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Abstract: Based on molecular dynamics (MD) simulation, the mechanisms of plastic anisotropy in nanotwinned 
polycrystalline copper with {111} texture during tensile deformation were systematically studied from the aspects of 
Schmid factor of the dominant slip system and the dislocation mechanism. The results show that the Schmid factor of 
dominated slip system is altered by changing the inclining angle of the twin boundaries (TBs), while the yield stress or 
flow stress does not strictly follow the Schmid law. There exist hard and soft orientations involving different dislocation 
mechanisms during the tensile deformation. The strengthening mechanism of hard orientation lies in the fact that there 
exist interactions between the dislocations and the TBs during plastic deformation, which leads to the dislocation 
blocking and reactions. The softening mechanism of soft orientation lies in the fact that there is no interaction between 
the dislocations and the TBs because only the slip systems parallel to the TBs are activated and the dislocations slip on 
the planes parallel to the TBs. It is concluded that the plastic anisotropy in the nanotwinned polycrystalline copper with 
{111} texture is aroused by the combination effect of the Schmid factor of dominated slip system and the dislocation 
mechanism. 
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1 Introduction 
 

Ultrafine-grained polycrystalline copper with 
thin nanotwins embedded in individual grains has 
attracted much attention since it was synthesized in 
the last decade. The strength of the nanotwinned 
copper is 7−10 times higher than that of 
conventional coarse-grained polycrystalline copper. 
Meanwhile, the nanotwinned copper also possesses 
considerable ductility as well as excellent electrical 
conductivity [1−4]. More interestingly, both the 
grain size and the twin spacing were found to have 
a significant influence on the strength of such 
nanotwinned copper, but their influence is 
non-monotonous. In other words, the strength first 
increases with decreasing grain size or twin spacing 

and it reaches a maximum value at the grain size 
ranging from 10 to 15 nm or the twin spacing of 
15 nm. Then, it decreases with the further decrease 
of the grain size or the twin spacing [4,5]. The 
emergence of this class of nanostructured materials 
opens a way that obtains unprecedented properties 
by means of adjusting the coherent internal 
boundaries of materials [6−8]. As a consequence, 
this kind of unique nanotwinned structure has been 
intensively investigated over the past ten years. 
These studies are mainly focused on the 
mechanisms for the plastic deformation of the 
nanotwinned copper, and it has been evident that 
the twin boundary (TB), a special kind of 
coincidence site lattice boundary, plays a significant 
role during the plastic deformation of metals [9−15]. 
On one hand, the twin boundaries (TBs) could act  
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as the barriers to the motion of dislocations like 
conventional grain boundaries (GBs), which 
enhances the strength of materials [1,7,9]. On the 
other hand, the TB is also a slip plane, which could 
take part in the dislocation reactions to improve  
the ductility of materials [7,8,10−12,16−20]. LU  
et al [21] concluded that the deformation behavior 
in nanotwinned copper mainly results from four 
components, including the Shockley partial 
dislocations (SPDs) slipping at TBs, the sessile 
dislocations locked at TBs, the extended stacking 
faults terminated at TBs and threading dislocations 
in the matrix or twin lamellae. Among these 
components, the SPDs at TBs and the threading 
dislocations within matrix or twin lamellae are 
mobile dislocations, which contribute to the 
enhancement of the ductility. However, the 
extended stacking faults and dislocations locked at 
TBs are immobile ones, which lead to the work 
hardening and the ultrahigh strength. In addition, 
the influence of twin spacing and grain size on the 
strength has been deeply investigated as well. It has 
been found that the occurrence of maximum 
strength in the grain size variation is due to the  
shift from dislocation-dominated mechanism in 
coarse-grained materials to GB sliding-dominated 
mechanism in the nanocrystalline ones [5,22,23]. 
The emergence of maximum strength in the twin 
spacing variation is attributed to the transition of 
deformation mechanism from the occurrence of 
cross-slip and dissociation in lamellae with    
large twin spacing to the absence of cross-slip   
and dissociation in lamellae with small twin  
spacing [24]. Furthermore, the influence of some 
other factors, such as the strain rate, the temperature 
and the grain shape, has been investigated as   
well [18,25−28]. A newest investigation on a 
gradient nanotwinned copper with highly tunable 
structural gradients shows that increasing the 
structural gradient is able to substantially strengthen 
the nanotwinned materials [29]. As a consequence, 
the mechanisms of plastic deformation in the nano- 
twinned copper are very complicated and deserve 
further study. 

