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Twin boundary spacing-dependent friction in nanotwinned copper
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The deformation mechanisms of nanotwinned Cu subjected to nanoscratching are investigated by means of
molecular dynamics simulations. Scratching simulations on nanotwinned single-crystalline Cu with the twin
planes parallel and perpendicular to the scratching direction are performed. Since the detwinning mechanism
is completely suppressed in the former case, no apparent correlation between frictional coefficient and the
twin spacing is observed. In samples where the twin planes are perpendicular to the scratching direction,
the friction increases as the twin spacing decreases, and then decreases as the twin spacings become even
smaller. It results from the competitive plastic deformation between the inclined dislocations and the detwinning
mechanism. Subsequent simulations for nanotwinned polycrystalline Cu unveil that in addition to the grain-
boundary-associated deformation mechanism, dislocation-mediated detwinning plays a significant role in the
plastic deformation of nanotwinned Cu. The twin boundary spacing in turn affects nanotwinned materials to
resist scratching via plastic deformation. We demonstrate via the nanoscratching tests that there exists a critical
twin boundary spacing for which the friction coefficient is maximized and that this transition results from the
competing deformation mechanisms in those nanotwinned materials.
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I. INTRODUCTION

Nanotwinned (nt) Cu containing a high density of growth
twin boundaries (TBs) has drawn a wide range of interest due
to its high strength, intermediate ductility, and high electric
conductivity in comparison with its twin-free counterpart.1,2

There is a compelling need to understand the atomic origin of
the unique mechanical properties of nt Cu. Both experimental
and theoretical efforts have been made in investigating the
deformation behavior of nt Cu subjected to different loading
modes, including tension, rolling, and nanoindentation.3–12 It
is found that the high strength of nt Cu is a result of TBs acting
as effective obstacles to dislocation motion, while the eminent
ductility is owing to the enhanced dislocation nucleation sites
provided by TBs. To date, limited information is known about
the deformation mechanism of nt Cu during wear process.
For its promising applications as functional structures, a
fundamental understanding of the deformation mechanism of
nt Cu during wear is greatly needed. The purpose of this work
is to unveil the origin of wear for nt Cu at the nanoscale, which
is expected to advance our understanding of the atomic nature
of tribological behavior of nanostructured materials.13–18

Recent experimental tests and atomistic simulations have
shown that the strength of nt Cu has a strong dependence
on twin boundary spacing (TBS).19–21 The strength of nt Cu
first increases with decreasing TBS in a Hall-Petch manner.
However, after reaching the maximum strength at the critical
TBS, strength softening occurs when TBS further decreases.19

In addition, it is found that the critical TBS depends on grain
size; i.e., the smaller the grain size, the smaller the critical
twin thickness.12,22 Therefore, it is of great interest to study
the effect of TBS on the wear of nt Cu.

In this study, we elucidate the TBS-dependent deformation
mechanisms that work in nt Cu subjected to nanoscratching

using molecular dynamics (MD) simulations. We start with
rather simple nanotwinned single-crystalline Cu with twin
planes either perpendicular or parallel to the surface. Our
simulations suggest that both the TBS and the inclined angle
between the surface and twin planes strongly affect the
operating deformation modes. More practical nanotwinned
polycrystalline Cu is then simulated, where dislocations in-
clined to twin planes, dislocation-accommodated detwinning,
and grain boundary (GB) associated mechanisms start to
interplay with each other. Based on those investigations, we
unveil that TBS has a strong influence on the deformation
mechanism and resulting surface morphology of nt Cu. A
critical TBS for the maximum friction coefficient is discov-
ered. This “optimal” frictional behavior results from the plastic
deformation transition.12,22,23

