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rium at nickel grain boundaries:
a first-principles study
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K. Shaoa and P. Huai*a

The knowledge of the behavior of Te in nickel grain boundaries (GB) is of significant importance for the

application of nickel alloys in molten salt reactors. The atomic structures, stabilities, segregation

behaviors and diffusion barriers of Te are studied for the bulk, surfaces and four kinds of GBs of nickel.

Our first-principles calculations indicate the segregation of Te is most favorable at S ¼ 5 (021) GB and

the weakest at S ¼ 3 (111) GB. The diffusion barriers of Te increase in sequence: S ¼ 11 (11�3), S ¼ 9

(221), S ¼ 3 (111) and S ¼ 5 (021). The calculated diffusion barrier of Te on S ¼ 11 (11�3) is 0.35 eV lower

than in the bulk, indicating a fast diffusion of Te along this GB. We also consider the effect of strain on

the diffusion and find it to be sensitive to the different GB types. When the tensile strain is up to 4%, the

diffusion barriers of Te are lowered by 0.51 eV and 0.15 eV for S ¼ 5 (021) and S ¼ 11 (11�3), respectively.

In contrast, this effect for S ¼ 3 (111) is negligible.
1 Introduction

The growing demands for economical, safe and reliable energy
resources have accelerated the development of a new generation
of nuclear reactors. TheMolten Salt Reactor (MSR), which is one
of the most promising new generation reactors, uses molten
uoride salts as coolant and dissolves the actinide ssion fuel
in the coolant. The strong corrosion of the high temperature
liquid fuel brings challenges to the structural materials in
MSRs. Historically, Molten Salt Reactor Experiments (MSRE) at
Oak Ridge National Laboratory (ORNL, USA) have used Has-
telloy N (a nickel-based alloy) as the structural material of
choice. However, Hastelloy N exhibits apparent intergranular
cracking aer exposure to fuel salt. There have been many
experimental and theoretical studies1–4 focused on the issue
which oen claim that the ssion-product tellurium (Te) can
cause the embrittlement of Hastelloy N. Studies fromORNL also
prove that Te is an embrittler for the nickel alloy and it is the
inward diffusion of Te along the nickel grain boundaries (GBs)
that leads to the embrittlement of the nickel alloy.5 In addition
to embrittlement of Ni being caused by Te, nickel alloy
embrittlement is also inuenced by the external strain and
stress given their impact on GB diffusion. Therefore, a deeper
knowledge of these properties of Te in GBs is crucial for the
understanding of embrittlement of the nickel alloy.
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GBs are 2-dimentional defects in the crystal structure which
are composed by two differently oriented grains. In solids, GBs
belong to the most important defects and the properties of GBs
are different from that in the crystal interior. In theory there
can be a wide range of GB orientations that can occur. For the
purposes of this study, we limit our investigations to GB orien-
tations that are most commonly observed in Ni alloys which are
computationally tractable, specically, the symmetrical tilt grain
boundary (STGB).6 In the STGBs, S ¼ 3 (111), S ¼ 5 (021), S ¼ 9
(221) and S ¼ 11 (11�3) GBs are all the experimentally conrmed
STGB structures in nickel. S ¼ 3 (111) GB is the most commonly
observed by experiments.7S¼ 5 (021) is themost frequently used
theoretical STGB model which has been utilized in many
works.2,8,9 GB diffusion describes the movement of atoms along
the GBs under a driving force, i.e., the difference in chemical
potentials. It is well known that atoms move in GBs predomi-
nantly by simple exchanges with vacancies, i.e., vacancy-
mediated diffusion.10 The fact that the impurity atom preferen-
tially diffuses along GBs has already been observed inmany other
cases, e.g. thorium in tungsten, molybdenum in tungsten, copper
in aluminium and copper in nickel.11 However the diffusion
properties of Te in Ni grain boundaries remains unexplored. The
implications of these properties on the performance of MSR
experiments motivate such an investigation.

