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MD simulations of loading rate dependence of detwinning
deformation in nanocrystalline Ni
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Molecular dynamics simulations are performed to investigate the deformation behavior of nanocrystalline Ni with pre-twin
atom structure. The simulation sample is composed of four grains with average size 12 nm. The simulation technique of iso-
baric-isothermal ensemble (NPT) with high pressure is applied to obtain a sample with two circle twins. Under uniaxial ten-
sile and shear loading, as well as different detwinning deformation behaviors are observed. Under uniaxial tension the detwin-
ning deformation is induced by the event of grain growth, and it is supported by local energy analysis. Under the shear loading
the detwinning deformation is related to the loading rate. The results show that there may be a critical shear rate. As the shear
rate is sufficiently high the circle twin is found to be failed; as the shear rate is less than that rate, the size of circle twin become
smaller and gradually approach a constant value. Our simulation results are in good agreement with experiment observation.
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Nanocrystalline metals have been the subject of considera-
ble research in recent years, with progress made in the
processing of materials [1,2] and in computational materials
science [3-5]. Some advantages of nanotwinned (nt) mate-
rials in comparison with nanomaterials have been reported
[1]. It is known that nanometer metals have high strength
but with low ductility because of early necking [6] which
hinders their application in engineering. Nanotwinned met-
als have been demonstrated to have a strength comparable
to that of nanocrystalline (nc) metals and a considerably
higher ductility [2].

Hall-Petch plots of the yield strength of nc Cu vs. grain
size have been understood by dislocation activities and
grain boundary deformation mechanism. Similar Hall-Petch
relation of the yield strength of nt Cu versus nt spacing has
been analyzed. Investigation given by Li et al. [7] revealed
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that in nano-twinned copper the strength depends on the
grain size and twin-boundary spacing, the smaller the grain
size, the smaller the critical twin-boundary spacing, and the
higher the maximum strength. They also showed that if
there are dislocation nucleation sites as well. This disloca-
tion motion is not confined, however dislocation nucleation
may govern the strength of such material. Both experi-
mental investigations and atomistic simulations reveal that
nano-twinned metals possess ultrahigh strength and ductility
[8-10]. Twinning is a major deformation mode in metals
[11], its effects on material deformation is accompanied by
dislocation activities. Wu et al. [12] observed a deformation
mechanism, partial dislocation emission from grain bound-
ary in nc Al powder, which consequently resulted in defor-
mation stacking faults and twinning. Froseth et al. [13] per-
formed the atomic-level simulations of nc Al, and found
that the presence of grown-in twins may enhance plastic
deformation via twin-migration and partial dislocation ac-
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tivity. Their results are discussed in terms of generalized
planar fault energy curves. Ogata et al. [14] calculated the
energy landscapes of deformation twinning Mo, Al and Cu
by using density functional theory. The results show that the
twin boundary migration energy is much less than that of
the twin boundary formation energy. Thus it is suggested
that twin boundary migration is more feasible in comparison
to twin boundary formation.

Recently detwinning process (to annihilate twin) has
been observed to occur during the deformation of nano-
crystalline [15-18]. Twinning and detwinning are two im-
portant deformation processes in nc materials. They com-
pete with each other and have important effects on the me-
chanical behaviors of nc or nt materials [18]. There is no
clear understanding on the conditions required for these
individual processes to be activated and to predominate.

The experimental observations given by Ni et al. [19]
and Hodge et al. [20] revealed that twinning and detwinning
processes are related to grain sizes. The twinning process
dominates in a certain range of grain sizes, whereas, the
detwinning process dominates outside of this range to anni-
hilate twins. Their experimental observations establish a full
spectrum of grain sizes. In the torsion experiments, twin
stability is highly correlated to the role of twin boundaries.
Even as the shear strain reaches 1, the persistent twinning in
the grain is observed.

In this paper, molecular dynamics (MD) simulation is
applied to study the detwinning deformation of nc Ni by
both uniaxial tensile and the shear loading. Special attention
is paid to the comparison of the different detwinning de-
formation mechanisms. Twin evolution companied by
dislocation activities is observed, and the energy analysis is
given.

