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A systematic investigation regarding the effect of stress on the stability and diffusion behavior of S impu-
rity in Ni was carried out via first-principles methods. A comparison of the formation energy of S in Ni
indicated that S more easily forms as a solution atom with increasing S concentration in Ni supercells,
but the binding energy showed that as the concentration of S that dissolved into Ni increased, the struc-
ture became less stable. The diffusion barrier via the octahedral-tetrahedral-octahedral site path was
always lower than that via the octahedral-octahedral site path. The diffusion barrier of single S decreased
with increase in tensile stress. S diffusion accelerated under applied tensile stress, which was disadvan-
tageous in suppressing S retention in Ni. These results implied that even at a low concentration, dissolved
S still had a tendency of precipitating from the Ni matrix, to further increase the stability of the system.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nickel (Ni) is a crucial element for use in high-temperature
structural materials because of its applications in high-perfor-
mance bellows and combustion chambers with cooling tubes used
in spacecraft and aircraft [1-3]. Understanding the effects of alloy-
ing elements and impurities on the mechanical properties and cor-
rosion resistance of Ni-based alloys is necessary to maintain the
functionality of these alloys in high-temperature environments
[4-7]. However, the reliability of Ni-based alloys as structural
materials is limited by the brittleness induced by impurity segre-
gation during service at high temperatures [8,9]. Some solute ele-
ments segregating on grain boundaries (GBs) can weaken the
bonding of GBs. Despite the long and continuing effort to under-
stand sulfur segregation to GB embrittlement of Ni [10-14], the
physics and chemistry underlying the phenomenon remain
unclear. Electrodeposited nanocrystalline Ni contains impurities
such as carbon, oxygen and sulfur [15,16]. Sulfur has a high-grain
boundary enrichment ratio to Ni (~10%) because of its extremely
low solid solubility (<1074) to Ni. Lozinskiy reported that high-
temperature embrittlement occurs at temperatures ranging from
773 K to 1273 K when sulfur content in Ni is >20 ppm. This embrit-
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tlement becomes significant with increasing sulfur content. More-
over, the embrittlement takes place even at approximately room
temperature for sulfur content >140 ppm [17]. Considering the
segregation of sulfur to the GBs of Ni, the latter becomes more frag-
ile and particularly susceptible to in situ fracturing. Despite dec-
ades of intense experimental and theoretical efforts, a direct and
fundamental study focusing on S trapping and blistering in Ni at
the atomic level is still lacking [13,18-21]. The interaction of S with
metals and metal alloys has elicited considerable scientific and
technological interest. Although the presence of these impurities
is interesting, it also has a profound effect on the tensile and creep
behavior of nanocrystalline Ni. Matsui et al. considered the possi-
bility that the increase in the hardness of nanocrystalline Ni is
due to the solid solution strengthening induced by C and S
[8,16,22].

The present contribution focuses on the effect of grain boundary
embrittlement of sulfur segregation at a nickel grain boundary
[23,24]. Precipitation and segregation to GBs are related to the dif-
fusion barrier of the elements. However, the reason and the mech-
anism behind the precipitation and segregation into the GBs of a
critical intergranular sulfur concentration remain unclear. To date,
no research on the stability and diffusion behavior of S in Ni under
stress has been reported. Therefore, examination of the stability of
S in Ni is crucial. To understand the physical mechanism underly-
ing the interaction of S with Ni, this study presents for the first
time the structure, stability, and diffusion behavior of S in Ni using
first-principles calculations.
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2. Calculation method and model
2.1. Calculation method

First-principles calculations were performed using the CASTEP
code (Cambridge Sequential Total Energy Package) based on
density functional theory (DFT) [15,25]. We used the Perdew-
Burke-Ernzerh (PBE) of function within the generalized gradient
approximation. The states of Ni 3dg4s, and S 3s,3p4 were treated
as valence states. Ultrasoft pseudopotentials, known for their high
efficiency in calculating structural and electronic properties, were
expanded within a plane wave basis set works. A kinetic energy
cutoff of 300 eV was used after carefully testing for convergence
when the geometry of the system was changed during slip calcula-
tions and when S impurities were included. Finally, a uniform
k-point grid of 6 x 6 x 6 for the Brillouin zone was used for the
fcc bulk Ni calculations with four atoms in the cubic unit cell.
The convergence parameters were as follows: total energy toler-
ance, 1.0 x 107> eV/atom; maximum force tolerance, 0.3 eV/nm;
maximal stress component, 0.03 GPa; and maximal displacement,
1x 10~ nm.