Recently, highly oriented nanotwinned 
polycrystalline copper has been synthesized [30]. 
This kind of material usually presents plastic 
anisotropy because its deformation mechanisms 
have a strong dependence on the loading orientation 

relative to the TBs. It has been reported that 
different mechanical properties were obtained when 
the highly nanotwinned copper is loaded at different 
orientations [31−34]. JANG et al [31] studied the 
deformation mechanisms in single crystalline 
nanotwinned copper nanopillars by virtue of 
experiment and atomistic simulation, and they 
found that the strength of the sample under the 
loading direction perpendicular to TBs is higher 
than that of the sample inclining 18° to the TBs. 
ZHAO et al [32] investigated the deformation 
twinning as well as dislocation evolution in single 
crystalline nanotwinned copper by means of 
molecular dynamics (MD) simulation, and they 
found that deformation twins are induced along one 
primary twinning system when the angle between 
the loading direction and the TBs is close to 75°, 
while symmetric twinning in both matrix and 
twinned lamellae is formed when the angle between 
the loading direction and the TBs is close to 90°. 
However, both of the above studies were related  
to the nanotwinned copper without GBs. YOU    
et al [33] investigated plastic anisotropy and 
associated deformation mechanisms in columnar- 
nanotwinned copper with {111} texture by means 
of experiment, crystal plastic finite element 
simulation and MD simulation, and they found that 
the operated deformation mechanism is able to be 
altered among three dislocation modes by changing 
the angle between the loading direction and the TBs. 
HUANG et al [34] studied the influence of TB tilt 
angle on the strength of columnar-nanotwinned 
copper by virtue of MD simulation. However, both 
of the above studies simplified the MD simulation 
models as the pure columnar grains without GBs in 
the dimension parallel to the direction of the 
columnar grain length during their MD simulations. 
Indeed, the nanotwinned polycrystalline copper 
obtained from experiments is usually composed of 
columnar grains with GBs in all the three 
dimensions [30,35]. It is well known that the GBs 
are the main initiation sites of dislocations during 
the plastic deformation of metal materials [36−38]. 
If the GBs in the dimension parallel to the direction 
of the columnar grain length are neglected, the 
dislocation emission mechanism will be altered 
during the simulation, which is incapable of 
reflecting the experimental results very well. As a 
consequence, the mechanisms of plastic anisotropy 



Yan-qiu ZHANG, Shu-yong JIANG/Trans. Nonferrous Met. Soc. China 31(2021) 1381−1396 

 

1383

in the nanotwinned polycrystalline copper with 
{111} texture and with GBs in three dimensions 
were investigated by means of MD simulation in 
the present study. 
 
2 Modeling and method 
 

In the present study, five simulation models 
with {111} texture were constructed for the purpose 
of investigating the mechanisms of plastic 
anisotropy in nanotwinned polycrystalline copper 
by means of Voronoi construction method [39], as 
shown in Fig. 1. Even if the grain shape in these 
models is not columnar, the GB conditions agree 
with the ones in the experiments, which is more 
important in investigating the deformation 
mechanisms. Each simulation model consists of 
eight grains with nanotwins, where the twinning 
plane is (111). All of the five models were 
constructed with the same size of 30 nm × 30 nm × 
30 nm and the same copper atoms of 2285899. 
Meanwhile, all of the models are {111}-textured 
and they possess the same grain shape, grain size 
and twin spacing in each corresponding grain. 
According to Ref. [5], the nanocrystalline copper 
exhibits the maximum strength at the grain size 
ranging from 10 to 15 nm, so the mean grain size of 
15 nm was set in the present study. Based on 
Ref. [4], the nanotwinned copper presents the 
maximum strength at the twin spacing of 1.25 nm 
when the grain size is 10 nm, while it exhibits the 
maximum strength at the twin spacing of 2.08 nm 

when the grain size is 20 nm. Therefore, the 
maximum strength should occur at the twin spacing 
ranging from 1.25 to 2.08 nm when the mean grain 
size is 15 nm. As a consequence, the twin spacing 
of 1.878 nm, which is equal to the length of   
three unit cells of copper in 111 direction 
( 3 3 1.878a  nm, where a=0.3615 nm is the 
lattice constant of copper) was selected in the 
present study. The only difference among the five 
simulation models lies in the TB inclining angle 
with respect to the z direction, where the angles of 
them were set to be 0°, 30°, 45°, 60° and 90°, 
respectively. The embedded-atom method (EAM) 
potential developed by MISHIN et al [40] was  
used to calculate the atomic interactions among 
copper atoms. This potential has been proven to  
be able to accurately reproduce the properties of 
copper [24,33,41]. Periodic boundary condition was 
imposed on all the three dimensions for the purpose 
of modeling bulk materials. All of the models were 
firstly minimized at 300 K by virtue of conjugate 
gradient method and then they were equilibrated for 
50 ps at the same temperature, during which the 
isobaric isothermal (NPT) ensemble was used. 
Subsequently, the models were heated to 600 K at 
the heating rate of 5 K/ps and then were annealed at 
this temperature for 50 ps before being cooled to 
300 K at the cooling rate of 5 K/ps. Finally, at a 
constant temperature of 300 K, all the models were 
loaded to a uniaxial tensile strain with a constant 
strain rate of 5×108 s−1 along z direction, while the 
NPT ensemble with zero stress was imposed on the 