1 Computation and modeling

1.1 Interatomic potential

It is known that the accuracy of MD simulations is dictated
by the accuracy of interatomic potential being used. The
embedded atom method (EAM) to describe potential for
face cubic center (FCC) Ni [21] is adopted as thus:

N 1
ET :Zi:lE(pi)+Esz,i¢j¢zj(’;j)a (1)

where ¢, (r;) is the pair interaction and 7, is the distance
between atoms i and j, F; is the embedding function and

p, 1is the electronic density at the site of atom i. Most sim-

ulation results show that the EAM potential is valid for me-
tallic materials. All parameters for the interatomic potential
of Ni can be found [21].

The components of the stress tensor associated with an
atom are defined as [22]:

Sci China-Phys Mech Astron

March (2013) Vol. 56 No. 3

1 Log 11,
o, :Q_[_pkpl +Zj¢iga_f i ./J’ (2)
0

m T;.j

where o, is the stress component, p is the atomic mo-
mentum, m is the atomic mass, rUI‘ and ’",-,[- are the k-th, 1-th

components of 7;;, and € 1is the volume of an atom.

1.2 Models of nanocrystalline Ni

The initial simulated nc contains four grains named as G1,
G2, G3 and G4, and four grain boundaries GB1, GB2, GB3
and GB4. A NPT simulation technique with —4 GPa pressure
at room temperature is carried out to relax any possible high
potential energy configuration, with the Parrinello-Rahman
approach [23] applied to periodic boundary conditions. The
crystal orientation of Gl is along x[111], y[1-10] and
z[11-2]. Grains G2, G3 and G4 are obtained by rotating G1
in z axis with 60°, 90°, and —60° respectively. The sample

size is with 68a,x100a, x«/gao about 67000 atoms, a is

a crystal constant (3.52 A). Figure la and 1b display atomic
configurations before NPT simulation and after NPT simu-
lation, respectively. After NPT relaxation, some stacking
faults at the different grains are observed, and two twins
with the circle structure are constructed at G2 and G4, re-
spectively.

The isobaric-isothermal ensemble (NPT) is frequently
used to simulate the mechanical behavior of nanometer ma-
terials [24-26]. The method of constant-NPT with high
pressure is similar to the experimental technique of inert gas
condensation [27] which is primarily used to prepare na-
nometer materials [28] in nanometer engineering. The sim-
ulation sample with twin structure in this paper is naturally
obtained in the process of NPT simulation, and the twin
structure displayed as a circle. In contrast, the twin structure
is synthesized and embedded in the grains [7,29], the artifi-
cial twin structure being a straight line.

1.3 Computational method

The atom configuration at Figure 1b with the twin is select-
ed as the initial model. Initial velocities of atoms are speci-
fied based on the Maxwellian distribution corresponding to
T=300 K, and the magnitudes may be adjusted so as to keep
temperature constant in the system according to the
Nose-Hoover thermostat [30,31]. The time integration of
motion is performed by using the velocity-Verlet algorithm
[32].

In order to understand well the deformation mechanism
of nc Ni, a common neighbor analysis technique [33,34] is
adopted to measure the local crystal structure of a particular
atom. Colors are assigned to atoms, red for the perfect FCC
atoms, and green for the HCP atoms, and blue for the NON
(or amorphous) atoms. Two adjacent green lines represent a
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Figure 1 (a) Schematic of nanocrystalline Ni model before NPT simula-
tion; (b) atomic configuration after NPT simulation.

stacking fault [35].

2 Results and discussion

2.1 Uniaxial tensile

The sample of nc-Ni is loaded in uniaxial tensile. The load-
ing strain rate is 5x10®s™'. The simulation results are shown
in Figure 2, the interface GB1 between G1 and G4 disap-
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Figure 2 Atomic configurations of grain 1 and 4 during the tensile de-
formation. (a) &,=2.5%; (b) &,=5.0%.

