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Effect of lateral contraction and magnetism on the energy release upon fracture in metals:

First-principles computational tensile tests

Z. X. Tian, J. X. Yan, W. Xiao, and W. T. Geng*

School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China

(Received 27 September 2008; revised manuscript received 29 January 2009; published 20 April 2009)

On many occasions, there is an energy release upon fracture of materials. Taking the %5 (210) grain
boundary in nickel as an example, we have studied the effect of lateral contraction (the Poisson effect) upon
stretching and the effect of magnetism on the energy release at the break point, using density-functional theory
computational tensile tests. For both clean and sulfur segregated grain boundaries, our calculations show that
the Poisson effect can reduce the total energy of the grain-boundary system remarkably. For 23 (111) grain
boundary, however, lateral optimization of the computation cell has only a minor effect because of the close
packing of the Ni (111) plane. Surprisingly, magnetism is found to reduce much of the energy release upon
fracture for grain boundaries for such a weak magnetic metal. As a result, the calculated ultimate tensile
strength of the material will be significantly diminished. Segregated sulfur atoms reduce the energy barrier
between metastable and ground-state configurations in straining procedure. Near the break point, spin polar-
ization of the interfacial atoms is significantly enhanced which introduces an extra energy lowering of the

system.
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I. INTRODUCTION

Intergranular embrittlement induced by impurity segrega-
tion in a grain boundary (GB) has a direct effect on the
mechanical properties of metallic materials.'A thermody-
namic theory developed by Rice and Wang? describes the
mechanism of the metalloid-induced intergranular embrittle-
ment through the competition between plastic crack blunting
and brittle boundary separation. According to this theory, the
potency of a segregation impurity in reducing the “Griffith
work™ of a brittle boundary separation is a linear function of
the difference in binding energies for that impurity at the GB
and the free surface (FS). The first-principles calculations
based on Rice-Wang model (FPRW) have been carried out in
the last 20 years to evaluate the embrittling or strengthening
effect of segregants on GB cohesion.>"!! Fairly good agree-
ment between theory and experiment has been obtained for
many cases.'? The attempt in electronic structure analysis in
these investigations is to elucidate the binding-energy depen-
dence of the segregant on its atomic structure difference be-
tween the initial (stress-free GB) and eventual (FS) states.
With these quantitative studies, it becomes more and more
clear how bonding characteristics and atomic size effect con-
tribute to GB embrittlement or enhancement.!3-16

On the other hand, with the aid of ever-growing comput-
ing power, it is now feasible to simulate vividly the fracture
of a material along the GB. The mechanical effect of a GB
segregant can be illustrated by the response of a GB with
impurity segregation to a tensile or shear stress. Over a de-
cade ago, Deyirmenjian et al.'” performed first-principles
tensile test for Al containing one-dimensional defects. The
supercell used to model this system was extended by a small
increment, and then all the atoms were allowed to fully relax
using the first-principles pseudopotential method. They ob-
tained the total energy and the average stress for each level
of extension, and by iterating this cycle, observed failure
from the weakest point at some critical stress. Using the
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same approach, Kohyama'®!® investigated the 29 (122) tilt
GB in cubic SiC with nonpolar and polar interfaces. He
found that the atomic-scale inhomogeneity associated with
the interfacial bonds seriously affects the tensile strength and
interfacial fracture. More recently, Lu and co-workers20-23
carried out a series of study on the mechanical behavior of
Na, Ca, S, and Ga on the 29 (122) GB cohesion in Al.
Through first-principles computational tensile test (FPCTT),
changes in chemical bonding near and across the GB as a
response to the applied stress demonstrate clearly how the
GB cohesion is weakened by the segregated impurities. Their
calculations showed the ultimate tensile stress (UTS) of Al
containing a 29 (122) GB is always reduced if any of Na,
Ca, S, or Ga segregate to the GB region and thus support
experiment in that all these elements behave as GB embrit-
tlers. Fracture occurs along the GB plane and is dominated
by the break of the interfacial bonds.

Regarding the accuracy of the density-functional theory
(DFT) computations, we want to mention that in a very re-
cent study, Lee et al.?* measured the elastic properties and
intrinsic breaking strength of free-standing graphene mono-
layer by nanoindentation in an atomic force microscope. The
UTS they obtained is 13010 GPa, which is excellent
agreement with the simulated value (between 118 and 121
GPa) using first-principles methods.?>?® This is strong evi-
dence that the DFT is a powerful weapon in tackling difficult
problems concerning mechanical properties of solids.

While FPRW demands total-energy calculations only for
the initial and eventual configurations for a fracture along the
GB, i.e., clean and impurity-segregated GBs, clean and
impurity-adsorbed FSs, FPCTT necessitates a large number
of intermediate stretching states.”’ Since we have to pay a
high price in order to watch atomically and electronically the
vivid picture of fracture, we are particularly more critical
about the reliability of the output it yields. In practice, the
impurity-induced GB embrittlement occurs in polycrystalline
materials with a large amount of extensive defects.