 

 

Fig. 1 Simulation models with various TB inclining angles: (a) Atomic configurations; (b) Configurations with face- 

centered cubic (FCC) structure concealed (The atoms are coloured according to the common neighbour analysis (CNA), 

where the atoms coloured in blue represent the FCC structure, the atoms coloured in green stand for the grain 

boundaries, and the atoms coloured in red denote the hexagonal close-packed (HCP) structure) 
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other two directions so that the models are able to 
freely shrink or expand during the deformation. As 
a consequence, the five simulation models can be 
named after the angles between loading direction 
and the TBs, which are 0°, 30°, 45°, 60° and 90°, 
respectively. 

The MD simulation was performed using 
parallel MD package LAMMPS established by 
PLIMPTON [42]. During the simulation, a 
volume-averaged stress proposed by ZHANG and 
GHOSH [43] was used to study the global 
mechanical behaviors of the models, as expressed 
in the following equation: 
 

box

1
( ) ( )

N N
k k k k k

ij i j i j
k k

m v v r f
V


 

  
 
            (1) 

 
where i and j represent two axes in Cartesian 
coordinate, and they range from 1 to 3, respectively, 
k is used to identify an atom in a system consisting 
of N atoms, Vbox is the volume of the simulation  
box, k

iv  is component of velocity vector for atom 
k, k

ir  is component of position vector for atom k, 
mk is atomic mass of atom k, and k

jf  denotes the 
force imposing on atom k and it results from the 
pairwise interaction. 

The OVITO scientific software package was 
used in order to visualize the simulated 
configurations. For the purpose of visualizing the 
defects such as dislocations, stacking faults, twin 
boundaries and grain boundaries, atoms were 
expressed by various colours according to the local 
crystalline order by means of common neighbour 
analysis (CNA). In this study, the atoms coloured in 
blue represent the face-centered cubic (FCC) 
structure and the atoms coloured in green stand for 
grain boundaries, dislocation cores and other 
defects. However, the atoms coloured in red denote 
the hexagonal close-packed (HCP) structure, where 
one layer of red atoms represent twin boundary and 
two layers of red atoms adjacent to or separated by 
a layer of FCC atoms stand for stacking faults. 
Moreover, the dislocation extraction algorithm 
(DXA) proposed by STUKOWSKI [44] was 
adopted so as to characterize the dislocations. This 
algorithm is able to extract the dislocation lines and 
identify the corresponding Burgers vectors, which 
provide detailed information for the dislocation 
analysis. 

 
3 Results 
 
3.1 Anisotropic behaviors of plastic deformation 

Figure 2 shows the tensile stress–strain curves 
obtained from MD simulation. On these curves, the 
first peaks correspond to the yield stresses where 
dislocations are initially nucleated in the annealed 
models. When enough dislocations which can 
accommodate the steady plastic deformation are 
accumulated, the stresses of all the models drop to a 
lower level, which is defined as flow stress. From 
Fig. 2, it is observed that obviously plastic 
anisotropy appears during the tensile deformation 
of nanotwinned polycrystalline copper with {111} 
texture, which can be clearly observed in the yield 
stresses of the curves. In the case of 90°, the yield 
stress σ90 reaches a high value of 5.5 GPa, which is 
much higher than that of other angles, whereas in 
the case of 45°, the yield stress σ45 presents the 
lowest value of 1.9 GPa. However, when the angle 
between the loading direction and the TBs is 0°, the 
value of yield stress σ0 is between that of σ90 and  
σ45. In addition, the flow stresses of the above three 
cases follow the above law as well. This law is in 
accordance with the results obtained in the 
nanotwinned polycrystalline copper with {111} 
texture [33]. In the cases of 30° and 60°, the value 
of yield stress σ30 of 30° model is between those  
of 0° and 45°, while the value of 60° model is 
between those of 45° and 90°. However, the flow 
stresses of these two cases do not present above 
characteristics. 