To determine the effect of stress on stability and diffusion
behavior of S in Ni, a uniaxial strain was introduced and the super-
cell was stretched by a small increment parallel to the z-axis. The
atomic basis vectors perpendicular to the applied strain were
simultaneously relaxed. The application of z-axis strain (either ten-
sile or compressive) on Ni could directly reflect the stress effect.
The range of applied strain was between —5% and +5% with an
interval of 1%. The drag method was employed to determine the
diffusion barrier of single S under applied stress. We fixed the vol-
ume and constrained the atomic positions to relax in a hyper plane
perpendicular to the vector from the initial to the final position
[26] to obtain the diffusion barrier for the strain, and the numbers
of equal separated intervals for the O-0 path and the O-T-O path
are 5 and 10. We defined the diffusion barrier as the energy max-
imum values minus the energy minimum values in each diffusion
path.

The formation energy [27] of S atoms in intrinsic Ni can be
defined by Eq. (1):

E = (mEls\glid +nEqyg — EEoNfimS")> / X (1)

where the EN.,.; is the energy of pure element Ni per atom, E;, ;; is the
energy of pure element S per atom. Egg’;m5"> is the total energy of the
supercell containing m Ni atoms and n S atoms. The energy of pure
elements was calculated by using their ground state conventional
cell as fcc for Ni and oS-0F128 for S. X is the number of the cell
in the calculation model.

The term “binding energy” the energy is released upon the cre-
ation of a bound state and which is used to compare with the rel-
ative stability of structure and thermodynamic properties. The
binding energy of S atoms in intrinsic Ni can be defined by Eq. (2):

Eb = (mE[thlom + nEitam - EioNtlms’”)/(n + m) (2)
where the EN  is the energy of an isolated Ni atom, ES,,, is the
energy of an isolated S atom. EN™") is the total energy of the super-
cell containing m Ni atoms and n S atoms. The total energies of iso-
lated atoms were calculated by putting a Ni or S atom in the middle
of a lattice constant of 10 A cubic unit cell, and then taken from the

CASTEP output files directly.

2.2. Calculation model

Nickel is a face-centered cubic (fcc) that occupies the position of
vertex and vortex. The space group of Ni is P42/mnm, and the crystal

symmetry is D4p_14. Using the current theoretical scheme, the calcu-
lated lattice constant of fcc Ni solid is 3.5586 A, which is in good
agreement with the experimental value of 3.5240 A [28]. Within
fcc meftal, two types of typical point defects exist: substitutional
and interstitial. Nig and NiS substitutional solid solutions were
modeled using 1 x 1 x 2 super cells (X = 2), which were periodic
in all three spatial directions and contain eight atoms (Fig. 1a and
b). As illustrated in Fig. 1c and d, the possible interstitial sites
include octahedral interstitial sites (OIS) and tetrahedral interstitial
sites (TIS), respectively. The NigS supercells contain one interstitial
solute atom per supercell. Within our supercell model, the forma-
tion energy and the binding energy could be obtained by four fcc
supercells: 1 x 1 x 1 (NigS, X=1),1x1 x 2 (NigS,X=2),1x2x2
(NijeS, X=4) and 2 x 2 x 2 (Ni3,S, X =8). These supercells corre-
spond to 20, 11.11, 5.88 and 3.03 at.% interstitial solid solutions.