©2009 The American Physical Society
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FIG. 1. (Color online) Side and top views of the computation
cell used to model the 5 (210) [001] tilt GB in Ni. Atoms near the
GB are numbered by the atomic layer counted from the GB plane.
0 denotes the interstitial site at the GB core.
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Molecular-dynamics (MD) simulations of nanocrystalline
metals have been carried out to help understanding the GB-
related phenomena.”-33 Many different stretching proce-
dures have been used (with and without the Poisson effect)
and have been thoroughly evaluated. Using in situ peak pro-
file analysis, Budrovic et al.*? studied the plastic deformation
in nanocrystalline Ni GB with grain size of 30 nanometers,
and the maximum strength in their results is about 2.25 GPa
at a strain of 4%. In a very recent study, MD simulations on
nanocrystalline Ni were carried out by Cao and Wei*? using
the embedded-atom method. Their simulation cell contains
18 grains with an average grain diameter of 12 nanometers.
The maximum strength they obtained is 5.2 GPa at a strain
of 4%. Note that these theoretical UTS, although greatly re-
duced by considering Poisson effect, are still much higher
than the real materials in use. Such a huge discrepancy is
generally ascribed to the existence of other kind of extensive
defects like dislocations.

In first-principles computation, the target material is sim-
plified to an ideal two-grain system (see Fig. 1 below). This
is presumably the main reason that the computed UTS is
(~10 GPa) even higher than MD results for nanocrystals
and often dozens of times higher than the real metals in use
(~1 GPa). Therefore, unlike the single-crystal cases such as
monolayer graphite mentioned above,>* quantitative com-
parison between computation and experiment has to be made
with great care. Rather, the focus in scrutinizing the FPCTT
method should be on the robustness of its results (e.g., UTS)
with respect to the computation settings and parameters.

In all the above mentioned FPCTT work,!”-2? the initial
atomic positions were obtained by enlarging the optimized
computation cell in last strain step. That is, the system con-
taining GB was viewed as a perfect crystal and the applied
stress was assumed to impose on every atom instantly. In
their attempts to understand the sulfur-induced GB embrittle-
ment in nickel, Yamaguchi et al.3*-3¢ assumed a priori that
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fracture occurs at the GB plane and insert an incremental
vacuum slab at the boundary for each strain step. This
stretching scheme makes use of experimental evidence that
fracture occurs along the GB which makes guess of atomic
positions more reasonable. The drawback of such an option,
nonetheless, is that it diminishes the power of prediction of
FPCTT. Although different stretching procedures have been
used and evaluated in molecular-dynamics works, as men-
tioned above, up to this date, no first-principles DFT works
employing different stretching schemes on the same physical
system and making comparison of them have been reported,
to the best of our knowledge.

A more important issue in the FPCTT is the Poisson ef-
fect. To take the lateral (i.e., freedoms within the GB plane)
contraction of the supercell during stretching into account,
one has to optimize the atomic structure for every strain step,
which means an increase in the computation effort by quite a
few times. To make the simulation more affordable, the Pois-
son effect was neglected in the previous computational
works reported in literature. Since it lowers the total energy
for both clean and impurity segregated GB systems, the Pois-
son effect will in many cases not affect the predicted me-
chanical behavior of the segregant, i.e., either strengthening
or weakening the cohesion across the GB. To achieve more
precise FPCTT, nevertheless, it is desirable to evaluate the
numerical error induced by neglecting lateral contraction in
the stretching the material.

In addition, the interfacial atoms experience abrupt loses
of nearest neighbors at the break point. For magnetic (Fe,
Co, and Ni) transition metals, a reduced coordination number
(e.g., from three dimensions to two or one dimension) usu-
ally means an enhanced spin polarization; and even for a
number of nonmagnetic transition metals, magnetism ap-
pears at surfaces.’’® 1In fact, our previous DFT
investigation® on the magnetic properties of the clean and
Li-, B-, P-, and Ca-adsorbed Ni (210) surface demonstrated
that there is a strengthening (diminishing) of surface magne-
tism for the clean (metalloid-adsorbed) surface. As a conse-
quence, spin polarization might have a significant effect on
the energy release upon rupture, which in turn influences the
UTS of the system.