 
3.2 Microstructural characteristics 

Figure 3 illustrates the atomic configurations 
 

 
Fig. 2 Tensile stress–strain curves obtained from MD 

simulation 
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Fig. 3 Atomic configurations of five models subjected to various strains: (a) 5%; (b) 10%; (c) 20%; (d) Magnifications 

of rectangular regions in (c) (ESF stands for extrinsic stacking fault) 

 
of the five simulation models subjected to various 
strains. It can be seen that the five models present 
different slip characteristics during the plastic 
deformation. In the cases of 0° and 90°, only the 
dislocations intersecting with TBs can be observed, 
while only the dislocations parallel to TBs are seen 
as for 45°. However, both the dislocations 
intersecting and the ones parallel to TBs are found 
in the cases of 30° and 60°. These phenomena 
indicate that the anisotropic behaviors of plastic 
deformation in nanotwinned polycrystalline copper 
with {111} texture are closely related to the 
mechanisms of dislocation nucleation and  
evolution. In addition, there exist many nanometer- 
sized steps at the TBs in all of the five models, as 
shown in positions pointed by the yellow arrows in 
Fig. 3(d). These steps cause the morphology of 
coherent TBs to change from flat to rough. In 
addition, it can be also observed from Fig. 3 that 
migration of TBs occurs in all of the models, which 
can be confirmed by the variations of twin spacing 
during the plastic deformation. 

Figure 4 shows the dislocation distributions of 
the five models at the strain of 20%. It can be noted 
that SPDs are dominant in all of the five models, 
and dislocations are mainly distributed between two 
adjacent TBs. There exists significant difference in 
the dislocation distribution among various models, 
and the dislocation density among various grains of 
the same model is different as well. These 
phenomena illustrate that the nucleation and 
evolution of dislocations are influenced by both the 
loading direction and the grain orientation in the 
nanotwinned polycrystalline copper with {111} 
texture. Furthermore, it can be observed from 
Figs. 4(b, c) that dislocations are mainly propagated 
along the direction parallel to the TBs, which 
indicates that the TBs act as the barriers of 
dislocation motion. 

In order to illustrate the above differences, the 
detailed information for dislocation evolution of 
three representative models with the inclining 
degree of 0°, 45° and 90° is captured, as shown   
in Figs. 5−7. It can be noted from Fig. 5 that in the 
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Fig. 4 Dislocation distributions in five models at strain of 20%: (a) Isometric view; (b) y view; (c) y view with interface 

mesh added 
 

 

Fig. 5 Detailed information for dislocation evolution in model with inclining degree of 0°: (a) Atomic configurations of 
interested grain; (b) Atomic configurations in (a) with FCC atoms concealed; (c) A−A profiles of atomic configurations 
in (b) with dislocations added (The evolution occurs from left to right (1−3)) 
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Fig. 6 Detailed information for dislocation evolution in model with inclining degree of 45°: (a) Atomic configurations 
of interested grain; (b) Atomic configurations in (a) with FCC atoms concealed; (c) A−A profiles of atomic 
configurations in (b) with dislocations added (The evolution occurs from left to right (1−3)) 
 

 
Fig. 7 Detailed information for dislocation evolution in model with inclining degree of 90°: (a) Atomic configurations 

of interested grain; (b) Atomic configurations in (a) with FCC atoms concealed; (c) Profile of atomic configurations in 

(b3) with dislocations added (The evolution in (a) and (b) occurs from left to right (1−3)) 
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case of 0°, the SPDs are initiated from the GBs and 
they are emitted in the directions inclining a certain 
angle to the TBs. When these SPDs encounter the 
TBs, they are impeded by TBs and new SPDs 
slipping on the TBs are induced, as shown in 
Fig. 5(c). It is the SPDs slipping on the TBs that 
form the steps on the TBs, as shown in the positions 
pointed by the yellow arrows in Fig. 5(a3) and the 
ones pointed by purple arrows in Fig. 5(b3). It can 
be found from Fig. 6 that in the case of 45°, the 
SPDs are initiated from GBs as well, but they are 
emitted and slip along the directions parallel to the 
TBs, as shown in Fig. 6(c). As a consequence, the 
steps on the TBs in this case result from the SPDs 
initiated from the junctions between GBs and TBs. 
In addition, no SPDs in other directions are 
observed except the ones parallel to the TBs. It can 
be observed from Fig. 7 that in the case of 90°, the 
SPDs are also initiated from the GBs and they are 
subsequently emitted in the directions inclining a 
certain degree to the TBs, which resembles the case 
of 0°. However, a great difference is observed after 
they encounter the TBs. In this case, a SPD 

hampered by the TB can be dissociated into two 
parts, where one part slips along the twin plane 
while the other part passes through the twin plane 
and joins in another dislocation emission process, 
which can be confirmed by Fig. 7(c). 
 