3. Results and discussion
3.1. Stable position of S in Ni

We first examined the stability of a single S impurity in possible
interstitial and substitutional positions of the fcc Ni solid. For com-
parison, we hypothesized that the S atom was at the center of sub-
stitution site and the interstitial sites. In order to guarantee the S
atom was at the OIS and TIS, we constrain the S and neighboring
Ni atomic positions during relaxing. The cell parameters, formation
energy and binding energy for the substitutional, OIS, and TIS were
calculated and listed in Table 1. Table 1 shows that the insertions
of S into Ni caused the increase of the distance between atoms
and the volume, and in substitutional site produced the smallest
volume change. For a single impurity of S, the most easily formed
position was the substitutional site with corresponding formation
energy of 1.1040 eV. All formation energies were positive, indicat-
ing that the incorporation of S impurities into Ni host was always
an exothermic process. The binding energy of the bulk Ni (Nig),
substitutional site (Ni;S), OIS (NigS), and TIS (NigS) were
4.1329eV,4.1120eV, 3.9168 eV and 3.8568 eV, respectively. These
showed that the binding energy of the bulk Ni was larger than that
of S in Ni indicating that the system became less stable after S
insertion. In addition, the distance between different atoms (in
Fig. 1): di_3 (Nos. 1 and 3), d_3 (Nos. 2 and 3) and d;_4 (Nos. 1
and 4) of the substitutional site, OIS, and TIS became larger than
that of the bulk Ni showed that the bonding between Ni atoms
became weaker, finally decreased the stability of the structure.

Using the simulation lattice parameter of fcc Ni (3.5586 A), the
radii of the OIS and TIS were 0.5215 and 0.2828 A, respectively. S
had a covalent radius of 1.04 A, suggesting that it can fit better in
the OIS. Considering that the substitutional sites include the pro-
cess of kicking one Ni atom out of the perfect crystal. This case is

Table 1
Calculated lattice parameters, formation energy and binding energy for single S atom
in different sites in fcc Nig.

Position Clean Sub oIS TIS
alA 3.5586 3.5385 3.9190 4.0459
b/A 3.5586 3.5321 3.9190 4.0459
c/A 7.1242 7.4674 7.6899 8.0357
af° 90.0001 90 90 90

Bl° 89.9999 90 90 90

y/[° 90 90 90 90
VIA3 90.2191 93.3298 118.1071 131.5388
di_s/A 2.516 2.654 2.745 2.888
dy_3/A 2.516 2.584 2.771 2.901
di_a/A 2.516 2.584 2.771 2.901
Ef (eV) 0 1.1040 0.4248 0.1275
Ep (eV) 4.1329 41120 3.9168 3.8568
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Fig. 1. The supercells of fcc nickel and three possible interstitions positions in nickel: (a) the supercell contains eight atoms, (b) substitutional site, (c) octahedral interstitial
site, and (d) tetrahedral interstitial site. Pink ball is S atom, green balls are Ni atoms. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 2. The formation energy and the binding energy of different concentration of S dissolve into Ni. (a) The formation energy. (b) The binding energy.

much harder than those of interstitial cases. So we calculated the
formation and binding energies of different S concentrations at
OIS in supercells of Ni (Fig. 2). As shown in Fig. 2a, the formation
energy increased with increasing S concentration in Ni supercells,
suggesting that the formation of S-doped Ni became easier. The
stability of S-doped Ni is related to its binding energies. On the
contrary, the binding energy decreased as the concentration of S
that dissolved into Ni increased, showing that the stability of the
S-doped Ni became more difficult as shown in Fig. 2b. This result
indicated that even at such a low concentration (3.03 at.%), dis-
solved S still had a tendency to precipitate from the Ni host to
increase the stability of the system further [29]. S would quickly
migrate trapping sites, which could be vacancies, grain boundaries,
or dislocations. In this case, even small concentrations of S could
act as strong embrittlers because the local concentration at crystal-
line defects could be high [10-14].

The charge density distribution reflects the bonding character-
istics between atoms [30]. We determined any electronic factors
contributing to the relation between S and Ni. Fig. 3a and b display
the charge density distribution maps in the (002) plane of Niy and
Ni4S with the S in OIS, respectively. For both cases, the area with
lower electron density (the yellow' area) became larger with S into
Ni. The electron localization around the nucleus of Ni and the

! For interpretation of color in Figs. 3 and 5, the reader is referred to the web
version of this article.

neighboring Ni atom remained near zero. As clearly shown in
Fig. 3b, a significant charge transfer occurred between S and Ni.
The charge density was higher between S and Ni than that with
pure Ni. This phenomenon suggests that the S atom exhibited
interaction with the surrounding lattice atoms.