In this paper, we take the Ni 25 (210) GB system as an
example to address the above issues. In addition to the afore-
mentioned two stretching schemes, we propose a third
scheme in which we always pull the two end layers of the
slab to the expected eventual positions and then fully relax
all the other atoms. Our detailed comparative study of these
three distinct stretching schemes demonstrate that near the
breaking point, the total energy of the computation cell as a
function of strain varies with stretching schemes. In small
strain region, on the other hand, they do match each other
very well. As a result, the calculated UTS varies to some
extent on how the material is being stretched. Interestingly,
our laborious calculations involving the Poisson effect dem-
onstrate clearly that all three total energy versus strain curves
will merge into one for both clean and sulfur-segregated GB
systems if the Poisson effect is taken into account. Our cal-
culations on another GB, 23 (111) reveal a totally different
result: the lateral optimization of the computation cell has
only a negligible effect due to the close packing of the Ni
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(111) plane. Unexpected for a weak magnetic metal, we find
that magnetism reduces remarkably the energy release upon
fracture along the GB in Ni. Accordingly, the calculated UTS
of the GB system will suffer a decrease. The calculated elec-
tronic structure shows that upon fracture, the magnetic mo-
ments of the interfacial atoms are significantly boosted
which favor the free-surface configuration and hence a re-
duced cohesion across the GB. The remainder of the paper is
organized as follows. In Sec. II, we describe the model and
computational details. Results and discussion are presented
in Sec. III, and in Sec. IV we give a short summary.

II. MODEL AND COMPUTATION

We have performed the first-principles DFT calculations
using Vienna ab initio Simulation Package (VASP).*° The
electron-ion interaction was described using the projector
augmented wave (PAW) method,*'*? the exchange-
correlation potential using the generalized gradient approxi-
mation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
form.*> We used the same input parameters as in Refs. 34
and 35. The cut-off energy for the basis set was 280 eV. The
Brillouin-zone integration was performed within Monkhorst-
Pack scheme using a (4 X4 X 1) mesh and the Methfessel-
Paxton smearing with a width of 0.1 eV. The energy relax-
ation for each strain step is continued until the forces on all
the atoms are converged to less than 1072 eV A~!.

We have modeled the 25 (210) [001] tilt GB in nickel
using a supercell illustrated in Fig. 1. The atomic sites are
labeled by numbers counted from the GB plane. One unit
cell is composed of two identical grains (each contains 11
atomic layers with one in common), which form a tilt GB in
between. Test calculations on a unit cell containing 41 atoms
have been done [see the end of Sec. I1I-(i)] There is one atom
in one Ni (210) layer. Since we have used a periodic bound-
ary condition, we separate the neighboring slabs in [210]
direction by a vacuum region of about 10 A to minimize the
interaction between slabs. The two-dimensional lattice con-
stant for stress-free systems was chosen to be that of the bulk
value for fcc Ni, 3.52 A, that was also reproduced in our
GGA-PBE computation. The (210) interlayer distance for the
ideal system is therefore 0.79 A. Site 0 denotes the core of
GB free volume around which impurity atoms can reside. We
note that when one S atom is put into GB(0) or GB(2) site,
we are in fact introducing a full monolayer of S onto the GB.
This is obviously a very high impurity concentration, yet not
so much unrealistic.** Previous density-functional theory
computation®*3> on 1/4, 2/4, 3/4, and 4/4 S layer (no lateral
optimization and no spin polarization) demonstrated progres-
sive embrittling effect of S. Thus, discussion on segregation
of one monolayer of S is meaningful in FPCTT.

III1. RESULTS AND DISCUSSION
A. Stretching without lateral optimization

To embark on the FPCTT, one has first to determine the
positioning of sulfur in the nickel matrix, with and without
applied stress. In the absence of applied stress, Yamaguchi ef
al 3*36 already showed and Geng et al.® confirmed that the
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sites GB(2) and GB(0) have over one eV stronger binding for
sulfur atom than other positions. This result is reproduced in
the present work. In a famous work, Shinoda and
Nakamura® discovered that segregation of phosphorus seg-
regation at the GB in steel was enhanced by tensile stress and
lessened by compressive stress, but after stress aging, the
accumulation or depletion would disappear. Such a nonequi-
librium GB segregation will probably also take place in the
S/Ni case discussed here. However, the segregation process
typically takes hours or even days, much longer than the time
for a tensile test.** Therefore, the distribution of sulfur near
the GB will be nearly the same as in the relaxed case when
the material breaks. In other words, the sulfur atoms are very
unlikely to exchange positions with neighboring nickel at-
oms. In view of this fact, we will not consider sulfur segre-
gation in the stretching process and will keep them in GB(2)
or GB(0) sites.

In the most commonly used stretching method, one sets
the starting atomic configuration in each strain step by elon-
gating uniformly the fully relaxed configuration of the pre-
ceding step.'’23 In doing so, we can ensure steady move-
ments of atoms. In the second stretching process that was
utilized by Yamaguchi et al.,>* the GB plane is set a priori as
the fracture plane and the upper and lower half of the crystal
blocks is put away from each other gradually. And in the
stretching process III, we stretch the two end layers of the
unit cell to the expected scale and fixed them. In the latter
methods, stretching is respect to the initial configuration in
each step, and then we relax all the other atoms.

