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Brittle-ductile behavior of a nanocrack in
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The effects of stacking fault energy, unstable stacking fault energy and unstable twinning fault energy on the

fracture behavior of nanocrystalline Ni are studied via the quasicontinuum simulations. Two semi-empirical potentials

for Ni are used to vary the values of these generalized planar fault energies. When the above three energies are reduced,
a brittle-to-ductile transition of the fracture behavior is observed. In the model with higher generalized planar fault

energies, a nanocrack proceeds along a grain boundary, while in the model with lower energies, the tip of the nanocrack

becomes blunt. A greater twinning tendency is also observed in the more ductile model. These results indicate that the

fracture toughness of nanocrystalline face-centered-cubic metals and alloys might be efficiently improved by controlling

the generalized planar fault energies.
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1. Introduction

In the past decades, much attention has been paid

to materials on nanoscale, such as nanoparticles and

[1=6] NC materials usu-

2,7]

nanocrystalline (NC) metals.
ally have high strength, but very low ductility.!*
Many strategies have been applied to increasing the
ductility.!® Unfortunately, most of them result in a de-
crease in strength. Recently, twins and stacking faults
generated by Shockley partials in NC face-centered-
cubic (fcc) metals have been studied intensively.!9~ 13!
It has been reported that both the strength and the
ductility of NC fcc metals can benefit from twins.
Hence, promoting the tendency of twinning seems to
be one of the most promising methods for simultane-
ously improving the strength and ductility."* Most
recently, experimental investigations indicate that a
reduction in stacking fault energy (vst) may enhance
the activity of deformation twins, and thus improve
the ductility of NC fcc metals and alloy.['5=17 How-
ever, the formation of a deformation twin is dominated
not only by stacking fault energy, but also by unsta-
ble stacking fault energy (vusr) and unstable twinning
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fault energy (yuer).['®'9 As depicted in Fig. 1, these
three kinds of planar fault energies are the extrema
of the generalized planar fault energy (GPFE) curve
which represents the energy cost of shifting two semi-
infinite blocks of fcc crystal on {111} planes along the
(112) direction.['8:2] Starting from a perfect fcc struc-
ture, the lattice will have to pass through the unsta-
ble stacking fault energy barrier to nucleate a par-
tial dislocation. After the partial dislocation begins
to slip, an intrinsic stacking fault ribbon associated
with the energy cost - will be left behind. Start-
ing from the lattice configuration with a pre-existing
intrinsic stacking fault defect, the unstable twinning
fault energy has to be overcome, so that a partial dis-
location with the same burgers vector can propagate
on the adjacent slipping plane. After the twinning
partial dislocation starts to slip, an extrinsic stack-
ing fault defect or, equivalently, a micro-twin will be
created. Usually, the two energy barriers (v, and
~utf) cannot be measured by experiments. Thus, how
the reductions in these three generalized planar fault
energies influence the mechanical behavior of NC fcc
metals and alloys is still unclear.
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Fig. 1. Schematic representation of GPFE curve for an fcc metal. The stacking sequence of {111} planes in the

lattice is ABCABCA. ..

After a partial dislocation propagates along the (112) direction, half of the crystal will be

shifted. The slipped {111} planes will be changed by the following sequence: C—A—B—C. C’ and B’ indicate the
lattice configurations corresponding to the unstable stacking fault energy barrier and the unstable twinning fault energy

barrier respectively.

This work is to study the effect of the three pla-
nar fault energies s, Yust, and ~yu¢ on the ductil-
ity of NC fcc metals by computational simulations.
A novel multiscale method, i.e., the quasicontinuum
(QC) method, is adopted.?":22] The QC method can
be used to study local physical phenomena in models
spanning several length scales and obtain the same re-
sults as classical atomistic simulations with a fraction
of the computational cost.[?3726] Nickel is chosen as a
trial material in this work, because of its wide appli-
cation. With the reductions of 7, Yust, and yutt, it is
found that the ductility of NC Ni can be efficiently im-
proved. To address the issue of ductility improvement,
variations of structure and stress on atomic level are
also analyzed.