In this work, the diffusion and segregation behaviors of Te
atom along different GB orientations are investigated with the
effects of strain included. These results extend our under-
standing of the physical properties of Te in nickel based alloys
and will give a theoretical guide to the experimental work. Then
the high corrosion resistant nickel alloys may be manufactured
by controlling the concentrations and proportions of different
RSC Adv., 2017, 7, 8421–8428 | 8421
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Fig. 1 The diffusion paths of Te atom via vacancy-mediated mecha-
nism for (a) the nickel bulk, (b) the Ni(111), (c) the Ni(021), (d) the Ni(221)
and (e) the Ni(113�) surfaces. The blue and yellow balls represent Ni and
Te atoms, respectively. The blue square represents the vacancy and
the blue arrow indicates the Te diffusion path.

Table 1 Ni vacancy formation energy (EFVNi, in eV), Te substitutional
solution energy (ESolTe , in eV) at the Ni vacancy site and Te diffusion
barrier (BDif, in eV) by the vacancy-mediated mechanism for nickel
bulk, Ni(111), Ni(021), Ni(221) and Ni(11�3) surfaces

EFVNi ESolTe BDif

Bulk 1.44 0.66 0.75
(111) surface 1.27 �1.50 0.71
(021) surface 0.54 �1.94 0.71
(221) surface 0.63 �2.02 0.89
(11�3) surface 0.62 �1.94 0.50
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types of GBs. Our results on Te segregation and diffusion vari-
ation with respect to the GB orientation emphasize the GB
misorientation dependence phenomena existed in crystals.12

2 Computational methods

All calculations in this work were performed with the VASP
(Vienna Ab initio Simulation Package) code13 with projector-
augmented plane wave (PAW) potentials14 and Perdew–Burke–
Ernzerhof (PBE) exchange–correlation functional.15 The wave
functions were expanded in a plane-wave basis set with an
energy cutoff of 400 eV. Spin polarized calculation was included
for Ni contained systems to correctly account for the magnetic
properties. Monkhorst–Pack scheme16 was used to sample the
Brillouin zone (BZ). Bulk calculations were carried out using a 3
� 3 � 3 supercell of the conventional face-centered cubic (fcc)
cells with 108 nickel atoms. Supercells for S ¼ 3 (111), S ¼ 5
(021), S ¼ 9 (221) and S ¼ 11 (11�3) GBs contain 192, 120, 160
and 176 atoms, respectively. And the supercells for the investi-
gated surfaces took the same geometry parameters with their
corresponding GBs and contained 96, 48, 80 and 88 atoms,
respectively. A 3 � 3 � 3 k-point mesh was employed for the
bulk calculation. The k-point meshes of 1 � 3 � 3, 2 � 3 � 4, 1
� 3 � 3, 1 � 3 � 3 were used for S ¼ 3 (111), S ¼ 5 (021), S ¼ 9
(221) and S ¼ 11 (11�3) GBs and their corresponding surfaces,
respectively. Aer the lattice constants being optimized, the
subsequent ionic relaxations were allowed within the cell with
the volume and shape of the supercell xed. The vacancy-
mediated diffusion barriers were calculated by the climbing-
image NEB method.17 All these calculation setups were
checked using larger energy cutoff and denser k-mesh; the
results of total energy and Hellmann–Feynman forces were
convergent within 10�6 eV and 0.01 eV Å�1, respectively.