We show in Fig. 2 the calculated total binding energy of
the clean Ni %5 (210) GB system (panel a) and that with a S
atom segregated to the interstitial GB(0) (panel b) or substi-
tutional GB(2) (panel c) positions. The valence electron den-
sities in the (001) plane are plotted in Fig. 3 for a few rep-
resentative strain steps for each system. It is seen clearly in
Fig. 2 that for all three systems, the energy-versus-strain
curves and figures have very similar values and structures for
stretching schemes I, II, and III in the low strain region. As
the system is further stretched up to the fracture point, nev-
ertheless, the three curves are separated from each other in
panels (a) and (b). For the clean GB without S segregation,
the first and the third stretching approaches failed to separate
the two grains even with a strain as large as 30%, whereas
process II succeeded. The main reason for this failure is that
a tilt GB has reflection symmetry along the stress direction.
In such a case, the atoms at GB core may have metastable
state when stretched. To verify such an explanation, we have
reoptimized the geometries for the points that have a total
binding energy higher than that after the fracture, moving by
hand the GB core atom to one side of the cell and hence
seriously broke the vertical symmetry of the two grains. It
turned out that we can always break the GB by such a strong
perturbation.

Another reason for the failure of processes I and III to
break the GB is the strong chemical bonding across the
boundary plane. In the absence of external stress, the
GB(3)-GB(-3) bond are longer and the GB(2)-GB(-2) bond
are shorter than the equilibrium Ni-Ni nearest-neighbor dis-
tance in a perfect bulk environment, thus the chemical inter-
action in both of them is weaker than in a normal Ni-Ni bond
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FIG. 2. (Color online) Total binding energy of the computation
cell (in reference to the unstrained cell) as a function of strain
applied by stretching processes I-III for the unit cell depicted in
Fig. 1 with and without S. Panel (a) is for Ni GB without S, (b) for
S at GB(0) site, and (c) for S at GB(2) site.

even though the charge density between GB(2) and
GB(-2) atoms is higher than in the perfect crystal. The re-
duction in the GB(2)-GB(-2) bond length, nevertheless, has
an important consequence when the system is under stress
along the direction perpendicular to the GB (210) plane. As
the system is stretched, the GB(3)-GB(-3) bond becomes
even longer and weaker, whereas the GB(2)-GB(-2) bond
will first be released to the perfect bulk value before it gets
longer than that. Therefore, the GB(2)-GB(-2) bond will get
stronger initially before it get too long so as to break. With
this remedial, the chemical bonding across the GB plane is
well comparable to that across a (210) plane inside the grain
when stretched. Notice that in process II, at strain of 15%,
the total binding energy of the unit cell is higher than in
processes I and III. A similar deviation appears in the case
for S at GB(0) [Fig. 2(b)]. At the first glance, it is tempting to
attribute this deviation to numerical errors. But actually, this
discrepancy is the consequence when the two grains are put
too far away from each other (for a starting configuration) in
stretching process II that an energy barrier appears which
hinders the recombination of the two. Therefore, the system
breaks at this strain even though the unbroken system (see
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the data points at the same strain in processes I and III) has a
lower energy.

In the case that S segregates to GB(0) site [Figs. 2(b) and
3(b)], processes I and III did break the material. Although the
GB has reflection symmetry along the stress direction, as in
the clean GB case, the chemical bonding across the boundary
plane is weaker than in the bulk environment [see Fig.
3(b)1]. Thus, small perturbations in stretching process I and
IIT are able to break the symmetry and break the GB. Figure
2(b) shows that in both processes, an energy peak appeared
before fracture occurred. We note that in order to get the
exact UTS (maximum point), one has to use very dense ten-
sile test points near the peak. The result that process III
yielded a lower UTS than process I is conclusive as it is
evident that in process III the system broke before it reached
the maximum points in process I. On the other hand, process
I, as in panel (a), did not show any peaks. It seems the
calculated UTS is dependent to some extent on the stretching
process. Our numerical results thus can serve as a strict as-
sessment of the error incurred by insufficiency of simulation
parameters.

It is noteworthy that since the total binding energy of the
system drops to the same value immediately after it reaches
the maximum for process I-III, these three stretching scheme
predict the same Griffith energy.

In the case that S segregates to GB(2) site (panel c),
stretching processes I-III yield essentially the same results.
This is readily understandable based on our analysis made
above. When the Ni atom at GB(2) site is replaced by S,
GB(2), and GB(-2) sites are no longer symmetric. It is
clearly seen in the top plot in Fig. 3(c) that the S atom bonds
to Ni in the lower grain in a weaker manner than to the Ni
atom in the upper grain. As a result, when stretched, the cell
is broken, with S sticking to the upper grain, and there are no
more metastable positions for GB core atoms in the stretch-
ing process.