2. Methodology

2.1. QC simulations

The QC method used here is a mixture of contin-
uum and lattice statics method. The basic principle
of QC is that discrete defects in a crystal are explic-
itly studied on the atomic level, while the majority of
the crystal is approximately treated as finite elements.
The energies of atoms in the QC model can be calcu-
lated by empirical potentials, such as the embedded-
atom-method.[2”] The equilibrium configuration of the
system can be established through minimization of the
total energy respect to atomic positions. More details

of the QC method can be found in the review article
written by Miller and Tadmor. >8]

The QC model for NC Ni is presented in Fig. 2.
Same as our previous work,?4 there was a pre-existing
crack in the block. This block was 400 nmx400 nm in
the x—y plane, and periodically repeated in the z direc-
tion. The width and length of the crack were approxi-
mately 2.5 nm and 194 nm respectively. The crack tip
was surrounded by a full atomic zone which is framed
by dark lines. As illustrated in Fig. 2(b), the size of the
atomic zone was 36 nmx36 nm. The averaged grain
size was b nm. The grains in the atomic zone were con-
structed based on the Voronoi diagram,? and each
grain had a common [—110] out-of-plane direction and
a random in-plane orientation. Two grains in front of
the crack tips were labeled as 1 and 2. For simplicity,
the grain boundary (GB) between the grains 1 and 2
was termed as GB 1-2. The region out of the atomic
zone was filled by a single crystal and coarsened by
finite element meshes.

The QC samples were in the opening loading con-
dition. According to the anisotropic linear elastic frac-
ture mechanics (LEFM),[3% displacements of all atoms
are calculated as follows:

u(X) = u(X) + urerm (X, AK), (1)

where u is the displacement field, X is the position
of any atom in the model, upgry is the anisotropic
LEFM solution, and AK is the increment of stress in-
tensity factor K. In the present simulation, K starts
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from zero and AK is 0.008 MN-m~%/2. The displace-
ments of atoms at boundaries (except the crack faces)
were kept fixed, while the positions of all other atoms
could be adjusted by energy relaxation. During the re-
laxation process, the total energy was minimized until
the sum of out-of-balance forces over the entire system
was less than 1.602 uN.

80 nm—|

|80 nm—

7 /7/*\/\./ SVZRN
/ /

/ﬁ%ktf Nenit tz‘ogf/

Fig. 2. The QC model for NC Ni with a pre-existing
crack: (a) full size view of both finite element and atomic
zones, (b) grain structure of atomic zone.

The visualizing software “Atomeye” ! combined

with the common neighbor analysis method!®?!

was
used to display the atomic configurations of QC re-
sults. The atomic local stress states within QC sam-

ples were calculated as follows: 33!
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where 2, called averaging volume, is the spherical vol-
ume centered on the i-th atom with a specific radius,
« and [ are the Cartesian coordinates, P, and m; are
the momentum and mass of the I-th atom, A; is unity
if the atom [ lies within the averaging volume and is
zero otherwise, ¢ is the interatomic potential, 7y is
the distance between the [-th and k-th atoms, and
Mk = M 1s the fractional length of the [-k bond that
lies within the averaging volume (2. In this work, the
radius of {2 is taken as 0.5 nm in all the simulations.
Since the QC model is quasi-static, only the second
part in the braces is considered.

2.2. GPFE curves obtained by the qua-
sicontinuum method

To study the effect of reductions in the three
planar fault energies 7sf, Yust, and yuie, two different
embedded-atom-method potentials for Ni were used,
which are the potentials developed by Voter and Chen
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Fig. 3. GPFE calculation of Ni: (a) the QC model for
a single crystal Ni, (b) GPFE curves obtained by the QC
method with the NiMF and NiVC potentials.
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(NiVC potential)®¥ and the potential proposed by
Mishin et al. (NiMF potential).[?>) A single crystal
simulated by the QC method is presented in Fig. 3(a).
Starting from a perfect fcc structure, the upper half
of the block was rigidly sheared with respect to the
lower half in a small increment along the [—1 — 12]
direction. Except the atoms belonging to the top and
bottom boundaries, all atoms in the digital sample
are allowed to relax along the [—110] and the [111] di-
rections after each loading step. By summing up the
energies of atoms in the dashed region, the average en-
ergy per unit area of the slip plane is calculated and
plotted in Fig. 3(b).
and 7y predicted by NiVC potential are much lower
than the ones predicted by NiMF potential.