3 Results and discussions
3.1 Te diffusion in bulk nickel and on nickel surfaces

We rst studied the properties of Te atom in the perfect face-
centered cubic (fcc) nickel crystal. The optimized lattice
parameter of the bulk nickel is 3.515 Å, which is consistent with
the existing theoretical (3.518 Å) and experimental value (3.524
Å).3,18 The solution energy is the energy required to place
a solute atom at a certain lattice site. It is dened as follows:

ESol
X ¼ Ebulk

X � NNi

N0
Ni

Ebulk
Ni � EX (1)

where EbulkX is the energy of the bulk supercell containing the
corresponding defect X; EbulkNi is the energy of the defect-free Ni
bulk supercell; NNi and N0

Ni are the numbers of Ni atoms in the
defective Ni bulk supercell and the perfect Ni bulk supercell,
respectively; and EX is the energy per atom of each chemical
species in its reference state. Here the reference states refer to
the ground-state crystalline phases.

Impurity atoms in a crystal can either occupy the interstitial
or substitutional site. The large difference in atomic radii
between Te (1.40 A) and Ni (1.24 A) would lead to a large local
strain for Te being incorporated interstitially. According to our
8422 | RSC Adv., 2017, 7, 8421–8428
rst-principles calculations, the solution energy of Te atom in
the octahedral interstitial site of nickel is 6.29 eV while the value
in the tetrahedral interstitial site is even larger, which is 6.93 eV.
In contrast, the solution energy of Te in the substitutional
conguration is only 0.66 eV. Since the interstitial tellurium in
nickel is signicantly high in energy it is unlikely to occur when
Te is incorporated in Ni. Hence, only the substitutional
conguration is considered in our further investigation.

As a large solution species, the diffusion of Te atom in nickel
is dominated by the vacancy-mediated mechanism, as shown in
Fig. 1(a).19–22 According to our calculation, the vacancy forma-
tion energy in nickel is 1.44 eV, which is comparable to that in
Cu (1.04 eV) and Ir (1.43 eV) obtained by Nazarov et al.23 The
calculated diffusion barrier of a substitutional Te atom to the
nearest nickel vacancy is 0.75 eV.

Due to the surface effect,24 the properties of Te on different
surfaces differ from the bulk properties. The properties of Te on
the nickel surfaces were studied by simulating an atomic Te on
the top layer of the surfaces. Fig. 1(b–d) depict the investigated
diffusion path of Te atom on Ni(111), (021), (221) and (11�3)
surfaces, respectively. The vacancy formation energy
(EFVNi), substitutional Te solution energy (ESolTe ) and the diffusion
barrier (BDif) of Te by the vacancy-mediated mechanism on
these nickel surfaces are listed in Table 1. Compared to the
EFVNi value in the nickel bulk (1.44 eV), the values for the surfaces
decrease obviously, indicating that the nickel surfaces should
This journal is © The Royal Society of Chemistry 2017
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have larger vacancy concentrations than the bulk. The Ni(021)
surface has the lowest value of 0.54 eV, suggesting the vacancies
are easily distributed on this surface. Similarly, the solution
energy and the diffusion barrier of Te on surfaces are also
decreased. The Ni(221) surface has the lowest ESolTe of �2.02 eV.
The dramatically lowered ESolTe suggest that Te atom tends to
substitute the Ni atom on the surfaces. The Ni(11�3) surface has
the lowest diffusion barrier of Te with the value of only 0.50 eV,
suggesting a faster diffusion velocity of Te along this type of GB.
3.2 Te diffusion along the GBs

3.2.1 Structures and stabilities of the nickel GBs. GBs have
a signicant effect on the strength and solute diffusion of the Ni
Fig. 2 Side and top views of (a) S ¼ 3 (111), (b) S ¼ 5 (021), (c) S ¼ 9
(221) and (d) S¼ 11 (113�) GBs, respectively. The atomic sites are labeled
by numbers counted from the GB plane. For clarity, we use the yellow
and red balls to represent atoms in adjacent layers (the yellow atoms
are in the paper plane, while the red atoms beneath the paper plane).