To end this subsection, we want to address the sufficiency
of thickness of the slab we have employed. Along the same
way as we have done on the 21 layer slab, we have per-
formed full computations on the clean and S-at-GB(0) GBs
using 41 layer slabs. Here, the GB system was simulated by
two connected grain each contains 21 atoms with one in
common. In our previous study on vacancy segregation near
the GB in nickel, we showed in the absence of external stress
the 21 layer slab is able to yield a bulklike environment in
the center of the Ni grain in the sense of multilayer relax-
ation near the GB (error bar ~0.01 A) and formation energy
(error bar ~0.01 eV) of the GB.*® We used scheme I to
stretch these two cells and obtained the total binding energies
of them as a function of the strain yielded by applied stress
(Fig. 4). Similar to Fig. 2, the stretching process I failed to
break the clean GB at a strain as large as 20%, whereas it did
break the GB with S atoms segregated GB(0) sites. In the
latter case, the energy release during fracture is about 3.1 eV,
approximately two times as large as the value for a 21 layer
cell (1.5 eV). This is in accordance with the fact that at a
given strain the elastic accumulation in the cell should be in
proportion to its size. It is worth noting, however, the critical
strain at which the system breaks is about 18% for the 21
layer cell but 15% for the 41 layer cell. This discrepancy
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comes from the fact that the GB and free-surface regions
have different local elastic constant from the bulk. Our cal-
culations show that for the clean GB system, the maximum
strain, i.e., that strain at which the GB breaks is 2.94 A for
the 21 layer slab and 4.80 A for the 41 layer slab. Clearly, at
the break point, the added 20 layers which represent much
better a bulk part contribute 1.86 A. Based on this argument,
the extrapolated maximum strain for a very thick slab will be
1.86 A/20/0.79 A=12%. Realizing this point, the absolute
values of the maximum strain calculated for other systems
should also be discussed only in a comparative manner, i.e.,
whether impurities enlarge or diminish it.

B. Energy release: Metastable configurations

The occurrence of an energy release upon fracture, which
contributes the UTS of the material, deserves further in-
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FIG. 4. (Color online) Total binding energy of the computation
cell with 41 atomic layers as a function of strain applied by stretch-
ing processes I with and without S.
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FIG. 3. (Color online) The cal-
culated valence electron densities
in the (001) plane near the Ni X5
(210) GB with and without segre-
gated sulfur atoms, in the three
stretching processes at different
strains. Panels (al) and (a2) are
for the clean GB stretched in pro-
cesses | and II at strains of 0%,
15%, and 23%; Panels (bl) and
(b2) are for the GB with S at
GB(0) site stretched in processes 1
and II at strains of 0%, 12% and
18%; and panel (c) is the GB with
S at GB(2) stretched in Processes
I, II, and III at strains of 0%, 13%,
and 14%, respectively. The
electron-density contours start
from 0.03 e/a.u.’ and increase
successively by a factor of 104,

(b2) (©

depth investigation. For a system with reflection symmetry
along the stress direction, a configuration with reflection
symmetry and the center layer of atoms staying at the center
of the supercell is always at least a metastable state. When
the load is large enough, it is no longer the ground state and
is only metastable. An energy barrier appears between these
two states and much extra tensile stress has to be applied in
order to reach the broken configuration which has the lowest
energy.

To see how sulfur decreases the energy release upon frac-
ture, it is illustrating to trace the change in the above energy
barrier along with the increase in the strain, for both the
S-at-GB(0) and clean GB cases. For the former system, we
have dealt with five configurations on the energy peak in
process I [see Fig. 2(b)] with a strain of 14%, 15%, 16%,
17%, and 18%, respectively. For each configuration, we fixed
the size of the unit cell and the position of the sulfur atom
was also fixed at a series of distances away from the original
(metastable) position. That is, S was relocated by hand to one
side of the boundary to search the stable state without the
reflection symmetry. We then allowed all the other atoms to
relax and obtained the total energy. With this set of tedious
calculations, we obtained the total energy as a function of the
position of the S atom for each strain cases (Fig. 5) and thus
are able to determine the energy barrier S encounters when it
moves to the energetically favorable position. We see that the
energy barrier is about 0.10 eV for the strain of 14%, and it
decreases as the strain goes up. At the strain of 18%, it di-
minishes altogether, which means that the system can be bro-
ken by an infinitesimal perturbation.