pears gradually with increment deformation. Near the triple
junction region of G1, G3 and G4, there is a small twin
structure termed as T1 and this twin structure is stable dur-
ing the initial stage of tensile deformation. Compared Fig-
ures 2(a) with 2(b), as strain is 2.5% and 5%, the size of
twin T1 reduces but it keeps its circle structure. During the
deformation process the number of amorphous atoms near
GBI region reduces because of recrystallization of G1 and
G4. As strain is reached to 2.5%, GB1 disappears by the
rotation deformation of grains G1 and G4. The phenomena
of grain rotation and recrystallization are frequently ob-
served in metal deformation. Using low energy electron
diffraction (LEED) technique, Farnsworth et al. [36] ob-
served recrystallization at high temperature heat treatment
of metals Mo, W , Ta and Re. Huang et al. [37] applied a
numerical simulation technique to study the recrystallization
of the hexagonal close-packed (HCP) metal crystal of tita-
nium at elevated temperature, the simulated results are con-
sistent with the experimental ones [38]. Disappeared GB1
lost ability to emit dislocations and is no longer a disloca-
tion source.

Although GB2 and GB4 are the dislocation sources, the
direction of uniaxial tension is parallel to GB1 and GB4, the
loading direction is not beneficial to GB1 and GB4 to emit
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dislocations. The GB3 is far from local twin T1, the effect
of GB3 on twin T1 is insignificant. Without interaction of
lots of dislocations with twin, twin structures remain stable.

As tensile strain is up to 5.5%, the detwin of twin T1 oc-
curs, as shown in Figure 3. The grain G2 growths destroy
twin T1. In the process of detwinning deformation, the
stacking faults emitted from the twin boundary, T1, are ob-
served. It demonstrated that the detwinning deformation is
companied with dislocation activities, which is consistent
with the simulation results given by Li et al. [7]. Recently
Ni et al. [19] performed an experiment of Ni-Fe alloy with
preexisting growth twins to study the effect of grain size on
deformation twining and detwinning. The experimental re-
sult revealed that the extensive detwinning occurred during
the deformation in grains smaller than 35 nm and that new
grains formed during grain growth did not contain twins.
This suggests that the grain growth of nt metals may anni-
hilate twin microstructure. Ni et al. experimental results
support our simulation result.

Figure 4 displays curves of energy versus strain. The
comparison of energy per atom both whole system and local
region shows that the potential energy of local region de-
creases with tensile strain. As tensile loading increases, the
energy of whole system increases, which is expected. As the
energy of local region with twin microstructure decreases,
the grain G2 grows with tensile deformation. The emitted
partial dislocations from twin boundary interact with amor-
phous atoms of twin boundary, in which the amorphous
atoms original from HCP atoms gradually become FCC
atoms gradually, thereby reducing local energy. The varia-
tion of from a little high energy to lower energy for evolu-
tion of local microstructure is beneficial.

2.2 The shear loading

The same sample used in the tensile deformation is under

il

Figure 3 Atomic configuration of grain 1 and 4 during the tensile defor-
mation, &,=5.5%.
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Figure 4 Comparison of system energy and local energy per atom.

the shear loading, the effect of different loading rates on the
mechanical behavior of nt structure is investigated. In order
to understand our simulation results clearly, the geometry
parameter (area of nt microstructure) is taken as to describe
variation of twin microstructure. Figure 5 shows the com-
parison of the area variation of circle twin T1 at four dif-
ferent loading rates, they are 1.5x10° s7%, 3.1x10° 7', 7.7
x10” 57" and 1.2x10'"s™!, respectively. From Figure 5, we
know that the circle twin structure displays the stable state
in the shear deformation process. At initial shear defor-
mation, the area of nt T1 reduced greatly, meaning that nt
T1 is sensitive to the shear deformation, it thus can contrib-
ute to the compression of the surrounding grain to nt T1.
For the case of the shear strain rate 1.5x10° s’l, as the shear
strain is about 0.025, the area of twin T1 is quickly reduced,
and it continues to reduce with the shear deformation,
However, the reduced rate is slow, the area of nt T1 ap-
proaching a constant value. Thus we can conclude that un-
der the shear deformation with the shear rate 1.5x10°s™!,
twin T1 could experience a big deformation and still re-
mains the circle twin structure. As the shear rate increases
to 3.1x10°s™" and 7.7x10° s, the same conclusion can be
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Figure 5 Variation of area of circle twin T1 during shear loading process
at four different loading rates.
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obtained. As the shear strain is about 0.165 and 0.25, the
decline trend of area T1 begins to reduce gradually. The
higher of the shear rate is, the smaller area of T1 is given.
As the shear rate increases up to 1.2x10'%s™, the area of T1
decreases with deformation. As the shear strain is about
0.20, the detwinning deformation occurs. Thus the circle
twin T1 is destroyed. This may be a critical shear rate. As
the shear rate is less than the critical value, it is the stable
deformation of twin. If the shear rate is greater than the
critical value, an unstable deformation of twin is observed,
and detwinning occurs. Hodge et al. [20] examined Cu twin
stability under four distinct mechanical loading states, ten-
sion, compression, tension-tension fatigue and torsion, the
sample Cu contains parallel nanotwins about 40 nm thick.
Experimental observations show that the column of twins in
the Cu interior can persist up to the high shear strain of 1
under the shear deformation. Our simulations are in good
agreement with experimental results.

