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a b s t r a c t

Large-scale molecular dynamics (MD) simulations were performed to investigate the tensile plastic
deformation of nanocrystalline Ag. With increasing tensile strain, formation of SFs, single deformation
twins, V-shaped and T-shaped double twins, and 5-fold twins successively starts to play a role on the
plastic deformation of nanocrystalline Ag. The direct evidences of the formation sequences for the
following two twinning mechanisms are presented in the present study: GB-mediated intersecting
mechanism and self-partial-multiplication twinning mechanism. Moreover, the 5-fold twins are found to
be formed by a combination of these two mechanisms. The findings in the present study contribute to
the understanding of formation mechanisms and roles of multiple twins on the plastic deformation of
nanocrystalline fcc metals with low stacking fault energy.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Twinning is one of the major deformation mechanisms in
nanocrystalline metals and alloys, especially with low stacking
fault (SF) energy, and at low deformation temperatures and high
strain rates [1–4]. As we know, coarse-grained metals become
more difficult to deform by twinning with decreasing grain size.
However, nanocrystalline fcc metals could be easier to deform by
twinning with decreasing grain size, reaching a maximum twin-
ning probability at a critical grain size, and then become more
difficult again when the grain size decreases further [5,6]. Different
from those proposed for coarse-grained counterpart, several for-
mation mechanisms for deformation single twins have been
observed and proposed in nanocrystalline fcc metals, such as
emissons of partial dislocations and random activition of partials
(RAP) from grain boundaries (GBs) [3,4,7,8], GB splitting and
migration [9–11], and coincidental overlapping of wide SF ribbons
[9,12].

Experimentally, multiple twins could be achieved in fcc metals
with low/medium SF energy, as evidenced in the samples pro-
cessed by the newly developed techniques with high strain rates
and/or low temperatures, such as the surface mechanical attrition
treatment (SMAT) [13,14] and the surface mechanical grinding
treatment (SMGT) [15]. For example, the secondary twins could be
ll rights reserved.

: +86 10 82543977.
n),
generated in the primary twins in Cu [16], twinning induced
plasticity (TWIP) steels [16,17] and 304 stainless steels [18]. Recent
experiments and theoretical model have shown that the hier-
archically twinned structures with the secondary twins at the
nanoscale can be a novel nanostructured design to achieve higher
strength and toughness [16,17,19]. As classified by the sources of
the twinning partials, three type of twinning mechanisms for
multiple twins have been proposed for nanocrystalline metals: (1)
twinning partials from different GBs meet each other in a confined
area inside grain [18–20]; (2) self-partial-multiplication twinning
mechanism, in which continuous growth of multiple twins can be
sustained through dislocation reactions at the growing twin
interfaces or twin boundaries (TBs) [18,21,22]; and (3) rebound
mechanism, in which the twinning partials are generated by the
rebounding of partials at a GB or TB [23,24]. However, the direct
evidences of the formation sequences for these mechanisms are
still lacking. Moreover, the roles of SFs, single deformation twins
and multiple deformation twins in the different stages of plastic
deformation for fcc nanocrystalline metals with low SF energy are
still vague. In this regard, large-scale molecular dynamics (MD)
simulations were performed in the present study to illustrate the
formation sequences and roles of multiple twins during the plastic
deformation of nanocrystalline Ag.
2. Simulation techniques

The MD simulations were carried out using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code
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Fig. 2. (a) Simulated deformation pattern at 5% tensile strain (perfect fcc atoms are not shown in this figure). The corresponding amplified configurations for the marked
rectangular areas in (a) are shown in (b) and (c). The partial dislocations, intrinsic stacking faults (ISFs), extrinsic stacking faults (ESFs) and extended dislocations are marked
in the figure.