We further examined the charge transfer between S and Ni
using Bader charge analysis based on atoms in molecular theory
with a grid-based algorithm [31,32]. In this analysis, the real space
was partitioned into several subspaces associated with each atom
based on the charge density distribution. The boundary of an atom
was delimited by the zero-flux surface of the charge density gradi-
ent vector field upon which the charge density reached minimum
perpendicular to the surface. The integrated charge enclosed
within the zero-flux surfaces can be taken as a good approximation
of the charge of an atom. Fig. 3¢ and d presented the Bader charge
of Nig and NigS, respectively. For Niy, all Bader charges of Ni atoms
at the position of vertex and vortex (Nos. 1, 2, 3, 4, 5, and 6) were
0 e. For the OIS case, the Bader charge of Ni at the position of vertex
was 0.26 e. The interstitial S atom obtained the electron from the
host Ni atom at the position of vertex and became negatively
charged, with a Bader charge of approximately —0.05 e. The Bader
charges of Ni at the position of vortex (Nos. 1 and 3), Ni (Nos. 2 and
4), and Ni (Nos. 5 and 6) were —0.09, —0.09, and —0.03 e, respec-
tively. The calculated Bader charge also reveals that S induces a
slight reduction in the directionality of bonding between Ni atoms.
The system is meeting the charge transfer conservation. From
Fig. 3c and d, we also see that the insertion of S into Ni caused
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Fig. 3. The charge density maps along the (002) plane, for the cases of (a) Nig4, (b) S
in OIS. Isosurface values: from 0.1 to 1.3. The Bader charges for (c) Nig, (d) S in OIS.

the increase of the distance between atoms d;_», d>_3, d3_4,d4_1, ds_
1 d5,2, d5,3, d5,4, d5,1, ds,z, d673 and d674 from 25]6A to 2.771 A,
weaken the bonding of the Ni atoms around the S atom, which is
in good agreement with the result that we have seen before.

3.2. Stability and charge density distribution under stress

As shown in Section 3.1, the S atom was not energetically favor-
able sitting at any other site. Thus, we calculated the total energy of
single S at two interstitial cases (TIS and OIS) to investigate the site
preference of single S atom under z-axis stress. The total energy at
the OIS and TIS without strain was —5685.0508 and —5673.9557
eV, respectively, showing that S preferred the OIS site. Consistent
with the experimental observations, the negative binding energy
indicated that dissolution of S in Ni is an exothermic process [16].

We showed the relative values of the total energy of single S
atom at the TIS and OIS using the total energy of OIS as the refer-
ence as a function of strain in Fig. 4. The relative energy value
decreased for both the TIS and OIS with increasing tensile stress
or decreasing compressive stress. This result indicates that the
compressive stress made the S solution in Ni more difficult,
whereas the tensile stress made the solution easier. In other words,
the tensile stress promoted structure stability, whereas the com-
pressive stress promoted structure instability. The vacant space
for S occupation will be smaller because of the compression, lead-
ing to higher energy [33]. Furthermore, the relative values of the
total energy at the TIS were larger than those of the total energy
at the OIS. Namely, the applied stress did not change the relative
stability of S in Ni.

Fig. 5a-f shows the valence charge density distributions of the
(020) plane (Fig. 5a-c) and the (002) plane (Fig. 5d-f) of single S
atom at the OIS with a compressive strain of —5%, without strain,
and a tensile strain of +5%, respectively. Correspondingly, Fig. 5
shows that the presence of the z-axis stress changes the electron
distribution. Moreover, the area with lower electron density (the
yellow area) becomes larger between Ni and S with increasing
strain from compressive to tensile.

Relative total energy(eV)

T T T T T T T T T T T
5% -4% -3% 2% -1% 0% 1% 2% 3% 4% 5%
Strain

Fig. 4. The relative values of the total energy of single S atom at the OIS and the TIS
in nickel as a function of strain.