Clearly, the values of ~g¢, Yust,

3. Results

3.1. Morphologies of crack tip

The morphologies of the nanocrack tip described
by the NiMF and NiVC potentials are displayed in
Fig. 4. When K is 0.897 MN-m~%/2 there are only
a few slight differences between the structures of the
models, because of the different potential functions.
However, when K is increased to 0.905 MN-m~3/2,
many different features are observed in the two mod-
els. The model described by the NiMF potential
presents a brittle behavior, since the crack tip pro-
ceeds along the GB 1-2. A ductile feature appears in
the model described by the NiVC potential, since the
crack tip becomes blunt.

Fig. 4.

3.2. Hydrostatic stress distributions in
the regions ahead of crack tip

In Fig. 5, the hydrostatic stress distributions in
the regions ahead of crack tips in the NiMF and NiVC
models are illustrated. Clearly, the region of the GB
1-2 ahead of the crack tip in the NiMF model is under-

Morphologies of crack tip at different values of stress intensity factor K:
0.897 MN-m~3/2; (b) the NiVC model, K = 0.897 MN-m~3/2; (c) the NiMF model, X = 0.905 MN-m~3/2; (d)
the NiVC model, K = 0.905 MN-m~—3/2,

(a) the NiMF model, K =

going a high tensile hydrostatic stress state before the
crack begins to propagate. After the propagation pro-
cess, the atomic tensile stresses are greatly released.
In the NiVC model, the hydrostatic stress states ex-
perienced by the GB 1-2 during the loading steps are

much milder.
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Fig. 5. (colour online) Hydrostatic stress distributions in the region ahead of crack tip. The unit of stress is GPa.
(a) The NiMF model, K = 0.897 MN-m~3/2; (b) the NiVC model, K = 0.897 MN-m~3/2; (c) the NiMF model,
K =0.905 MN-m~—3/2; (d) the NiVC model, K = 0.905 MN-m~3/2,

3.3. Defects in the regions ahead of crack
tip

Both computationall®®! and experimentall®” re-
sults indicate that dislocation activities can exist in
the regions near the crack tip in NC Ni. In this work,
both stacking faults and deformation twins are ob-
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served in the regions around the crack tips in the
two models when K reaches 0.897 MN-m~3/2, Distri-
butions of stacking faults and deformation twins are
presented in Fig. 6. There are more stacking faults
and deformation twins in the NiVC model than in the
NiMF model on the same loading level. This indicates
an enhanced dislocation activity in the NiVC model.
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Fig. 6. (colour online) Statistics of deformation twin and stacking fault in the region around the crack tip when
K = 0.897 MN-m—3/2: (a) the NIMF model, (b) the NiVC model.
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3.4. Atomic structures of the GB 1-2

In Fig. 7, atomic structures of the grains 1 and 2
in the two models are shown. White, gray and black
atoms are in local fce, hexagonal-close-packed (hcp)
and defect structures respectively. One layer of hcp
atoms is identified as a coherent twin boundary. Two
consecutive layers of hcp atoms indicate a stacking
fault. In Figs. 7(a) and 7(b), there are some slight
differences for the initial relaxed atomic structures of

the GB 1-2, due to the differences between potential
functions used in the two models. From Figs. 7(c) and
7(d), when K reaches 0.905 MN-m~3/2, only one twin
boundary is nucleated in grain 1 and the GB 1-2 is
cleaved in the NIMF model; while in the NiVC model,
several stacking faults are found in grain 1 and the GB
1-2 is still in a stable state. Hence, the fracture be-
havior of NC Ni is transformed from brittle features to
ductile features, because of the promoted dislocation

activity in the grains around crack tip.