Fig. 1. (a) The relaxed simulation cell with six columnar grains (d¼60 nm, perfect fcc atoms are not shown in this figure). (b) Simulated tensile stress–strain curve for the
simulation cell.
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and an Ag EAM potential developed by Williams et al. [25]. Similar
to the configuration used by Yamakov [2], quasi 3-dimensional
simulations with a columnar grain structure were considered. The
thickness direction contains 12 atomic planes, and is along the
½011� direction. The 〈011〉 column axis (z-direction) ensures that,
following their nucleation, dislocations can glide on either of two
{111} slip systems in each grain, unimpeded by the 3D-periodic
border conditions imposed on the simulation cell [2]. The relaxed
simulation cell with six grains is shown in Fig. 1(a), with atoms
colored according to common neighbor analysis (CNA) values [26].
Gray color stands for perfect fcc atoms, red color stands for hcp
atoms and green color stands for GBs, dislocation core, free surface
and other atoms. A single line of hcp atoms represents a TB, two
adjacent hcp lines stand for an intrinsic stacking fault (ISF),
and two hcp lines with an fcc line between them indicates an
extrinsic stacking fault (ESF). The same CNA color coding is used in
the following figures. The average grain size d is 60 nm (the cell
has dimensions of 180�120�1.735 nm3, and contain approxi-
mately 2,200,000 atoms). Periodic boundary conditions were
imposed along all three directions and the tensile loading
was along the x-direction. The 〈100〉 direction in grain 1 is along
the x-direction, and the marked misorientation angle of each
grain is given by the angle between its 〈100〉 direction and
x-direction. The GBs in the simulation cell are all indeed high-angle
Fig. 3. (a) Simulated deformation pattern at 10% tensile strain (perfect fcc atoms are no
rectangular areas in (a) are shown in (b) and (c). The formed single deformation twins
tilt boundaries. Before tensile loading, the as-created samples
were first subjected to energy minimization by the conjugate
gradient method, then gradually heated up to the desired
temperature in a step-wise fashion, and finally relaxed in the
Nose/Hoover isobaric-isothermal ensemble (NPT) under both
the pressure 0 bar and the desired temperature (1 K) for 100 ps.
After relaxation, a 40% tensile strain was applied to each sample
at a constant strain rate of 5� 108 s−1. During the tensile loading,
the whole system was kept at a temperature of 1 K in order
to reduce the thermal effect, and the pressures in the y and z
directions were kept to zero in order to simulate the uniaxial
loading. In MD simulations, the strain rate is typically high (4107/
s) and the system is typically small (polycrystalline with grain
size o100 nm) due to the inherent limitations of MD simulations,
which may affect the deformation mechanisms of metals.
However, MD simulations have proven to be particularly useful
for investigating the plastic deformation mechanism of nano-
crystalline metals with a carefully designed model system, in
which the transient responses of the system can be examined
[3]. The MD simulations should enable uncovering various
deformation and microstructural processes (such as formation
sequences of multiple deformation twins) in well-designed model
systems, something that has proven difficult to achieve in
experiments.
t shown in this figure). The corresponding amplified configurations for the marked
are marked by “T” in the figure.
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3. Results and discussions

Fig. 1(b) shows the tensile stress–strain curve for the nanocrys-
talline Ag with a grain size of 60 nm. Tensile stress is observed to
increase with strain up to a certain peak stress, and then gradually
decrease to a steady-state value. After the elastic deformation, the
nanocrystalline Ag shows a strong strain hardening behavior at the
early stage of plastic deformation (strain of 3–7.8%), and then the
flow stress reaches the saturation state at the late stage of plastic
deformation (strain of 7.8–40%). The stress–strain curves on fine-
grained bulk Ag (grain size 1–2 μm) by microshear testing and
uniaxial tensile testing can be found in the literature [27,28],
although the experimental data on bulk nanocrystalline Ag (grain
size o100 nm) are not available. The experimental data for fine-
grained bulk Ag also show a strong strain hardening behavior at
the early stage of plastic deformation (plastic strain of 0–10%), and
display a saturate state at large plastic strain [27]. These behaviors
are very different from those in coarse-grained Ag, in which the
stress–strain curve shows a strain hardening behavior until the
very large plastic strain (strain of 200%) [27]. The strain range for
strain hardening behavior should decrease with decreasing grain
size of Ag, so the simulated stress–strain curve in the present study
reveals a typical deformation behavior of nanocrystalline Ag. In
order to investigate the roles of SFs, single deformation twins and
multiple deformation twins in the different stages of plastic
deformation for fcc nanocrystalline metals with low stacking fault
energy, the simulated deformation patterns at tensile strains of 5%,
10%, 20% and 40% will be presented next.
Fig. 4. (a) Simulated deformation pattern at 20% tensile strain (perfect fcc atoms are no
rectangular areas in (a) are shown in (b) and (c). The V-shaped and T-shaped double tw
Fig. 2(a) shows the overall deformation pattern at a tensile
strain of 5%, which is at the onset of plasticity. Figs. 2(b) and 2(c)
show the corresponding amplified configurations for the marked
rectangular areas in Fig. 2(a). At this stage, the deformation
mechanisms are dominated by partial dislocation behaviors and
formation of SFs, with a few of extended dislocations inside the
grain. In contrast to coarse-grained metals, in which plastic
behaviors are accommodated by full dislocations nucleated from
Frank–Read sources, partial dislocations nucleated from GBs of
nanocrystalline metals travel across the grains on one of the
available {111} slip planes, until annihilated at another GB and
leaving SFs (ISFs and ESFs) behind. Due to the interactions
between partial dislocations and SFs, some dislocation networks
are also formed inside the nanocrystal grain to accommodate
plastic deformation.