This journal is © The Royal Society of Chemistry 2017
alloy. According to Sangid et al.,25 S ¼ 3 (111) GB and S ¼ 11
(11�3) GB have relatively small grain boundary energies; while
the values for S ¼ 9 (221) GB and S ¼ 5 (021) GB are very high.
However, since S ¼ 9 (221) GB and S ¼ 5 (021) GB can be easily
modelled with very few atoms, they are the most widely inves-
tigated GBs by theoretical works.3,9,26–31 Shen et al.32 explored the
hydrogen segregation to the S ¼ 9 (221) STGB in aluminium.
Alexandrov et al.30 investigated a wide series of alloying
elements diffusing along the S¼ 9 (221) STGB in Ni alloys by ab
initiomodelling method. Lezzar et al.33 analyzed the segregation
driving forces for Ni(Ag) and Ag(Ni) in the S¼ 11 (11�3) GB using
Finnis-Sinclair like potentials. Following these previous studies
on the diffusion behavior of many other species at fcc-metal GB,
we investigated the Te diffusion at nickel GB by using the same
atomic models of Alexandrov et al.30 in this work.

As we know, atoms at the GB interface have a different
arrangement compared to that in the nickel crystal interior.
Fig. 2 shows the structures of S ¼ 3 (111), S ¼ 5 (021), S ¼ 9
(221) and S ¼ 11 (11�3) GBs. Three STGB axes of the investigated
four GBs are also depicted in Fig. 2. To obtain the GB structures,
the length of the computational box along the direction parallel
to the GB interface (axis b and c) is xed, while along the other
direction perpendicular to the plane of the GB interface (axis a)
the box size is determined based on the lowest grain boundary
energy of GB (g) with all the internal atoms fully relaxed. The
energy is plotted as a function of the strain, as shown in Fig. 3.
The optimized box sizes perpendicular to the S ¼ 3 (111), S ¼ 5
(021), S¼ 9 (221) and S¼ 11 (11�3) GBs interface plane are 24.43
Å, 16.45 Å, 25.22 Å and 23.70 Å, respectively.

The stability of the GBs is usually assessed by their grain
boundary energies34 dened as:

g ¼ (Etot � NEcoh)/2A (2)

where Etot is the optimized total energy of the GB supercell, N is
the number of atoms in the GB supercell, Ecoh is the nickel bulk
Fig. 3 The optimization of the lattice parameter a (in Å), which is
perpendicular to the GB interface plane. The black, red, blue and green
lines indicate the grain boundary energy (g, in eV Å�2) of the GB for S¼
3 (111), S ¼ 5 (021), S ¼ 9 (221) and S ¼ 11 (113�) GBs, respectively. The
supercells are all relaxed with the lattice parameters parallel to the GB
interface plane fixed. The lines joining the calculated quantities are
drew as eye guidance.

RSC Adv., 2017, 7, 8421–8428 | 8423
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cohesive energy and A is the cross-sectional area of the GB
supercell. Besides grain boundary energy, excess volume of the
GBs can also be used to assess the stability of GBs. Excess
volume represents a fundamental key parameter and describes
the volume expansion of the GB.35 The excess volume is dened
as,34

dV ¼ (Vtot � NUbulk)/2A (3)

where Vtot is the volume of the GB supercell, N is the number
of atoms in the GB supercell,Ubulk is the volume per atom in the
bulk crystal and A is the cross-sectional area of the GB supercell.

Our calculated grain boundary energies and excess volume
values are listed in Table 2. The grain boundary energies are
ordered in the sequence of S ¼ 3 (111) < S ¼ 11 (11�3) < S ¼ 5
(021) < S ¼ 9 (221). In general the volume expansion of GBs is
directly related to the grain boundary energy.36 The excess
volumes behave approximately linearly with the grain
boundary energies, except for the S ¼ 9 (221) GB. The large
grain boundary energy of S ¼ 9 (221) STGB is originated from
the fact that S ¼ 9 (221) transitional tilt GB is more stable than
S¼ 9 (221) STGB. However, we still employed S¼ 9 (221) STGB
just like the GB model of Alexandrov et al.30 in this work
because the diffusion study needs tremendous computing
workload for S¼ 9 (221) transitional tilt GB. As shown in Table
2, it is obvious that S ¼ 3 (111) GB has the lowest excess
volume and grain boundary energy. It is reasonable since the
interface plane of S ¼ 3 (111) GB is the close-packed (111)
surface of nickel in which the atomic arrangement is only
slightly distorted compared to that in the bulk interior. In
contrast, for the other GBs (S ¼ 5 (021), S ¼ 9 (221) and S ¼ 11
(11�3)), the excess volume of these GBs is relatively larger with
respect to S ¼ 3 (111) and the atomic arrangement is signi-
cantly distorted.

