of d in Fig. 12.
The obvious effect of grain refinement on the effective diffusivity
can be achieved with a grain size less than ∼ 10 μm. This result can
explain the limited increase of Cr3Te4 in the scales of the corroded
GH3535 alloy with a grain refinement from 107 μm to 46 μm as reported previously [20]. In this study, the effective diffusivity of Cr in
the HR specimens (∼ 8 μm) is six times larger than that in ST ones (∼
66 μm). Due to the lack of diffusion data of Mn in pure Ni or similar
alloys, we cannot give the effective diffusivity of Mn. In view of the
similar behaviors of outward diffusion and telluride formation, it can be
reasonably assumed that the similar trend as shown in Fig. 12 is also
applicable to Mn. With the significantly higher effective diffusivity of Cr
and Mn, the higher proportion of Cr3Te4 and MnTe tellurides (∼ 54 %
in the length ratio) in the scales form in the HR specimens.

Fig. 11. The depth and density of surface cracks in the Te-exposed ST and HR
specimens as a function of the distance from the fracture.

and scale microstructures (Fig. 4). Thus, it can be proposed that such
tellurization mechanism can also apply to the HR specimens. Nevertheless, two differences in the tellurization process between the ST and
HR specimens need to be explained, namely the absence of grain
boundary carbides and the higher proportion of Cr3Te4 and MnTe
tellurides in the corrosion scales in the HR specimens.
From Fig. 4f and i, the fewer M6C carbides can be observed in the
intermediate and inner layer in the HR specimens, which indicates the
shortage of carbide-forming elements. During the Te corrosion process,
the carbide-forming elements Mo and C are required for two phase
transformation processes. One is the precipitation of M6C carbides at
the grain boundaries (Fig. 1), and another is the precipitation of M6C
carbides from the supersaturated matrix (Fig. 4). From a thermodynamic point of view, the latter possesses the stronger transformation
driving force. In the ST specimens, Mo and C are enough for the precipitation of M6C carbides from the grain boundaries and the scales at
the same time (Fig. 2a and 4 f). In the case of HR specimens, a considerable amount of Mo and C are tied to the primary M6C carbides. The
limited Mo and C atoms would be pumped out from the grain boundaries to support the formation of M6C carbides in the scales (Fig. 4i).
Then, the grain boundaries near the surface would be free of M6C
carbides (Fig. 2b).
It has been reported that the formation of Cr3Te4 depends on the
concentration of Cr in the matrix [36] and also the density of the diffusion paths (namely the grain boundaries) [20] in Ni based alloys. The

Fig. 12. The dependence of the effective diffusivity on the grain size.
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4.2. Reaction between Te and carbides

4.3. Origin of corrosion resistance for HR specimens

In both specimens, the tellurides or Te-riched bands cannot exist on
their own at the grain boundaries or grain interior, which are always
attached to the M6C carbides, implying the existence of one certain
reaction between tellurides and M6C carbides. In the steels, the Cr23C6
carbides can provide enough Cr atoms for the formation of Cr3Te4
tellurides by the substitution reaction [22]. In GH3535 alloy, the concentration of Cr in the M6C carbides is lower than that in the matrix
(Fig. 7). Thus, there should be other origins for the preferential formation of tellurides at the phase interfaces of M6C carbides.
Some Ni3Te2 or Cr3Te4 tellurides can be observed at the M6C/Matrix
interfaces in the form of individual particle (Fig. 8a and b). It has been
reported that the dislocations always locate at the phase interfaces even
in the solid-solution GH3535 alloy due to the hardness difference between M6C carbides and the matrix, and then induce the nucleation of
other precipitates at the interfaces if thermodynamically favorable
[37]. Such mechanism is also suitable for the formation of tellurides. Te
atoms reach these interfaces by the grain boundary diffusion and trigger
the nucleation of tellurides with the assistance from dislocations. In the
case of the flake-like tellurides in the Te-riched bands and zig-zag
layers, the unique morphology implies that the structure factor could
play the dominant role. Thus, the high resolution TEM (HRTEM) images
were obtained for the flake-like Cr3Te4 tellurides in the M6C carbides
and their interfaces (Fig. 13). It can be found that the Cr3Te4 tellurides
grow along the {1 1 1} planes of M6C carbides (Fig. 13a) and possess a
regular phase interface between them (Fig. 13b), where their {1 1 1}
planes are almost parallel. The ratio of the {1 1 1} plane spacing between M6C carbides and Cr3Te4 tellurides is calculated as ∼ 1.98. It can
be expected that there exists a coincidence site lattice at the interface
between the two phases, which would lead to a low interface energy.
According to the classical nucleation theory, such low-energy interfaces
can lower the nucleation threshold of tellurides from the M6C carbides.
During the growth of Cr3Te4 tellurides in the M6C carbides, the flakelike morphology along the {1 1 1} plane can make Cr3Te4 tellurides
enclosed by the low-energy interface to the maximum extent. It can be
concluded that the formation of the flake-like Cr3Te4 tellurides is induced by their special OR and low-energy interfaces with the M6C
carbides, and the reaction process can be described by following
equations:

Three microstructure features of the corroded HR specimens could
be related to the improvement of the intergranular cracking resistance,
namely the grain refinement, the more continuous protective scales and
the dense primary M6C carbides.
The grain refinement has been proved to be effective to decrease the
depth of Te diffusion along the grain boundaries in GH3535 alloy after
the Te corrosion, which mainly results from the geometric reason [20].
Te penetration depth should be smaller for the same diffusion length in
the case of the fine-grained alloy. However, the density of the grain
boundaries with Te diffusion and the intergranular cracks obviously
increase with the grain size decreasing, which play a negative role in
the fracture process of this alloy. In this study, the depth of the intergranular cracks in the HR specimens is smaller than that in ST ones, and
the density is comparable between the two specimens. The additional
improvement should be attributed to the latter two microstructure
features as mentioned above.
Cr3Te4 has been proved to be the protective telluride layer in the FeCr and Ni-Cr binary alloys [36,38]. With the concentration of Cr increasing, the more continuous Cr3Te4 scales would form on the surface
of alloys and then interrupt the outward diffusion of Fe or Ni and the
inward diffusion of Te. On the contrary, the nickel or iron tellurides
were always found to be porous and allow the short-circuit diffusion
[39,40]. The origin of such difference can be ascribed to their stability
and volatility. As reported by Weaver and Redman [41], the Ni3Te2
would slowly decompose into nickel and Te vapor at 800 °C. While no
volatility, decomposition or reaction with the nickel container can be
observed when Cr3Te4 was heated in the vacuumed nickel container.
Another study indicated that Ni3Te2 would almost completely decompose from the surface of GH3535 alloy after the 3000 h Te corrosion
experiment at 700 °C [42]. There are no studies on the behaviors of
MnTe reported to the best of our knowledge, which was found to act
like the Cr3Te4 in this work. Then, the diffusion of Te atoms would be
obstructed by the protective Cr3Te4 and MnTe tellurides as illustrated
by Fig. 14. From the previous corrosion data [36,38] and the features of
tellurides, it can be concluded that the improvement of the resistance to
Te corrosion in the HR specimens can in part be attributed to the higher
proportion of Cr3Te4 and MnTe tellurides in the corrosion scales.
Because the protective telluride layers do not cover completely the
surface of alloys, there are still Te atoms permeating across the scales to
reach the matrix/scales interface. Some of them react with the matrix to
form the inner layer (Fig. 4a and g) and others diffuse along the grain
boundaries and the phase interfaces between the M6C carbides and the

M6C+Te → Cr-depleted M6C+Cr3Te4

(4)

Fig. 13. The HRTEM images for the flake-like Cr3Te4 tellurides in the M6C carbides (a) and their interfaces (b).
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Fig. 14. Illustrations of the Te corrosion process in the ST and HR specimens.

matrix (Fig. 9). In the ST and HR specimens, the huge differences in the
grain size and the morphology of carbides lead to that in the distribution of Te. In the ST specimens, Te atoms diffuse along the grain
boundaries and react with Cr and Ni to form the tellurides at the phase
interfaces of grain boundary carbides. In other words, the phase interfaces are more likely to trap and accommodate Te atoms than the
grain boundaries do. In the HR specimens, the diffusion paths for Te
atoms would be more zigzag with the same diffusion depth due to the
grain refinement. Also, the grain boundaries always connect with the
phase interfaces of the primary M6C carbides to form a dense interface
network in this specimens. Due to the comparable size for the grains
and the primary M6C carbides in the HR specimens, it can be deduced
that almost M6C/Matrix interfaces and the grain boundaries are connected in one network. When Te atoms diffuse in this network, they
would be trapped by the phase interfaces of the primary M6C carbides
(Fig. 14). The formation of the flake-like Cr3Te4 tellurides at the interface or in the interior of M6C carbides would effectively consume Te
atoms, then their enrichment at the grain boundaries would weaken in
the HR specimens as shown in Fig. 7e. The first principle calculation
study has proposed that the Te-induced cracking results from the
weakening of the Ni-Ni bonds across the grain boundaries after Te
substitution [43]. The brittle tellurides were also related to Te-induced
cracking [34]. Anyhow, the dilution of Te at the grain boundaries by
the trapping effect of the primary M6C carbides can inhibit the occurrence of Te-induced cracking in the HR specimens. The direct evidence
is the high proportion of the grain boundaries without cracking in the
HR specimens as shown in Figs. 9 and 10.
In summary, the higher proportion of Cr3Te4 and MnTe in the corrosion product scales help to impede the inward diffusion of Te atoms,
and the high-density interfaces of the primary M6C carbides trap and
exclude Te atoms from the grain boundaries, which jointly contribute to
the better Te corrosion and cracking resistance of the hot-rolled alloy.

particular orientation relationship and the regular M6C/Cr3Te4 interface promote the formation of the flake-like Cr3Te4 tellurides.
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