Fig. 3(a) shows the overall deformation pattern at a tensile
strain of 10%. Figs. 3(b) and 3(c) show the corresponding amplified
configurations for the marked rectangular areas in Fig. 3(a). At this
stage, the plastic deformation is accommodated by two mechan-
isms: (1) partial dislocation behaviors and formation of SFs; and
(2) formation of single deformation twins. The single deformation
twins are generated by successive emissions of twinning partials
from GBs at consecutive slip planes. The formation of single
deformation twins on one hand provides strong obstacles to
severely impede partial dislocation motion for strengthening,
and on the other hand increases extra local sites for dislocation
accumulation to enhance strain hardening and sustain additional
plastic deformation.
t shown in this figure). The corresponding amplified configurations for the marked
ins are marked in the figures.
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Fig. 4(a) shows the overall deformation pattern at a tensile
strain of 20%. Figs. 4(b) and (c) show the corresponding amplified
configurations for the marked rectangular areas in Fig. 4(a). At this
stage, besides the two deformation mechanisms mentioned earlier
for 5% tensile strain, a new mechanism starts to play a role in the
plastic deformation: formation of V-shaped and T-shaped double
twins. One of major issues in the formation of double twins or
multiple twins in nanocrystalline fcc metals is the source of
twinning partials that are needed on consecutive slip planes for
secondary or even high order twins. As classified by the sources of
the twinning partials, two common twinning mechanisms of
multiple deformation twins have been reported: (1) twinning
partials from different GBs meet each other in a confined area
inside grain (GB-mediated intersecting mechanism) [18–20]; and
(2) self-partial-multiplication twinning mechanism [18,21,22].

Here, we show the direct evidences of formation sequences and
provide further confirmation for these two mechanisms, as illu-
strated in Figs. 5 and 6, respectively. Fig. 5 shows the snapshots
illustrating formation of V-shaped double twins by GB-mediated
intersecting mechanism. As shown in Fig. 5(a), the nucleation of
the first twins is achieved by successive emissions of twinning
partials from GB1 at consecutive slip planes. When the plastic
deformation is further increased (see Fig. 5(b)), two partial
dislocations (b1 and b2) are emitted from GB2 and glide toward
the TB1 of the first twins along adjacent slip planes, leaving ESFs
behind. As shown in Fig. 5(c) and (d), the partial dislocations b1
and b2 reach and interact with TB1 one by one under the resolved
Fig. 5. Simulated snapshots illustrating the formation of V-shaped double tw
shear stress, and finally are absorbed and stopped at TB1, resulting
in formation of V-shaped double twins. The simulated snapshots
clearly reveal that the formation mechanism for the V-shaped
double twins is the interactions of partial dislocations from
different GBs in a confined area (for example, inside the nano-
crystal grain in our case).

Fig. 6 shows the snapshots illustrating formation of T-shaped
double twins by self-partial-multiplication twinning mechanism.
The two dimensional representation of the Thompson tetrahedron
is shown in the insert of Fig. 6(a). As shown in Fig. 6(a), a partial
dislocation b1 (Cβ) emitted from GBs or other sources glides on the
(b) plane toward the existing TB1 on the (d) plane, leaving ESF
behind. With increasing plastic strain, the partial dislocation b1 is
stopped at position “P” by TB1. As shown in Fig. 6(b), the partial b1
(Cβ) now dissociates into the following dislocations under the
applied stress: Cβ-CAþ Aδþ δβ. Although this dislocation reac-
tion is energetically unfavorable, it could have occured with help
of the applied shear stress. Aδ(b3) glides to the lower right to
create a one layer step for TB1. The stair-rod dislocation δβ is
sessile and cannot move. While CA cross-slips to the next inter-
section point (toward upper left) and dissociates into two partials
on the (b) plane: CA-Cβ þ βA. Now, βA(b2) glides toward lower
left to nucleate a two layer secondary twins on the (b) plane,
forming the nucleus of a V-shaped double twins. The partial Cβ
can repeat the above dislocation reactions and processes, causing
thickening of the secondary twins on the (b) plane, as illustrated in
Fig. 6(c). A two layer step will be created for TB1 and the stair-rod
ins: at tensile strains of (a) 13.75%; (b) 14%; (c) 14.25%; and (d) 14.5%.