Figures 6 and 7 display the atom configurations at the
shear rate of 7.7x10°s™" and 1.2x10's™, respectively. Fig-
ures 6(a) and 6(b) show that as the shear strain is up to
12.5% and 30%, the twin structure is table, but the area of
circle twin T1 decreases with the shear deformation. It can

A

Figure 6 Local atomic configurations during the shear deformation at the
rate of y=7.7x10° 57" . (a) £,=12.5%; (b) &,=30.0%.
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Figure 7 Local atomic configurations during the shear deformation at the
rate of 7=1.2x10" s7". (a) &,=12.5%; (b) &,=20.0%.

be noted that as the shear strain is up to 30%, the shear
stress is 0.5 GPa (Figure 8) which is somewhat lower than
the peak value 2.0 GPa, it is not possible to destroy the cir-
cle twin structure T1 in such low stress. The effect of the
shear rate on twin deformation is observed in comparion
Figure 6(a) with Figure 7(a), the area of circle twin T1 de-
creases with increasing the shear rate at the same shear
strain. As the shear rate is up to 1.2x10' s™", the detwinning
deformation occurs. Figure 7(b) shows that as the shear
strain is up to 20%, the circle twin structure is destroyed.

Figure 8 shows the curves of the shear stress versus
strain, a comparison of the effect of two different shear rates
on mechanical behavior is given. The peak of the stress at
the shear rate of 1.2x10's™ is about 3.3 GPa, which is
much higher than that at the shear rate of 7.7x10° st which
is about 2.0 GPa. It can be understood that under the high
shear rate there is not enough sufficient time for a defor-
mation system to relax, which leads to high stress and thus
the twin T1 is destroyed. The results are consistent with the
above analysis.

Figure 9 is the evolution of proportion of FCC, HCP,
NON atoms versus time at the shear rate of 7.7x10”s 'and
1.2x10"s™", respectively. It can be used to understand the
individual deformation mechanisms such as the dislocation
mechanism, GB-associated mechanism, deformation twin-
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Figure 8 (Color online) Curves of local shear stress versus strain.
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ning, and TB-associated mechanism work in parallel in the
plastic deformation of the nt Ni sample during the shear
loading. In zone I of Figure 9(a), an increase in FCC atoms
accompanied with a decrease in HCP atoms indicates that
plastic deformation is dominated by annihilation of partial
dislocations and grain growth. Moreover, nt T1 is greatly
reduced. Conversely, plastic deformation in zone II is dom-
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inated by dislocation nucleation and subsequent propagation,

as HCP atoms and other atoms increase monotonously, and

nt T1 is somewhat reduced. As the shear rate is 1.2x10" s,

the different case is observed in Figure 9(b). A monoto-
nously increase in FCC atoms accompanied with a decrease
in HCP atoms and other atoms indicates that the plastic de-
formation is totally dominated by grain growth and nt T1
reduction, leading to detwinning.

3 Conclusions

In summary, MD simulations are carried out to understand
the detwinning deformation of circle nt structure under ten-
sile and shear loading. The simulation results show that nt
structure is the stable during tensile and shear deformation.
As deformation is large, the detwinning deformation occurs
because of grain growth, which is consistent with experi-
mental observation. Our simulation also shows that the
detwinning deformation of shear loading is related to load-
ing rate, as loading rate is sufficiently large, the detwinning
deformation occurs.
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