II. SIMULATION METHOD

Preparations for nanotwinned single-crystalline Cu samples
are relatively straightforward. Two particular twin plane
orientations are considered: The twin planes are perpendicular
to the scratching direction in one set, and those in the other
set are parallel to the scratching direction. For each set of nt
single-crystalline Cu, six samples with different twin spacing
are considered. The twin spacings are 0.63 nm, 1.25 nm,
1.88 nm, 2.50 nm, 3.10 nm, and 3.75 nm. For nt polycrys-
talline Cu, five fully three-dimensional samples composed of
nanoscale TBs with different TBS embedded in grains, from
0.63 nm, 1.25 nm, 1.67 nm, 2.92 nm, to 3.75 nm, are prepared
by using the Voronoi construction. The grain structure for each
nt Cu sample is the same, and each sample contains 12 grains
with an average grain size of 10 nm, and correspondingly
the atomic structure of the five samples is shown in Fig. 1.
The dimension for each nt Cu sample is 30 nm by 10 nm by
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FIG. 1. (Color online) Atomic configurations of (a)–(e) nt Cu and (f) single-crystalline Cu samples. The TBS for each nt Cu sample is
(a) spacing 1 of 0.63 nm, (b) spacing 2 of 1.25 nm, (c) spacing 3 of 1.67 nm, (d) spacing 4 of 2.92 nm, and (e) spacing 5 of 3.75 nm. Blue,
green, and gray stand for TB atoms, fcc atoms, and surface and GB atoms, respectively. (g) Illustration for the scratching process.

30 nm in the X, Y , and Z directions, respectively. The atomic
interactions between face-centered-cubic (fcc) Cu atoms are
described by the embedded atom method potential.24 Periodic
boundary conditions are applied in the X and Z directions.
Prior to nanoscratching, the as-created nt Cu samples are first
relaxed to their equilibrium configurations by the following
procedure: The atoms in the samples are first relaxed to their
minimum energy configurations using the FIRE (fast inertia
relaxation engine) algorithm.25 Then the samples are heated
up to 30 K by dynamic MD simulation using the Nose-Hoover
thermostat for 40 ps in the isothermal-isobaric NPT ensemble.

The equilibrated Cu samples are then subjected to nano-
scratching using a spherical diamond probe with a radius of
4 nm in the microcanonical NVE ensemble. The interaction
between the probe and the samples is represented by a strong
repulsive potential.26 During nanoscratching, the probe first
penetrates into the Cu sample by 1.39 nm along the negative Y

direction at a constant velocity of 20 m/s, and then scratches
12.22 nm along the negative X direction at a constant velocity
of 20 m/s. Figure 1(g) illustrates the scratching process.

All MD simulations are completed using the classical
molecular dynamics package IMD with a time step of 1 fs.27

The software OVITO is utilized to visualize MD data and
generate MD snapshots.28 The common neighbor analysis
(CNA) is adopted to identify the feature of each atom
before and after deformation during nanoscratching, and the
difference between intrinsic stacking fault (ISF) and TB is
further distinguished.29,30 In this study, atoms are colored
based on the following protocol: Green stands for fcc atoms,
red for ISF atoms, blue for TBs atoms, and gray for other atoms
which include surface atoms, GB atoms, and dislocation cores.

III. SCRATCHING RESPONSE IN nt
SINGLE-CRYSTALLINE Cu

We start with understanding rather simple nanotwinned
single-crystalline Cu where twin planes are either parallel
or perpendicular to the scratching direction. For the case of
parallel twins (with respect to the scratching direction), there
is no apparent change in the frictional coefficient as the twin
spacings decrease from 3.75 nm to 0.63 nm [Fig. 2(a)]. By
looking at the detailed deformation process, we see that plastic
deformation in these samples is dominated by dislocations
nucleated from the free surface and inclined to twin planes
[Figs. 2(b) to 2(g)]. The existence of twin boundaries only
influences those dislocations which pass through the twin

boundaries, and the fraction of such dislocations is small.
This deformation mechanism leads to almost no change in
the frictional coefficient as the twin spacings decrease. As a
comparison, scratching in nanotwinned single-crystalline cop-
per with perpendicular twin planes (with respect to scratching
direction) is also investigated. The frictional coefficient first
increases as the twin spacing decreases, and then decreases
as twin spacings become even smaller [Fig. 2(h)]. From the
deformation snapshots given in Figs. 2(i) to 2(n), we see
that there exist two types of competitive dislocation activities,
with one being inclined to the twin boundaries and the other
parallel to the twin boundaries. The competition of these two
mechanisms resembles what has been seen in nanotwinned
polycrystalline metals,12,22,23 which gives rise to a maximum
friction coefficient at a certain twin spacing seen in Fig. 2(h).