4 Discussion 
 

According to above results, it can be noted that 
the loading orientation has an important effect on 
the mechanical properties of nanotwinned poly- 
crystalline copper with {111} texture as well as its 
deformation mechanisms. In other words, there 
exists plastic anisotropy during the plastic 
deformation of nanotwinned polycrystalline copper 
with {111} texture. In general, the mechanisms of 
plastic anisotropy are closely related to the 
activated slip systems of a metal material [45−47]. 
In order to investigate the mechanisms for the 
plastic anisotropy, the primary slip systems in three 
representative models with the inclining angle of 0°, 
45° and 90° are illustrated in Fig. 8. In the case of 
0°, crystallographic orientations of the two lamellae 

 

 

Fig. 8 Primary slip systems in three representative models with inclining angle of 0° (a), 45° (b) and 90° (c):        

(a1, b1, c1) Double Thompson tetrahedron for twinned FCC structure; (a2, b2, c2) Primary slip systems; (a3, b3, c3) 

Shockley partial dislocations (SPDs) in primary slip systems; (a4, b4, c4) Simulated results 
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(matrix lamella and twin lamella) on both sides of a 
TB are symmetrical about the loading direction, so 
they possess the same distribution of Schmid  
factor. As a consequence, the primary slip systems, 
i.e. the slip systems whose Schmid factor is the 
highest in matrix or twin lamellae, are those on the 
slip planes intersecting with TB and simultaneously 
with the slip directions parallel to TB [48], as 
depicted in Fig. 8(a). According to the double 
Thompson tetrahedron in Fig. 8(a), the primary slip 
systems in the matrix should be one of the three slip 
vectors ( AB


, BC


and CA


) on the slip plane ABC, 
depending on the angle between the loading 
direction and the corresponding vector. In the 
present study, BC


 is supposed to be the primary 

slip system of the matrix, and then B C 


 should be 
the primary slip system of the twin. For the purpose 
of convenience, such slip systems are represented 
as S1 in the following text. In the case of 45°, the 
primary slip systems of the two lamellae on both 
sides of TB possess the slip planes and the slip 
directions parallel to the TBs, as illustrated in 
Fig. 8(b). According to the double Thompson 
tetrahedron in Fig. 8(b), the primary slip systems in 
the matrix should be one of the three slip vectors 
( AB


, BC


 and CA


) on the slip plane ABC, 
depending on the angle between the loading 
direction and the corresponding vector. If the slip 
vector AC


 is supposed to be primary slip system 

in the matrix, and then the slip vector A C 


 should 
be the primary slip system in the twin. For 
convenience, such slip systems are specified as S2 
in the following text. As for the case of 90°, the 
loading direction is normal to the TBs, so the 
primary slip systems of the two lamellae on both 
sides of a TB could be any one on slip planes 
intersecting with the TBs, as shown in Fig. 8(c). 
According to the double Thompson tetrahedron in 
Fig. 8(c), the primary slip systems in the matrix 
should be any one of the three slip vectors ( DA


, 

DB


 and DC


) because they have the same 
inclining angles with respect to the loading 
direction and the slip planes in which they are 
located also have the same inclining angles with 
respect to loading direction. As a consequence, such 
multiple-slip systems are denoted as S3 in the 
following text. To simplify, only a pair of 
representative slip systems, i.e. DA


 on the slip 

plane ACD and D A 


 on the slip plane A'C'D', are 
sketched in Fig. 8(c). All of the above slip systems 

are represented by the perfect dislocations. Indeed, 
a perfect dislocation slip in the metal materials is 
usually realized by the slip of two SPDs. In other 
words, a perfect dislocation is able to be dissociated 
into two SPDs, as shown in Figs. 8(a3, b3, c3), which 
can be confirmed by the corresponding simulated 
results shown in Figs. 8(a4, b4, c4). As a consequence, 
SPDs are observed to be dominant during the 
plastic deformation of all the five models. 

Based on the above analysis, it can be noted 
that the behaviors of plastic anisotropy in nano- 
twinned polycrystalline copper with {111} texture 
are affected by the combination of loading 
orientation and the dominated slip systems. 
Figure 9 illustrates the distributions of Schmid 
factor in the operated slip systems of the three 
representative models. It can be seen that the S2 
slip system dominating in the 45° model possesses 
the highest Schmid factor, while the S3 slip system 
operating in the 90° model has the lowest values of 
Schmid factor. The Schmid factor of S1 slip 
systems dominating in the 0° model is between 
those of S2 and S3 slip systems and they are closer 
to those of S2 slip system. This agrees with the laws 
of tensile stress–strain curves shown in Fig. 2. 
However, these values of Schmid factor are not 
inversely proportional to the yield stresses or the 
flow stresses of the three models. As a consequence, 
the plastic anisotropy of nanotwinned poly- 
crystalline copper with {111} texture must be 
influenced by some other factors. 