Fig. 5g-i presented the Bader charges of the S atom and neigh-
boring Ni atoms for different strains. In all these cases, the Bader
charge of Ni at the position of vertex was positive. The values are
0.26 e (a compressive strain of —5%), 0.26 e (without strain 0%)
and 0.25 e (a tensile strain of +5%), respectively. The interstitial S
atom obtains the electron from the host Ni atom at the position
of vertex and becomes negatively charged, with a Bader charge
of approximately —0.05e (Fig. 5h). Such value increase to
—0.01 e for a compressive strain of —5% (Fig. 5g) but decreases to
—0.07 e for a tensile strain of +5% (Fig. 5i), consistent with the
results that the tensile stress may enhance the bonding between
Ni and S atoms from the valence charge density distribution anal-
ysis. In other words, the tensile stress promoted structure stability,
whereas the compressive stress promoted structure instability. The
Bader charges of S and Ni at the position of vortex were negative.
The system is meeting the charge transfer conservation. This calcu-
lated Bader charge also revealed that S induced a slight reduction
in the directionality of bonding between Ni atoms. Considering
that the electron density everywhere in the Ni, as well as in most
metals, was much higher than this value, we should find lower-
electron density sites with lower binding energy. In Ni, the present
results showed that the tensile stress had an electron density of
—0.07 e.

3.3. Diffusion of single S in Ni under stress

We studied the diffusion energy barrier of S in Ni as a function
of strain. Under applied stress, the most stable site in Ni was still
OIS. Thus, we directly examined the diffusion barrier between
two neighboring OIS (O-O path) as well as the diffusion barrier
through the O-T-0 path.

With the applied z-axis stress, the diffusion energy profile and
the corresponding diffusion paths are shown in Fig. 6, where the
energy is referenced to that for S at OIS. As shown in Fig. 6, the
profiles have a maximum at site 3 via the O-0 path and have a max-
imum at site 8, 12 via the O-T-0 path; therefore, the migration
barriers for a single S via the O-0 and O-T-O paths are equal to
the maximum energy values minus the minimum energy values in
each diffusion path. When without the applied stress on the system,
the diffusion barrier was calculated to be 28.5284 and 14.7380 eV
via the O-0 and O-T-O paths, respectively. This finding proves that
Swould still go back to the center of OIS and would choose the TIS for
the middle path via the O-T-0 path if the S atom was slightly off the
center of TIS or OIS. Thus, TIS was the local energy minimum site for
S. The diffusion energy barrier as a function of strain for both 0-0
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Fig. 6. Diffusion energy profile of S atom via O-O path and O-T-0O path in nickel
under the z-axis strain (—5%, 0, and +5%).

and O-T-O0 paths are shown in Fig. 7. With increasing tensile stress,
the diffusion barrier of single S for the O-0 path became higher and
for the O-T-0 path became lower. Within the strain range of —5% to
+5%, the diffusion barrier via the 0-O path increased from
26.5540 eV to 29.8300 eV compared with 28.5285 eV for the zero
strain. Meanwhile, the barrier via the O-T-0 path decreased from
15.6410 eV to 13.4250 eV compared with 14.7380 eV for the zero
strain. The diffusion energy barrier via the O-O path increased
because the path was parallel to the (11 0) direction when the z-axis

32+
30
—~ 284 O/O/Q/Q/M
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‘H244
3
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=184
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Fig. 7. Diffusion energy barriers of S via the 0-0 path and O-T-0 path as a function
of applied strain.

tensile stress was applied. By contrast, it was compressed in the
(002) plane, leading to less vacancy. The diffusion energy barrier
via the O-T-0 path decreased because the increasing tensile strain
provided more vacancy. The vacant space for S extended the Ni-S
bonds. The Ni-S bonding thus became weaker, giving rise to the
lower S diffusion barrier. Furthermore, the diffusion barrier via the
O-T-0 path was lower than that via the 0-0 path. In conclusion,
the S atom would still prefer to jump via the O-T-0 path.
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4. Conclusions

To understand the stability and diffusion behavior of S in Ni
under stress, we investigated the structure of S in Ni using first-
principles methods. According to the calculated formation energy
and binding energy, sulfur atoms easily formed as impurity atoms
in the Ni matrix, causing greater thermodynamic instability com-
pared with pure Ni. The diffusion barrier of single S decreased with
increasing tensile stress. The compressive stress caused structure
instability. S diffusion was accelerated under the applied stress,
which is disadvantageous in suppressing S retention in Ni. These
results indicate that dissolved S still has a tendency to precipitate
from the Ni matrix even at a low concentration to increase the sta-
bility of the system further. This result may explain the experimen-
tal observation that sulfur segregation to grain boundary.
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