3.2.2 The segregation of Te at Ni GBs. Te atoms can
segregate to the interface plane for the relatively larger activity
of GBs. Segregation of Te to nickel GBs leads to GB fracture as
a result of embrittlement. The stabilities of Te atom at different
atomic sites of GB can be assessed by the value of the segrega-
tion energy. The segregation energy is dened as follows:

ESeg ¼ EGB
b � Ebulk

b (4)

where EGBb is the binding energies for Te at a GB site, and Ebulkb is
the binding energies for Te at the substitutional bulk site. The
binding energy of the impurity Te at GB can be obtained as
follows:2
Table 2 Calculated grain boundary energy (g, in eV Å�2) and excess
volume (dV, in Å) for S¼ 3 (111), S¼ 5 (021), S¼ 9 (221) and S¼ 11 (11�3)
GBs of nickel

GBs S ¼ 3 (111) S ¼ 5 (021) S ¼ 9 (221)
S

¼ 11 (11�3)

g 0.0072 0.0818 0.1208 0.0291
dV 0.0959 0.4039 0.2652 0.2276

8424 | RSC Adv., 2017, 7, 8421–8428
Eb ¼ Etot
GB,Te � Ebulk

Te � Etot
GB + Ebulk

Ni (5)

where EtotGB,Te refers to the calculated total energy of the GB
supercell including one substitutional Te atom; EbulkTe and
EbulkNi are the energies of Te atom and Ni atom in their ground-
state crystalline phases, respectively; EtotGB is the total energy of
the clean GB supercell.

The binding energy (Eb) and segregation energy (ESeg) of
Te at different GB sites are calculated for S ¼ 3 (111), S ¼ 5
(021) and S ¼ 11 (11�3) GBs, as shown in Fig. 4. However, the
related results of S ¼ 9 (221) GB cannot be obtained, due to
the instability of S ¼ 9 (221) STGB aer Te doping. This
instability is owed to the broken symmetry induced by the
impurity doping, which is consistent with the previous
studies.32,37 Although a symmetric S ¼ 9 (221) GB is a good
model to study the diffusion properties of impurities,30 it is
not suitable to study the segregation behavior. For S ¼ 3
(111), S ¼ 5 (021) and S ¼ 11 (11�3) GBs, the most active
segregation sites are all at the GB interface plane. The
segregation energies increase from the interface plane to the
bulk area of the GB for all three GBs. For S ¼ 3 (111) and S ¼
11 (11�3) GBs, the relative large segregation energy (�0.35 eV
and �0.54 eV) for Te at the interface layer indicates weak
segregation. For S ¼ 5 (021) GB, the segregation energy is
under �1 eV at the interface. The gradient of its segregation
energy is also very large, which indicates a strong tendency
for Te segregating to the interface. Therefore, the segregation
of Te is most favorable at S ¼ 5 (021) GB, while it is the
weakest at S ¼ 3 (111) GB.
Fig. 4 Calculated binding energy (Eb) and segregation energy (ESeg)
for one Te atom at each atomic site (the numbers of atomic sites
having been labelled in Fig. 2) in the investigated supercells for (a)S¼ 3
(111), (b) S ¼ 5 (021) and (c) S ¼ 11 (113�) GBs. The lines joining the
calculated quantities are drew as eye guidance.