In order to investigate the other factors that 
influence the behaviors of plastic anisotropy in 
nanotwinned polycrystalline copper with {111}  
 

 
Fig. 9 Distributions of Schmid factor in operated slip 

systems of three representative models with different 

inclining angles 
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texture, schematic illustrations for the dislocation 
nucleation, evolution and interactions in the three 
representative models are drawn based on the 
aforementioned results and analysis. Figure 10(a) 
gives the schematic illustration for the dislocation 
nucleation, evolution and interaction in the model 
with the inclining angle of 0°, where αC is firstly 
initiated from the GB as a leading partial 
dislocation and Bα is subsequently emitted from the 
GB as a trailing partial dislocation. It is well known 
that the slip of a leading partial dislocation can 
induce an intrinsic stacking fault (ISF) (two 
adjacent layers of HCP atoms in the configurations, 
as illustrated in Fig. 11(a)) in its sweeping region, 
while a trailing partial dislocation behind it is    
able to eliminate the ISF induced by the leading  
one [49−51]. As a result, there exists an ISF region 
between the leading and trailing partial dislocations, 
as shown in Fig. 10(a1). This pair of SPDs slip in 
the matrix and finally encounter the TB, where a 
perfect dislocation BC is formed and it is blocked at 
the TB, as shown in Fig. 10(a2). Similarly, a pair of 

SPDs including the leading partial dislocation α'C' 
and the trailing partial dislocation B'α' are emitted 
from the GB and they slip in the twin, as shown 
Fig. 10(a1). Finally, a perfect dislocation B'C' is 
formed and blocked at the TB when they encounter 
the TB, as shown Fig. 10(a2). According to Fig. 3 
and Fig. 5, many SPDs slipping on the TB planes 
have been induced. Because the normal direction of 
the TB planes in this case is perpendicular to the 
loading one, the Schmid factor of slip systems on 
these planes should be zero and no dislocations 
could be induced under the loading stress in this 
case. Consequently, the dislocations slipping on the 
TB planes should be induced by dislocation 
dissociation rather than the loading stress in the 
case of 0°. As a result, this phenomenon can be 
explained as follows. With the increase of density 
of the blocked dislocations, stress concentration is 
induced at the sites where the dislocations are 
blocked, which triggers the dissociation of the 
perfect dislocations BC or B'C'. This dislocation 
reaction can be expressed as 

 

 

Fig. 10 Schematic illustrations for dislocation nucleation, evolution and interaction in three representative models with 

inclining angle of 0° (a), 45° (b) and 90° (c) (The evolution in (a), (b) and (c) occurs from left to right of 1−4, 1−3 and 

1−5, respectively) 
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Fig. 11 Schematic illustrations for evolution of plane defects in nanotwinned polycrystalline copper with {111} texture: 

(a) Typical plane defects in FCC crystal; (b) Formation of step at TB and migration of TB; (c) Formation of ESF 

induced by TB migration 

 

BC=δC+Bδ                              (2) 
 
or 
 
B′C′=δ′C′+B′δ′                           (3) 
 

As a consequence, a pair of SPDs including 
the leading partial dislocation δC (δ'C') and the 
trailing partial dislocation Bδ (B'δ') are emitted 
from the blocked site and then they slip on the TB 
plane. Because the ISF is characterized by two 
layers of HCP atoms and the TB is only composed 
of one layer of HCP atoms, the slip of SPDs on the 
TB planes results in the annihilation of the initial 
TBs and the emergence of new TBs adjacent to the 
initial ones. Therefore, the steps can be observed 
before the SPDs encounter the GBs, while only the 
migration of TBs is able to be seen when the SPDs 
intersect with the GBs, as illustrated in Fig. 11(b). If 
a TB is migrated near another one and there exists 
only one layer of FCC atoms between the two TBs, 
an extrinsic stacking fault (ESF) will be observed, 
as illustrated in Fig. 11(c). This kind of ESF has 
been observed in the model with the inclining angle 
of 45°, as shown in Fig. 3(d) and Fig. 6(a). 

Figure 10(b) shows the schematic illustration 
for the dislocation nucleation and evolution in the 

model with the inclining angle of 45°, where δC is 
firstly initiated from the GB as the leading partial 
dislocation and Aδ is subsequently emitted from the 
GB as the trailing partial dislocation. Meanwhile, a 
pair of SPDs including leading partial dislocation 
δ'C' and the trailing partial dislocation A'δ' are 
successively emitted from the GB. The above two 
pairs of SPDs slip in the matrix and the twin, 
respectively, until they intersect with the other side 
of the GB. If these SPDs are initiated at the 
junctions between the GBs and the TBs (as 
dislocations δC (δ'C') and Aδ (A'δ') shown in 
Fig. 10(b)), the steps at TBs or the migration of TBs 
illustrated in Fig. 11(b) will be observed. 