As for the clean GB, we examined only one strain case
(18%), in which the energy barrier has just appeared as the
total energy exceeded the fractured configuration [see Fig.
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FIG. 5. (Color online) The calculated total binding energy (in
reference to the ground state at a given strain) as a function of the
position of the GB core atom when moving it by hand (and then fix)
to one side of the computation cell. For the Ni 35 GB with S atom
at GB(0) site, five strain cases (14%—18%) are presented. And for
clean Ni 35 GB, only the case for a strain of 18% is investigated.
The energy barrier between the metastable state with reflection
symmetry and the ground state is clearly seen. Notice that the data
corresponding to minus distances are obtained by simply mirroring
the data for positive distances.

2(a) for the data point]. The total energy as a function of the
position of the GB(1) Ni atom is shown as purple diamond in
Fig. 5. The calculated energy barrier in this case is about
0.18 eV, remarkably larger than the S segregated case and
much harder to break down. As discussed in Sec. III B, un-
like the sulfur segregated case [see top plot in Fig. 2(b)1], the
chemical bonding across the boundary plane in the clean GB
case is well comparable to that across a (210) plane inside
the grain [see top plots in Fig. 2(a)1]. Now we can under-
stand why the clean GB has a higher-energy release than the
one with segregated S and can therefore withhold higher ten-
sile stress.

C. Poisson effect

Until now, the lattice constants in the (210) plane were all
fixed. That is, the Poisson effect was totally neglected. It is
generally believed that neglecting the Poisson effect is ac-
ceptable as we often make comparative studies in the FPCTT
on a GB with and without a segregated impurity. After all,
taking into account the Poisson effect means that for each
and every data point in Fig. 2, one has to perform at least
four or five sets of full calculations in order to optimize the
lateral lattice constants.

To put the FPCTT on a solid basis, it is now necessary to
assess the influence of the Poisson effect on the calculated
mechanical properties concerning GB cohesion. In doing so,
we have carried out geometry optimization in the (210) plane
for each and every data point in Fig. 2. Furthermore, we have
also examined the possible variation in the a to b ratio in the
(210) plane, for the clean GB case. In doing so, we opti-
mized in turn a, b, a, b, and so on. For a strain of 8%, the
optimized a/b differs from the initial value within 1%, and
the total energy is only 0.03 eV lower than the optimization
with a/b fixed. But for a strain as large as 25%, that is, in the
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FIG. 6. (Color online) The calculated total binding energy of the
unit cell depicted in Fig. 1 as a function of strain, in reference to the
unstrained system. The Poisson effect has been taken into account.
Also plotted is the result for a perfect crystal which is been
stretched along the [210] direction. Note that the height of the plat-
form of each curve represents the Griffith energy (toughness) of the
corresponding system. In panel (b) we compare the results for S at
GB (0) with and without consideration of the Poisson effect.

nonlinear regime, we encountered a convergence problem. a
and b started to oscillate after two rounds of optimization.
This problem may be a sign for the Pulay stresses, and we
will check and clarify this point in future investigation which
involves more demanding computations. We suppose that re-
laxing a/b will be a second-order effect compared to opti-
mizing ab. A clarification of this point deserves further in-
vestigation.

Figure 6 displays the calculated total binding energy of a
unit cell as a function of applied strain with the consideration
of the Poisson effect. To make easy comparison, we replot
the result for elongation of the S-at-GB(0) system [Fig. 6(b)]
using process 1. The calculated Poisson ratio of these systems
is about 0.30, very similar to the value for perfect Ni, 0.31.9
Comparing with Fig. 2, we can see clearly that the Poisson
effect reduces greatly the total energy of the system for in-
termediate strains. Those for the stress-free initial GB system
and stress-free free surfaces (final state) systems are of
course the same as before. Thus, the energy difference be-
tween the initial and eventual configurations is irrespective
of the consideration of the Poisson effect. We note that for
the clean GB, we still failed to separate the two grains in the
unit cell by using the process I and III even with consider-
ation of the Poisson effect, indicating that a clean Ni %5 GB
is not a very weak point compared to the inner part of grains,
and we have to disturb the GB core atoms by hand in order
to break it. The result for the clean GB shown here is ob-
tained by process II plus Poisson effect. But in the case that
S segregates to GB(0) sites because the energy decrement
induced by lateral contraction is larger than the energy re-
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FIG. 7. (Color online) Side and top views of the computation

cell used to model the 33 (111) [110] tilt GB in Ni. Atoms near the
GB are numbered by the atomic layer counted from the GB plane.

lease, energy peaks [see Fig. 2(b)] disappear, and we find no
sudden energy release upon fracture. For convenience of
comparison, we have also performed the FPCTT on a perfect
Ni crystal along the [210] direction and on the effect of bo-
ron and hydrogen on the GB cohesion of Ni %5 (210). The
numerical results demonstrate that boron is a strong cohesion
enhancer; sulfur is a strong embrittler in both GB(2) and
GB(0) sites; and hydrogen acts as a weak embrittler for this
particular GB, in accordance with previous calculations’ and
experiment.*8