This journal is © The Royal Society of Chemistry 2017
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3.2.3 The embrittling energy of Te at Ni GBs. When a Ni
atom at the interface plane is substituted by a Te atom, the GB
structure of the interface region will change. The atomic
structures of the clean/Te-doped GBs are depicted in Fig. 5. It is
obvious that the structure changes caused by the Te-doping are
different for these four types of GBs. The Te atom-induced bond
length variation for S ¼ 9 (221) GB is the largest, while the
variations are small for S ¼ 5 (021) and S ¼ 11 (11�3) GBs.
However, the structural changes of these different GBs have
a similar tendency. The bonds perpendicular to the GBs are all
elongated greatly. In contrast, the bonds parallel to the GBs are
mostly compressed. The expansion induced by the dopant Te
across the GB plane could reduce the GB cohesion. Then the Te-
doped GBs should fracture more easily than a clean GB, which
causes the GB embrittlement.

The embrittlement caused by impurities can also be evalu-
ated by embrittling energy.38 According to the Rice-Wang
model, the embrittling energy (DEE) can be expressed as the
difference between the binding energies of Te atoms at the GB
(DEGB) and the free surface (DEFS):

DEE ¼ DEGB � DEFS (6)

where

DEGB ¼ EI=GB � NNi

N0
Ni

EGB � EI (7)
Fig. 5 The atomic structures of the clean GB (left) and the Te-doped
GB (right) for (a) S¼ 3 (111), (b) S¼ 5 (021), (c) S¼ 9 (221) and (d) S¼ 11
(113�) GBs, respectively. The blue and yellow balls represent Te and Ni
atom, respectively. On the left panels, the bond lengths (in Å) are
shown for the clean GBs. On the right panels, the increased/decreased
percentage of the corresponding bond length (in %) are shown for the
Te doped GBs. The positive and negative values indicate the bonds are
elongated and squashed, respectively.

This journal is © The Royal Society of Chemistry 2017
and

DEFS ¼ EI=FS � NNi

N0
Ni

EFS � EI (8)

where EI/GB and EI/FS are the calculated GB and surface energy
with substituted atom, EGB and EFS are relaxed clean GB and
surface energy, NNi and N0

Ni are the numbers of Ni atoms in the
substituted and clean systems and EI is the energy of the
substituted atom in its reference state.

Based on our calculation, the embrittling energies for S ¼ 3
(111), S ¼ 5 (021), S ¼ 9 (221) and S ¼ 11 (11�3) GBs are 2.66 eV,
1.63 eV, 1.74 eV and 2.13 eV, respectively. In terms of the de-
nition of DEE, a negative value of DEE means enhancement of
the GB cohesion, and a positive value corresponds to GB
embrittlement. Therefore, the introduced Te atom would cause
embrittlement for all these four GBs in nickel alloy.

3.2.4 The diffusion behavior of Te at Ni GBs. Since Te
atoms prefer to segregate into the interfacial sites, we next focus
on the diffusion behavior at the interface. Experimental works
about Te embrittlement have veried that Te penetrated the
nickel GBs along the high diffusivity paths.4,39 Fig. 6 shows the
investigated diffusion pathway along the four GBs. Among these
GBs, the diffusion barrier along the S ¼ 11 (11�3) GB is the
lowest with the value of 0.40 eV. S ¼ 9 (221) GB has a relatively
small diffusion barrier of 0.66 eV. In contrast, the diffusion
Fig. 6 Top views ofS¼ 3 (111), S¼ 5 (021), S¼ 9 (221) and S¼ 11 (113�)
GBs used to investigate the Te diffusion along the GB via vacancy-
mediated mechanism. The Ni, Te atoms and vacancies at GBs are
presented by yellow, blue balls and blue squares, respectively. The
corresponding diffusion barriers are also indicated.