Figure 10(c) shows the schematic illustration 
for the dislocation nucleation, evolution and 
interaction in the model with the inclining angle of 
90°, where a pair of SPDs including the leading 
partial dislocation βA and the trailing partial 
dislocation Dβ is successively initiated from    
the GB. They slip in the matrix and are constricted 
into a full dislocation DA (as shown in 
Figs. 10(c1, c2)) when they encounter the TB. 
Subsequently, the dislocation DA is blocked by the 
TB and then the following dislocation dissociation 
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reaction occurs at the intersection site with 
increasing stress [1,2,17]: 
 
DA=Dδ+δA (1/2[101]M→ M1/6[121] +1/3[111]M) (4) 
 

After this reaction, the generated sessile Frank 
dislocation Dδ is pinned at the TB while the glissile 
SPD δA slips at the TB (as shown in Fig. 10(c3)), 
which results in the steps at the TB or the migration 
of TB illustrated in Fig. 11(b). The TB steps and  
the migration of TBs have been observed in 
experiment [52]. If the SPD δA encounters the 
pinned Frank dislocation Dδ during the slipping, it 
will be blocked as well and the blocked site may 
become the source of a new SPD, as shown in 
Fig. 7(c). It has been confirmed by the experiments 
that steps at TBs are also the stress concentration 
sites and they can trigger the emission of 
dislocations as well [53,54]. The dissociation of 
dislocation is energetically unfavorable and requires 
a higher stress concentration to trigger it, so 
strengthening occurs in this case. With further 
proceeding of deformation, more and more 
dislocations are blocked at the intersection sites 
between the dislocations and the TBs, which results 
in such a much higher stress concentration at these 
sites that some hampered dislocations may pass 
through the TBs by means of the following reaction 
and participate in the dislocation emission in the 
twin [19,55]: 
 
DA=C′D′+B′δ′  

(1/2[101]M→ T1/2[011] + T1/6[1 12] )      (5) 
 

By means of the above reaction, a dislocation 
C'D' glides into the twin lamella and 
simultaneously the SPD B'δ' slips along the TB, 
which leads to the increase of step height and the 
further migration of the TB, as illustrated in 
Fig. 10(c4), where the perfect dislocation C'D' is 
emitted in the form of a pair of SPDs including the 
leading partial dislocation β'D' and the trailing 
partial dislocation C'β'. With the further proceeding 
of deformation, the aforementioned dislocation 
reactions occur successively in the adjacent matrix 
and twin lamellae, which realizes the plastic 
deformation in the whole grain. 

Based on the aforementioned analysis, it can 
be concluded that the occurrence of strengthening 
in the models with the inclining angles of 0° and 
90° is associated with not only the Schmid factor 
but also the dislocation reaction induced by the 

dislocation block. In the case of 0°, only one kind 
of dislocation reaction is generated at the blocked 
sites, while two kinds of dislocation reactions occur 
in the case of 90°. In addition, the dislocation 
reactions in the case of 90° occur successively at 
each TB so that the plastic deformation is induced 
in the whole grain, which requires much higher 
stress to pass through each blocked site. As a 
consequence, the model with the inclining angle of 
90° presents much more considerable strengthening 
behavior shown in Fig. 2. 

It has been well known that there exist    
hard and soft orientations during the uniaxial 
deformation of anisotropic materials. The hard 
orientation can provide strengthening effect for the 
materials under uniaxial deformation, which results 
in higher yield stress of the materials. The soft 
orientation can bring soft effect to the materials 
under uniaxial deformation, which leads to the 
lower strength of materials. Based on the afore- 
mentioned results and analysis, the nanotwinned 
polycrystalline copper with {111} texture presents 
hardening behavior when the inclining angles of the 
TBs to the loading direction are 0° and 90°, while it 
exhibits soft behavior when the inclining angle is 
45°. As a consequence, in the nanotwinned 
polycrystalline copper with {111} texture, the 
orientations with the inclining angles of 0° and 90° 
are the hard orientations and the orientation with 
the inclining angle of 45° is the soft one. The 
existence of hard and soft orientations is a key 
factor that leads to the plastic anisotropy of the 
nanotwinned polycrystalline copper with {111} 
texture. 