IV. FRICTIONAL BEHAVIOR IN
nt POLYCRYSTALLINE Cu

With the understanding we developed in Sec. III in
nanotwinned single-crystalline Cu, we analyze more practical
nanotwinned polycrystalline Cu here. Figures 3(a) and 3(b)
show the cross-sectional views of spacing 5 before and after
penetration, respectively. For all nt Cu samples studied the
penetration positions are the same, at the center surface of
the grain indicated by white arrow in Fig. 3(a). The Cu
sample undergoes elastic deformation during the initial stage
of penetration, followed by plastic deformation through the
nucleation of dislocations from the penetrated surface. It is
seen from Fig. 3(b) that dislocation motion is blocked by
TBs and GBs, and the TB beneath the probe is dislocated
by the penetration of a nucleated dislocation inclined to the
twin plane. Simultaneously, the grain structure beneath the
probe undergoes a significant change. The GB on the right
side of penetration region is deformed remarkably, as shown
in Fig. 3(b). In addition, dislocation intersecting with TBs in
neighboring grains is also observed. The detailed description
of deformation of nt Cu during penetration can also be found
in Ref. 10.

In nanoscratching the force acting on the probe is composed
of three components: scratching force along the X direction,
normal force along the Y direction, and lateral force along
the Z direction. We follow the normal definition of friction
coefficient as the ratio of scratching force to normal force.
Figure 4(a) shows the friction coefficient versus scratching
length curves obtained from nanoscratching on respective
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FIG. 2. (Color online) Frictional behavior in nt single-crystalline Cu samples with different TBS. (a) Dependence of frictional coefficient
and [(b)–(g)] deformation snapshots on twin spacing for nt single-crystalline Cu where twin planes are parallel to the scratching direction.
(h) Dependence of frictional coefficient and [(i)–(n)] deformation snapshots on twin spacing for nt single-crystalline Cu where twin planes are
perpendicular to the scratching direction. Perfect fcc atoms are eliminated in (b)–(g) and (i)–(n) to show defect structures clearly.

nt Cu and single-crystal Cu samples. The scratching route
illustrated in Fig. 4(b) involves three grains and crosses two
GBs, which is the same for each nt Cu sample studied. The
curves show common features: Frictional resistance increases
rapidly at the beginning stage of nanoscratching, and then
fluctuates strongly about a constant average value when
scratching is stable. In addition, Fig. 4(a) demonstrates that
the friction coefficient increases to a local high value when the
bottom of probe is approaching GBs for all nt Cu samples

studied. Figure 4(c) shows the constant average values of
the friction coefficient between scratching lengths of 4.70 nm
and 12.22 nm for nt Cu samples. The error bars present the
lowest and highest values within the same range of scratching
length for each nt Cu sample. The latter stage of fluctuation
in the frictional coefficient is attributed to the inhomogeneous
nature of plastic deformation during nanoscale scratching, and
the constant average value depends strongly on TBS: It first
increases with increasing TBS, and reaches the maximum for
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FIG. 3. (Color online) Cross-sectional views of spacing 5 (a)
before penetration and (b) after penetration. The white arrow in (a)
indicates the penetration position.

spacing 4 with a TBS of 2.92 nm, then decreases with further
increase in TBS. This indicates that there exists a critical
TBS of 2.92 nm for which the constant average value of
friction coefficient is maximized. We note, however, that this
might be only a local maximum, since the friction coefficient
for the single-crystalline Cu is the largest of all; i.e., for
very large TBS another increase in the friction coefficient
has to be expected, due to a change in the deformation
mechanism, because single-crystalline Cu deforms exclusively

(a)

(b) (c)

FIG. 4. (Color online) Nanoscratching on nt Cu samples with
different TBS. (a) Friction coefficient–scratching length curves.
(b) Illustration of scratching route. Atoms in different grains are
colored differently. (c) Variations in average friction coefficient with
TBS, and error bars present the lowest and highest values within
the same range of scratching length between 4.70 nm and 12.22
nm. The average friction coefficients of single-crystalline and nt
Cu samples are presented by using the circle and square symbols,
respectively.