RSC Adv., 2017, 7, 8421–8428 | 8425
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barrier of Te along S ¼ 3 (111) GB is 0.74 eV, which is close to
the value in the bulk. This is consistent with our results that the
excess volume for S ¼ 3 (111) GB is the lowest (0.10 Å), indi-
cating its atomic structure is close to the bulk. Surprisingly, S¼
5 (021) GB, which has the highest excess volume, has a very large
diffusion barrier of 1.41 eV. According to our above results, the
diffusion of Te is most likely to occur along S ¼ 11 (11�3) GB,
while the commonly used theoretical model S ¼ 5 (021) is not
favorable for Te diffusion.

In the state of tension, the increasing strain will cause the GB
interface to fracture into different surfaces. The stress relief by
the formation of the corresponding surfaces could change the
diffusion barrier of Te atom. Therefore, the above results for Te
diffusion at different GBs are compared with the ones on their
corresponding surfaces. As listed in Table 1, the calculated
diffusion barriers for Ni(111), (021), (221) and (11�3) surfaces are
0.71 eV, 0.71 eV, 0.89 eV and 0.50 eV, respectively. The diffusion
barrier value of 0.71 eV on Ni(111) surface is similar with that at
S ¼ 3 (111) GB, with a negligible difference of 0.03 eV. The Te
atom diffusion barrier value on Ni(021) surface is smaller than
the one at S ¼ 5 (021) GB by 0.7 eV. In contrast, the Te atom
diffusion barrier values on Ni(221) and Ni(11�3) surfaces are
both larger than their counterparts at the GBs by 0.23 eV and
0.10 eV, respectively.

3.2.5 The strain effect on the diffusion barrier of Te. The
synergistic effect of Te embrittlement and strains could cause
serious problem of nickel based materials in MSR.5 Internal
strain occurs inevitably during the application of the nickel
alloys, which can be decomposed into the normal one to the GB
interface plane and the parallel one. Conventionally, the Te
embrittlement caused cracking owes to the normal strain
exerted on the GB interface plane.1 In order to clarify this
synergistic effect, the relation between the strain exerted on the
nickel GBs and the diffusion barriers of Te is studied.

Fig. 7 gives the calculated diffusion barrier of Te atom along
four kinds of GBs under different strains. Overall, the results
show that the interfacial strain has a similar effect on the Te
Fig. 7 Diffusion barriers of Te atom for S ¼ 3 (111), S ¼ 5 (021), S ¼ 9
(221) and S¼ 11 (11�3) GBs with the GBs changing from the compressed
state to the strained state. The lines joining the calculated quantities
are drew as eye guidance.
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diffusion behavior at different GBs. The diffusion barriers
increase with the GBs under a compressive strain, and decrease
under a tensile strain. Therefore, it implies that a tensile strain
can increase the diffusivity of Te at nickel GBs. In details, the
structures of GBs is also very sensitive to the strain effect. The
strain effect for S ¼ 3 (111) GB is the smallest and the diffusion
barriers' variation is below 0.05 eV for both tension and
compression up to 4%. The strain effect for S ¼ 9 (221) GB is
also relatively small, but the diffusion barrier has a relatively
large drop when the tensile strain reach 4% owing to the fact
that S ¼ 9 (221) transitional tilt GB is more stable than S ¼ 9
(221) STGB. The diffusion barrier for S ¼ 11 (11�3) GB is the
smallest among the investigated four GBs while the strain effect
for this GB is very large. When the tensile strain reaches 4%, the
Te diffusion barrier is lowered by 0.15 eV. The lowered barrier is
only 0.25 eV, suggesting that Te diffuses fast along the strained
S ¼ 11 (11�3) GB. Moreover, it can be found that the S ¼ 5 (021)
GB exhibits the most remarkable strain effect, and the Te
diffusion barrier drops 0.51 eV under a tensile strain of 4%,
indicating that S¼ 5 (021) GB is themost sensitive to the tensile
strain.
Fig. 8 The variation of interlayer distances with respect to unstrained
cases for (a) S ¼ 3 (111), (b) S ¼ 5 (021), (c) S ¼ 9 (221) and (d) S ¼ 11
(113�) GBs in terms of numbering of layers under 4% tensile strain. The
horizontal line indicates the strain of 4%. The hollow circle in (b) is the
data for conventional cell of S ¼ 5 (021) GB and the solid circle in (b) is
the data for double slab of S ¼ 5 (021) GB. The lines joining the
calculated quantities are drew as eye guidance.