Fig. 7. Relaxed atomic structures of the GB 1-2: (a) the NiMF model, before loading; (b) the NiVC model, before
loading; (c) the NiMF model, K = 0.905 MN-m~3/2; (d) the NiVC model, K = 0.905 MN-m~3/2,

4. Discussion

The three generalized planar fault energies, 7y,
Yust, and “yutf, have been focused for years. In 1926,
a simple sinusoidal function to express the energy per
unit area for the two atomic layers sheared from their
equilibrium arrangement was proposed by Frenkel.[38]
Later, Mackenzie suggested a more complex sinusoidal
function to the slip of {111} planes in an fcc crystal.[??]
In 1992, Rice labeled the maximum of the energy-
displacement curve developed by Frenkel and Macken-
zie as the unstable stacking fault energy, vuss.[*? Re-
cently, the unstable twinning fault energy, ~u¢f, was
introduced by Tadmor and Hai.'>*! Later, a mate-
rial parameter for measuring twinnability of fcc met-

als and alloys, 7, = |1.136 — 0.151ﬁ} 2t as
Yusf Yutf

defined by Bernstein and Tadmor.*?! A larger 7, in-
dicates a greater tendency for twinning. Based on
this newly proposed twinning parameter, some Ni al-
loys were studied by the density functional theory
calculations.*3] In the present simulations, accord-
ing to the GPFE curves in Fig. 3(b), the value of
Ta derived from NiVC potential is about 1.033, while
Ta = 1.004 for the NiMF potential. Thus, compared
with the NiIMF model, the NiVC model exhibits an en-
hanced twinning ability. This theoretical prediction is
verified by the statistics of defects illustrated in Fig. 6.

Although the positive effect of twin boundaries
in NC Ni on the fracture toughness has been clarified
by Zhou et al.,** the ductility improvement of Ni in
our simulations is due to the enhanced dislocation ac-

tivity, not the presence of deformation twins. How
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the deformation twins in the grains ahead of crack tip
influence the behavior of the nanocrack is not inves-
tigated in this work, because of the limited compu-
tational resources. In the present NiVC model, the
energy barrier for nucleating a partial dislocation is
lowered by the reduction of the unstable stacking fault
energy ~vust- Hence, the dislocation activity in the re-
gions ahead of crack tip is promoted, accompanied
by release of the atomic tensile hydrostatic stresses.
Meanwhile, the atomic configuration of the crack tip
is modified to be blunt by emitting partial disloca-
tions.

It should be emphasized that the fracture be-
havior of metals might be influenced by many

such as environmental temperature,!®!
[46] [12]

factors,

initial configuration of crack tip,
47)

impurities,
crystal orientation,*”) and distribution of internal
boundaries.[*8] In the present work, the initial geo-
metrical configuration of the crack tip is constructed
randomly, and only the fracture behavior of NC Ni at
low temperature is studied. The research on NC Ni at
high temperature is beyond the QC simulations, since
the QC method is based on lattice statics. In addition,
the QC models in the present simulations are simpli-
fied by the digital samples composed of small grains
without impurities. In the future work, some nec-
essary material parameters will be considered. Even
so, some meaningful results are still obtained in the
present work. Controlling the generalized planar fault
energies might be an efficient way to improve the frac-

ture toughness of NC fcc metals and alloys.

5. Conclusions

In summary, the effects of the three kinds of pla-
nar fault energies, i.e., the stacking fault energy ~s,
the unstable stacking fault energy s, and the unsta-
ble twinning fault energy ~yyf, on the fracture behavior
of NC Ni are studied via the QC simulations. Models
spanning several length scales with two semi-empirical
potentials for Ni are adopted. A nanocrack in the NC
Ni proceeds along a GB, when the digital sample is
loaded to a certain level. Once the three planar fault
energies are reduced, the mechanical behavior of the
nanocrack is transformed from the brittle features to
the ductile features. A greater twinning tendency is
also observed in the more “ductile” model. These re-
sults suggest that the fracture toughness of NC fcc
metals and alloys might be efficiently improved by con-
trolling the generalized planar fault energies.
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