(a) (b)

FIG. 5. (Color online) Variations in normalized numbers of
(a) TB and (b) ISF atoms at different periods during nanoscratching
on nt Cu samples. The normalized number is defined as the ratio
between the change in number and the initial number of different
atom types.

by dislocation motion. Furthermore, we have to expect that the
exact value of the critical TBS depends on the diameter of the
indenter and also on the indentation depth.

Figures 5(a) and 5(b) plot the variations in normalized
numbers of TB and ISF atoms at different periods during
nanoscratching on nt Cu samples, respectively. It is seen that
when TBS is below or equal to the critical value, the number
of TB atoms decreases accompanied with an increase in the
number of ISF atoms during nanoscratching. In addition, the
decrease in the number of TB atoms is more pronounced
for smaller TBS. In contrast, the number of TB atoms is
increased after nanoscratching on spacing 5, the TBS of
which is larger than the critical value. This suggests that
the critical TBS for the maximum constant average value of
friction coefficient is contributed by the strong competition of
twinning migration (dislocations residing in twin planes) and
nucleation of isolated dislocations either parallel or inclined
to twin planes. Specifically, nucleation of isolated dislocations
plays a more pronounced role in the plastic deformation of nt
Cu when TBS is larger than the critical value.

Figure 6 shows the cross-sectional views of various Cu
samples after nanoscratching, demonstrating that TBS has
a significant influence on the deformation mechanism of nt
Cu samples. It is seen that in the nt Cu samples with larger
TBS, dislocation density is smaller, while evolution of grain
structure beneath the scratched surface is more pronounced.
Figures 6(a) to 6(c) demonstrate that partial dislocations
mainly glide parallel to TBs—twin boundary migration, which
is evident by checking the reduced twin boundaries in the
middle of the two grains in those snapshots. Widening of TBS
in the neighboring grain is highlighted by the white arrow in
comparison with other grains. However, nucleation of isolated
partial dislocations either parallel or inclined to twin planes is
dominant when TBS is larger, as shown in Figs. 6(d) and 6(e).
Figure 6(e) also demonstrates the formation of mechanical
TBs, highlighted by white arrow. This demonstrates that
the influence of TBS on dislocation activities shown in nt
single-crystalline Cu is also effective with the presence of
GBs.

Figure 7(a) shows the evolution of different kinds of atoms
with scratching distance during nanoscratching on spacing
5. The reduced number is calculated by subtracting the
base number before scratching using the measured number.
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FIG. 6. (Color online) Cross-sectional views of Cu samples after nanoscratching. (a) Spacing 1, (b) spacing 2, (c) spacing 3, (d) spacing
4, (e) spacing 5, and (f) single crystalline. The white arrows in (a) and (e) highlight the widening of TBS and formation of mechanical TB,
respectively.

Figure 7(a) shows that individual deformation mechanisms
such as the dislocation mechanism, GB-associated mecha-
nism, deformation twinning, and TB-associated mechanism
work in parallel in the plastic deformation of the nt Cu sample
during nanoscratching. In zone I, an increase in fcc atoms
accompanied with a decrease in ISF atoms indicates that
plastic deformation is dominated by annihilation of partial
dislocations. Figure 7(b) shows a dislocation inclined to the
TB in zone I. The TB loses its coherency accompanied by
the formation of twinning partial dislocation. In contrast,
plastic deformation in zone II is dominated by dislocation
nucleation and subsequent propagation, as ISF atoms and other
atoms increase monotonously. Figure 7(c) shows that a partial
dislocation glides parallel to the TB after being nucleated
from the GB-TB intersection. In zone III, a strong competition
among several deformation mechanisms is discovered. During
the initial period, ISF atoms keep decreasing while TB
atoms increase with a larger slope than other atoms, indi-
cating that plastic deformation is dominated by deformation
twinning. However, at the period highlighted by the dashed
ellipse, an increase in other atoms is accompanied with a
decrease in both TB and ISF atoms, suggesting that plastic
deformation is mediated dominantly by the GB-associated
mechanism. In zone IV, although the conspicuous increase
in ISF atoms indicates that the dislocation mechanism is one
major deformation mechanism, the unchanged number of other

atoms reveals that the GB-associated mechanism is another
mediating deformation mode, which has strong competition
with the dislocation mechanism.