Notice that since the lateral optimization of the lattice
lowers the total energy of the system, the slope of the
energy-versus-strain curve is reduced accordingly. As a re-
sult, the applied stress corresponding to each strain will be
reduced too. Moreover, we want to note that the calculated
maximum strain for the S-at-GB(2) system is greatly in-
creased from 13% [see Fig. 2(c)] to 20% when the Poisson
effect is taken into account. Since the energy difference be-
tween the initial and eventual configurations is unchanged, a
prolonged maximum strain means a lesser sloped energy-
versus-strain curve. Consequently, the theoretical tensile
strength of this system will be significantly reduced.

D. Ni 33 (111) [110] GB

To make a comparative study and see the effect of lateral
contraction on the energy release upon fracture for other type
of GB, we have performed computations on Ni %3 (111) tile
GB with a monolayer of sulfur atoms segregated to the
GB(2) sites. In this set of computations, one unit cell con-
tains two identical grains, each of which has nine atomic
layers (see Fig. 7). The calculated interlayer distance be-
tween Ni (111) planes in the bulk is 2.03 A. We have
stretched the system using the processes I with and without
the Poisson effect turned on.

We display in Fig. 8 the calculated total binding energy of
the unit cell as a function of the strain. It is seen an energy
peak of about 0.4 eV appears around strains of 6%. We note
that in the 25 GB case, when sulfur segregated GB(2) site,
there will be no such energy peak due to the loss of reflection
symmetry in the stress direction. Moreover, the energy low-
ering induced by taking the Poisson effect into account is
only marginal, in sharp contrast to the %5 case. This result
can be readily understood if one recalls that in the 25 case,
the crystal plane vertical to the stress direction is (210),
which has a packing ratio of \25—(?%0.351; whereas it is %T
=(0.907 for the (111) plane in the case of %3 (111) GB. Since
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FIG. 8. (Color online) The calculated total binding energy of the
computation cell containing a Ni 33 (111) GB with S segregate to
the GB(2) site, as a function of strain applied by stretching process
I, with and without the Poisson effect. Energies are in reference to
the unstrained GB system.

atoms in the (111) plane are already closely packed, contrac-
tion will induce strong repulsion between Ni atoms which
can easily overcompensate the energy gain by attractive in-
terlayer interaction along the stress direction. And accord-
ingly, lateral optimization of the lattice fails to get rid of the
energy peak but only to reduce its magnitude.

To understand why there is a remarkable energy release at
the breaking point for a nonsymmetric computation cell, we
need to examine closely the electron densities around the
sulfur atom at the GB. In Fig. 9 we can find that sulfur bonds
to its neighboring Ni layers on left and right sides almost in
the same manner although its bonding environment is not
symmetric if next-nearest neighbors are taken into account.
Such a balance makes this system comparable to the cases
shown in Figs. 3(a) and 3(b), where energy release at the
break point appears due to the reflection symmetry [with
respect to the GB plane (210)] of the computation cell.
Moreover, we can also see that sulfur bonds very slightly
weaker with the GB core Ni than with the Ni layer on the
other side (0%), and this tiny difference finally (3.5%-6.2%-
7%) leads to the fracture occurring in between S and GB
core layers.

0.0

FIG. 9. (Color online) The calculated valence electron densities

in the (110) plane, near the Ni 33 (111) GB with S located at GB(2)
site, in stretching process 1. Charge density contours start from
0.01 e/au.? and increase successively by a factor of 10"+, The
strains are 0%, 3.5%, 6.2%, and 7%, respectively.
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FIG. 10. (Color online) The calculated total binding energy (in
reference to the ground state at a given strain) as a function of the
position of the S atom when moving it by hand (and then fix) to one
side of the computation cell. Four strain cases (4.2%, 4.9%, 5.6%,
and 6.2%) are presented.

As we have done in the %5 (210) case, we now to trace
the change in the energy barrier along with the increase in
the strain in order to under the energy release upon fracture.
Again, for each configuration, we fixed the size of the unit
cell and the position of the sulfur atom was also fixed at a
series of distances away from the original (metastable) posi-
tion. That is, S was relocated by hand to the side of the
boundary which it sticks to upon fracture. We then allowed
all the other atoms to relax and obtained the total energy.
Then we obtained the total energy as a function of the posi-
tion of the S atom for each strain cases (Fig. 10) and thus are
able to determine the energy barrier S encounters when it
moves to the energetically favorable position. Interestingly,
we see that the energy barrier is only about 0.01 eV for the
strain of 4.2%, and it decreases down to zero as the strain
goes up to 6.2%, where fracture occurs.