Fig. 6. Simulated snapshots illustrating the formation of T-shaped double twins: at tensile strains of (a) 10%; (b) 15.75%; (c) 16.75%; and (d) 17%. The two dimensional
representation of the Thompson tetrahedron is shown in the insert of (a).
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dislocation pile-up will be formed at the intersecting position
during this thickening process (see Fig. 6(c) and (d)). The simu-
lated snapshots clearly provide the evidence for the similar
formation sequences of self-partial-multiplication twinning
mechanism, which was proposed for the V-shaped and T-shaped
double twins in our previous work [18].

Fig. 7(a) shows the overall deformation pattern at a tensile
strain of 40%. Figs. 7(b) and 7(c) show the corresponding amplified
configurations for the marked rectangular areas in Fig. 7(a) At this
stage, besides the formation of SFs and single deformation twins,
the formation of double deformation twins also becomes a
dominated plastic deformation behavior (marked by lots of “D”
in Figs. 7(b) and 7(c)). Moreover, a few of 5-fold deformation twins
are also observed at this large plastic deformation. 5-Fold defor-
mation twins were also reported in nanocrystalline Al and Cu
recently, and they were proposed to be formed by partial
dislocation-mediated sequential twinning [20,29–31]. Fig. 8 shows
the snapshots illustrating formation sequences of 5-fold twins. On
the basis of V-shaped double twins (see Fig. 8(a)), two partial
dislocations (b1 and b2) emitted from GBs or other sources glide
toward the intersecting point of the V-shaped double twins,
meeting with TB2 and resulting in formation of 3-fold twins (see
Fig. 8(b)). By dislocation dissociation and self-thickening, two
partial dislocations (b3 and b4) move away from the intersecting
position, resulting in formation of 5-fold twins (see Figs. 8(c) and 8
(d)). So the simulated snapshots indicate that the 5-fold twins are
formed by a combination of GB-mediated intersecting mechanism
and self-thickening twinning mechanism.
4. Concluding remarks

In the present study, large-scale MD simulations were per-
formed to illustrate the formation sequences and roles of multiple
twins during the plastic deformation of nanocrystalline fcc metals
with low stacking fault energy. At the onset of plasticity (5% of
tensile strain), the plastic deformation is completely accommo-
dated by partial dislocation behaviors and formation of SFs.
However, the single deformation twins are formed by successive
emissions of twinning partials on consecutive slip planes from GBs
at larger tensile strain (10%). With further increasing tensile strain
(20%), the formation of V-shaped and T-shaped double twins starts
to play a role on the plastic deformation. At very large tensile
strain (40%), the formation of double deformation twins also
becomes a dominated plastic deformation behavior, along with
formation of SFs and single deformation twins. Moreover, a few of
5-fold deformation twins are also observed at tensile strain of 40%.
Two common twinning mechanisms were proposed for the
formation of multiple twins recently: GB-mediated intersecting
mechanism [18,20] and self-partial-multiplication twinning



Fig. 8. Simulated snapshots illustrating the formation of 5-fold twins: at tensile strains of (a) 34%; (b) 35.8%; (c) 35.85%; and (d) 36%.

Fig. 7. (a) Simulated deformation pattern at 40% tensile strain (perfect fcc atoms are not shown in this figure). The corresponding amplified configurations for the marked
rectangular areas in (a) are shown in (b) and (c). The double twins are marked by “D”, and two 5-fold twins are also marked in the figure.
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mechanism [18,21,22]. The direct evidences of the formation
sequences for these two mechanisms are presented in the present
study. Moreover, the 5-fold twins are found to be formed by a
combination of GB-mediated intersecting mechanism and self-
thickening twinning mechanism. These multiple twins on one
hand carry a great amount of plastic deformation, and on the other
hand form hierarchical network obstacles to impede dislocation
motion for strengthening. Our findings contribute to the progress
of understanding for formation mechanisms of multiple twins in
nanocrystalline fcc metals with low stacking fault energy.
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