Figure 8 shows the resulting surface morphologies of
various Cu samples after nanoscratching. Atoms are colored
according to atomic height. It is seen that the single-crystalline
Cu sample possesses a larger volume of surface pileup than
nt Cu samples. For nt Cu samples, surface pileup is more
pronounced with a larger TBS. It is known that surface pileup
results from the accumulation of surface steps formed when
the motion of dislocation gliding on 〈1–10〉{111} slip systems
terminates at the surface31 and that the pileup formation is more
pronounced in materials with less work hardening. From the
MD simulation we conclude that the stronger work hardening
in the nt materials is caused by frequent dislocation–twin
boundary interactions. While dislocation nucleates and glides
freely in a single-crystalline Cu sample, dislocation nucleation
and motion are effectively suppressed by planar defects with
nanometer size in nt Cu samples. Although dislocation density
is larger for the nt Cu sample with smaller TBS, there are less
active slip systems as dislocations mainly glide parallel to TBs.
However, there is a larger space for dislocation to multiply in
the nt Cu sample with a larger TBS, i.e., spacing 5. In addition,
the mediating deformation twinning also enriches the number
of activate slip systems.32 Figure 8 also demonstrates that TBS
has a strong influence on the distribution of surface pileup for

(a)

(b)

(c)

FIG. 7. (Color online) Nanoscratching on spacing 5. (a) Variations of reduced atom number; (b) dislocation inclined to TB; (c) dislocation
parallel to TB.
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FIG. 8. (Color online) Surface morphologies of various Cu samples after nanoscratching. (a) Spacing 1, (b) spacing 2, (c) spacing 3, (d)
spacing 4, (e) spacing 5, and (f) single-crystalline Cu. Atoms are colored according to atomic height.

nt Cu samples due to different directions of slip systems cutting
the surface. While surface pileup events are mainly distributed
on both sides of scratched groove when TBS is below or equal
to the critical value, pileup locates in the front of groove for
spacing 5 where TBS is larger than the critical value.

V. SUMMARY

We performed molecular dynamics simulations to study
the effect of the twin boundary spacing on nanoscratching in
nanotwinned Cu. Our scratching simulations on nanotwinned
single-crystalline Cu with the twin planes parallel and perpen-
dicular to the scratching direction show striking differences in
both frictional coefficients and deformation behavior. In the
former, we see no apparent correlation between the frictional
coefficient and the twin spacing. In the samples where the
twin planes are perpendicular to the scratching direction, the
friction coefficient increases as the twin spacing decreases,
and then decreases as the twin spacings become even smaller.
Those differences originate from the competitive plastic defor-
mation between the inclined dislocations and the detwinning
mechanism. Subsequent simulation results of nt Cu suggest
that the dislocation mechanism, GB-associated mechanism,
deformation twinning, and TB-associated mechanism work
in parallel in the plastic deformation of the nt Cu sample
during nanoscratching. The TBS has a strong influence on the
nanoscratching resistance of nt Cu. There exists a critical TBS,

at which the friction coefficient is maximized, resulting from
the strong competition between the two deformation modes.
Isolated dislocations either parallel or inclined to twin planes
play a more pronounced role in the plastic deformation of nt
Cu with TBS above the critical value, while twin migration
dominates in the samples with smaller TBS. We further
observed that the smaller the TBS, the less the volume of
surface pileup, which can be attributed to a stronger work
hardening in the nt materials with smaller TBS. It shall
be noted, however, that the friction coefficient of single-
crystalline Cu that deforms purely by dislocation-mediated
plasticity is higher than that of the nt Cu samples.
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