E. Effect of magnetism

Although it is evident from Yamaguchi et al.’s study* that
the bonding difference of sulfur to the Ni (210) free surface
and to the %5 (210) GB changes only slightly with spin-
polarization as a result of the weakness of Ni magnetism,
there is still a great chance for the magnetism to influence the
energy release upon fracture, as is shown in Secs. III A-III D
that a minor change in the energy barrier between the meta-
stable configuration and the true ground state at a given
strain. With this in mind, we have restretched using process I
the clean and S-at-GB(0) Ni 25 (210) GB in the presence of
magnetism.

Figure 11 shows the calculated total binding energy of the
computation cell as a function of the strain. In order to make
comparison with nonmagnetic case easy, some results pre-
sented in Fig. 2 (denoted as NM) are shown here again.
Clearly, for both clean and S segregated systems, effect of
magnetism gets more remarkable with the increase in strain.
For the clean Ni GB, the two grains are separated after the
strain of 22% in spin-polarized calculation, whereas by the
same tensile process (process I) we fail to break the nonmag-
netic cell even with a strain as large as 30%. In the case that
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FIG. 11. (Color online) The calculated total binding energy of
the computation cell as a function of strain applied by stretching
process I, in reference to the energy of unstrained GB system. Also
shown are the corresponding nonmagnetic results presented in
Fig. 2

S segregated to GB(0) site, spin polarization reduces greatly
the energy release from 1.5 to 0.5 eV. Although, the energy
difference between the unstrained GB system (initial state)
and the fractured system (final state with one free Ni sur-
faces, one absorbed with S) experiences a change in only
0.25 eV, the change in energy release upon fracture is as
large as 1.0 eV. The finding that magnetism markedly re-
duces the toughness of the GB system was not expected from
previous first-principles investigations.

2.0
—a—NM 22% (a)
Ll T NMI8%
61 —<—FM 22% /' '\
—e—FM 18% a "
1.2
0.8
S
> 0.4
N |
> P
BG (.0t
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2 —a—NM 18% (
M 1.6 —<«—NM15%
—e—NM 14% .
121 —A—FM15% /\
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// !ﬂ/ 0eo0® S\ " \\\

0.0+
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FIG. 12. (Color online) The calculated total energy (in reference
to the ground state at a given strain) as a function of the position of
the GB core Ni (panel a) or S (panel b) atom when moving it by
hand (and then fix) to one side of the computation cell. A series of
strain cases are presented. Both the nonmagnetic and magnetic re-
sults are presented. Panel (a) is for the clean Ni 25 GB and panel
(b) is for S-at-GB(0) case. Same as in Fig. 5, the data corresponding
to minus distances are obtained just by mirroring the data for posi-
tive distances.
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The information of the energy barrier between the meta-
stable state and the ground state while being stretched can be
read from Fig. 12, which presents the total energy as a func-
tion of the position of the GB core Ni (panel a) or S (panel b)
atom for each strain cases. In both cases, the energy barriers
in FM states are smaller than those in the NM states at the
same strain step. That is, magnetism reduces the energy bar-
rier. Such an effect is more significant in the presence of
sulfur. At the strain of 18%, FM state has an energy barrier
about 0.05 eV lower than the NM state; while in the presence
of S, it is about 0.07 eV lower at the strain of 14%. With a
decreased energy barrier between the metastable configura-
tion and the ground state, spin polarization cut down the
energy releases at the break points.

As a final remark, we want to note that the limited physi-
cal size of our unit cell will lead to overestimating the tensile
stress of the material due to the lack of dislocation nucle-
ation. The periodic boundary conditions imposed in our first-
principles density-functional theory computation will force
the nickel grain boundary to become less ductile than in a
polycrystalline form as no grain-boundary plasticity is al-
lowed in such a simulation. Therefore, our conclusions re-
garding cohesive strength should be limited to being com-
parative only.
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IV. SUMMARY

To summarize, we have carried out a systematic investi-
gation on the effect of lateral lattice optimization and spin
polarization on the energy release upon fracture along Ni X5
(210) and Ni X3 (111) grain boundaries using FPCTT based
on DFT. For the Ni X5 (210) GB, the Poisson effect is sig-
nificant in lowering the total energy of the system due to the
openness of the (210) plane. Since the (111) plane is closely
packed, lateral optimization of the computation cell has only
a minor effect for the Ni %3 (111) grain boundary. Magne-
tism is found to reduce much of the energy release upon
fracture for grain boundaries, thereby diminishing the calcu-
lated ultimate tensile strength. Our results strongly suggest
further investigations on materials such as Fe and its alloys
with greater magnetism. It will shed light on what shall hap-
pen on the toughness in the loss of magnetism in Fe and
steels.
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