This journal is © The Royal Society of Chemistry 2017
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In order to clarify the origin of the strong strain effect on the
diffusion barrier of Te at S ¼ 5 (021) GB, the variation of
interlayer distances (Dd) under 4% tensile strain is analyzed. As
shown in Fig. 8, for S ¼ 3 (111) and S ¼ 11 (11�3) GBs, their
interlayer distances increase uniformly under the tensile strain.
In contrast, Dd near the interface layer for S ¼ 9 (221) GB
oscillates strongly. Interestingly, S ¼ 5 (021) GB has an obvi-
ously different property from the above discussed GBs. As
shown in Fig. 8(b), the strain brings about large oscillation ofDd
in the two layer region adjacent to the GB interface plane andDd
is up to 13%. When goes beyond the two layers, the oscillation
of Dd becomes very small. Therefore, S ¼ 5 (021) GB has very
large structural variation while being stretched, which explains
the strong strain effect on the diffusion barrier of Te. One may
argue the S ¼ 5 (021) GB has the fewest atoms in our simula-
tions, which may make differences when under a strain. In
order to ensure the slab is thick enough to repeat the properties
of the S ¼ 5 (021) GB, a similar calculation is carried out with
the number of layers doubled. As shown in Fig. 8(b), the values
obtained by the model with the doubled thickness are consis-
tent with the origin one, indicating the model with 120 atoms is
sufficient for S ¼ 5 (021) GB.

4 Conclusions

In summary, we have systematically studied the properties of Te
at nickel STGBs and demonstrated that they are very sensitive to
the GB types.

(1) Te is energetically favourable at the substitutional site of
nickel for its large atomic volume. Compared to the energy in
the nickel bulk, the values of vacancy formation energy, Te
substitutional solution energy, and Te diffusion barrier are all
decreased obviously on the surfaces, indicating that Te is more
easily to diffuse on nickel surfaces by the vacancy-mediated
mechanism.

(2) The stability of the GBs is studied by their grain
boundary energies. The calculated grain boundary energies
are ordered by the following sequences: S ¼ 3 (111) < S ¼ 11
(11�3) < S ¼ 5 (021) < S ¼ 9 (221). And the calculated excess
volumes behave approximately linearly to the grain boundary
energies, except for the S ¼ 9 (221) GB, which originates from
the fact that S ¼ 9 (221) transitional tilt GB is more stable than
S ¼ 9 (221) STGB.

(3) The calculated segregation energies indicate that Te has
a strong tendency to segregate to the interface layer of the GB.
The calculated embrittling energies for nickel GBs are all posi-
tive, verifying the embrittling effect of Te atom. The diffusion
barrier values are very sensitive to the GB types, and increase in
sequence: S ¼ 11 (11�3), S ¼ 9 (221), S ¼ 3 (111) and S ¼ 5 (021)
GBs.

(4) The exploration of the applied strain inuence on the
diffusion barriers is conducted and the diffusion barriers show
obvious variations. Our results imply that a tensile strain can
greatly increase the diffusivity of Te at nickel GBs, especially for
S ¼ 5 (021). This is due to the large structural change near the
interface layer caused by strain, which explains the strong strain
effect on the diffusion barrier of Te at S ¼ 5 (021) GB.
This journal is © The Royal Society of Chemistry 2017
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