On the basis of above simulated results and 
analysis, it is not denied that the dislocation 
behaviors and plastic mechanisms of nanotwinned 
polycrystalline copper with {111} texture vary with 
the angle between the loading direction and the  
TBs, i.e. the TB inclining angle, as summarized in 
Fig. 12. It can be seen that in the case of 0°, S1 slip 
system is dominant and the TB steps are induced by 
the SPDs resulting from a kind of dislocation 
reaction, which requires a higher stress. In the  
case of 45°, S2 slip system governs the plastic 
deformation and the TB steps come from the slip of 
this system. In the case of 90°, S3 slip system is 
dominating in the plastic deformation and the steps 
result from two kinds of dislocation reactions, 
which need much higher stress. In addition, the 
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Fig. 12 General dislocation behaviors (a) and plastic mechanisms (b) of nanotwinned polycrystalline copper with {111} 

texture at TB inclining angles from 0° to 90° (In (b), the red lines represent the TBs, the blue lines stand for the SPDs 

induced by S1 slip system, the green lines denote the SPDs induced by the S2 slip system, and the purple lines describe 

the SPDs induced by S3 slip systems) 

 
Schmid factor fi (i=0, 45 and 90) of dominant slip 
systems in the three cases follow the sequence of 
f45>f0>f90, as illustrated in Fig. 9. As a result, the 
case of 90° presents much higher level of yield 
stress and the case of 45° plays the lowest level of 
yield stress, while the yield stress in the case of 0° 
is between those of the above two cases, as shown 
in Fig. 2. This agrees with previous investigations 
on the columnar-nanotwinned copper with {111} 
texture, where the cases of 90° and 0° are regarded 
as the hard models and the case of 45° is treated as 
the soft model [31,33,56]. As for the case of 30°, 
both the characteristics of 0° and 45° models are 
observed from Fig. 12(a), so the plastic deformation 
in this case is operated by the combination of S1 
and S2 slip systems. As for the case of 60°, the 
evolution behaviors present the characteristics of 
both 45° and 90° models, and thereby S2 and S3 
slip systems cooperatively control the plastic 
deformation of this case. As a consequence, the 
yield stress of 30° model is between those of the 0° 
and 45° cases and yield stress of 60° model is 
between those of the 45° and 90° cases, which 
confirms the simulated results in Fig. 2. 
 
5 Conclusions 
 

(1) The nanotwinned polycrystalline copper 

with {111} texture presents obvious plastic 
anisotropy during tensile deformation. The 
mechanisms of this plastic anisotropy are revealed 
from the aspects of the Schmid factor of dominant 
slip system as well as dislocation mechanism based 
on MD simulation. 

(2) The plastic anisotropy in the nanotwinned 
polycrystalline copper with {111} texture is closely 
related to the Schmid factor of dominated slip 
system, which is altered by changing the inclining 
angle of the TBs. However, the yield stress or the 
flow stress of the nanotwinned polycrystalline 
copper with {111} texture does not strictly follow 
the Schmid law, which indicates that the plastic 
anisotropy of nanotwinned polycrystalline copper 
with {111} texture is not influenced by the Schmid 
factor alone. 

(3) In addition to the Schmid factor of 
dominant slip system, the plastic anisotropy in the 
nanotwinned polycrystalline copper with {111} 
texture is also aroused by the different dislocation 
mechanisms in the orientations with different TB 
inclining angles. In the nanotwinned polycrystalline 
copper with {111} texture, the orientations with the 
inclining angles of 0° and 90° are the hard 
orientations and the orientation with the inclining 
angle of 45° is the soft one. The strengthening 
mechanism of hard orientation in the nanotwinned 
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polycrystal copper with {111} texture lies in the 
fact that there exist interactions between the 
dislocations and the TBs during plastic deformation, 
which leads to the dislocation blocking and 
reactions. However, the softening mechanism of 
soft orientation in the nanotwinned polycrystal 
copper with {111} texture lies in the fact that there 
is no interaction between the dislocations and the 
TBs because only the slip systems parallel to the 
TBs are activated and the dislocations slip on the 
planes parallel to the TBs. 
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含有{111}织构的纳米孪晶多晶铜在拉伸变形过程中 
塑性各向异性机制的分子动力学模拟 
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摘  要：基于分子动力学模拟，从主导滑移系的斯密特因子和位错机制两个方面系统研究含有{111}织构的纳米

孪晶多晶铜在拉伸变形过程中的塑性各向异性机制。结果表明：主导滑移系的斯密特因子随着孪晶界倾角的改变

而变化，但屈服应力或流动应力并不严格遵守斯密特定律。在拉伸变形过程中存在涉及不同位错机制的硬取向和

软取向。硬取向的硬化机制在于塑性变形过程中存在位错与孪晶界之间的相互作用，从而导致位错塞积和位错反

应。软取向的软化机制在于没有位错与孪晶界之间的相互作用，这是由于只有平行于孪晶界的滑移系被激活，使

得位错在平行于孪晶界的晶面上运动。因此，可以推断，含有{111}织构的纳米孪晶多晶铜的塑性各向异性是由

主导滑移系的斯密特因子与位错机制共同作用的结果。 
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