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Three-dimensional molecular dynamics simulations have been carried out to predict the mechanical properties
of a single crystalline copper with different scratching depths and no defects by embedded-atom method
potential respectively. The mechanical properties for nanostructure with no defects and machined groove are
investigated by various strain rates, scratched depths and scratching directions. Through the visualization
technique of atomic coordination number, the onset and movement of defects in workpiece such as dislocations
are analyzed under tensile loads. Work-harden formation, recrystallization behavior and the properties of
rupturing process of nanostructure are exhibited at the atomic view. The relation between stress and the
onset and evolvement of defects in specimen is analyzed for fundamental understanding the mechanical
properties of nanostructure.
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ior at low temperature and strain rate [5]. Ju et al.
carried out MD simulations of ultra thin gold nanowires
for tensile behaviors [6], and revealed that the temperature and the strain rate influenced the yielding stress.
While one atom chain was detected before the nanowire
broke when the temperature was near absolute zero.
Kan et al. investigated the structures and properties
of Cu nanorods composed of a central atomic strand
and polygonal tubes [7]. Simulations of uniaxial and
hydrostatic tension of Fe and Mo nanocrystal are made
by Kotrechko et al. with molecular dynamics method
[8], they thought that lattice instability within the local region surrounding by slightly deformed lattice like
by the rigid shell results in lattice local re-orientation
([100] tension) or in formation of dislocations ([110] and
[111] tension) but not in nanocrystal fracture. Xu et al.
investigated the pressure dependence of homogeneous
defect nucleation behavior in bcc Mo basing on MD
simulation using the Finnis-Sinclair potential [9]. The
defect nucleation stress was found to increase as the confining pressure increases. Golovnev et al. investigated
that the effect of nanocrystal size on atomistically modeled characteristics of copper nanocrystals [10], and the
effect of nanocluster size on the mechanical characteristics of perfect copper nanocrystals can be attributed to
the effects of the energy of the free surface. The simulations of the gold nanowires using various forms of the
embedded-atom method were performed, and concentrated on investigating the yield and fracture properties
of the nanowires [11].

I. INTRODUCTION

The “mechanics of nanostructures” is of intrinsic and
practical interest [1]. Due to size effects, surface effects, and interface effects of nanostructures, properties of nanomaterials are enhanced, and nanoscale research has been an area of active research over the
past decades. Numerical simulation has been an important tool that is used to laboratory experiment and
mathematical theory for materials research. Many researchers investigated mechanical properties of nanostructure basing on molecular dynamics (MD), because
MD simulation can investigate internal physical mechanisms of nanostructures by atomic motions in detail.
In recent years, there has been a rapid progress in nanotechnologies dealing with defect-free crystals of nanolength scale. Komanduri et al. carried out tensile experiments based on MD for ideal face center cube (fcc)
metal material [2]. However, the only pair potentials
were used in their calculation. Wu et al. conducted
MD simulations for mechanical properties of copper
nanowires with the embedded-atom method (EAM) at
finite temperatures and various strain rates [3]. Champion et al. showed that pure nanocrystalline copper
behaved differently [4], displaying near-perfect elastoplastic behavior characterized by Newtonian flow and
the absence of both work hardening and neck formation.
Koh et al. analyzed the strain-rate effects of a solid platinum nanowire under uniaxial tensile loads and showed
stepwise dislocation-relaxation recrystallization behav-
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The mechanical properties of materials and particularly the strength are greatly affected by the presence
of defects [12]. Heino et al. performed axial tension
simulation of copper with artificial defects [13], and investigated the effect on the properties of copper and the
evolvement processes of these defects and the mechanc
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ical properties of copper, including the elastic constant
and the behavior of crack propagation at room temperature. Zhang et al. analyzed the dislocation emission
processes in tip of crack for material with notch under load basing on 2D MD simulation [14]. Abraham
simulated the failure of three-dimensional fcc solids containing voids under mode one tension using molecular
dynamics [15], and found that the presence of voids in
a material acts to impede the progress of brittle fracture and that nanovoids themselves fail via dislocation
emission under mode one loading. Bekak researched the
dislocations nucleation in specimen with a void under
tensile loads [16].
A better strategy is to use the simulations to identify
dynamic variables that characterize the internal states
of materials, and to use the equations of motion for
these variables along with equations for stress and strain
to predict macroscopic behavior. Bollinger et al. investigated mechanical failure and nanoelastic processes
involved during atomic wire fabrication using molecular
dynamics simulations [17], and found that the total effective stiffness of the nanostructure is strongly affected
by the detailed local atomic arrangement at the chain
bases. Chang reported that the mechanical properties
of nanoscale copper with vacancies under static and
cyclic loading [18], and found that the Young’s modulus
decreases with increasing vacancy fraction and increasing temperature. Shimomura et al. investigated the two
different mechanisms of atom transportation to nucleating (111) planes for nanostructure under tensile loads
[19]. Doyama et al. carried out that copper rectangular parallelepiped single crystals with a notch have been
extended or compressed [20,21], and showed that partial dislocations were created near the tip of the notch
in elongation. It is of great importance to investigate
such theoretical strength of both perfect and defective
systems in order to understand the mechanical properties of materials [22]. Morris et al. thought that the
theoretical strength of a crystal was determined by the
maximum stress at elastic instability (yield or break)
when applying an increasing stress to a defect-free crystal [23]. Schiøz et al. used MD simulations with system
sizes up to 100 million atoms to simulate plastic deformation of nanocrystalline copper under tensile loads
[24]. In their point, the maximum of strength of material is because of a shift in the microscopic deformation mechanism from dislocation-mediated plasticity in
the coarse-grained material to grain boundary sliding in
the nanocrystalline region. The motion of dislocations,
which are line defects in the crystalline lattice, usually
controls the plastic behaviors of crystalline materials.
However, those works mainly concentrated on material with free defects or artificial defects. For obtaining
practical mechanical properties of nanostructure, in this
work, a machined nanostructure is investigated.
DOI:10.1088/1674-0068/20/06/649-654

FIG. 1 (a) Model for ideal specimen; (b) Model for scratching simulation; (c) and (d) Model for mahined specimen.

II. SIMULATION METHOD

Our MD specimens are composed of a single crystal fcc copper slab with structure exposing (001) surface and fcc copper slab that has been scratched by a
diamond tool in (010) plane along [1̄00] and [001̄] directions respectively. For ideal copper specimen, the
sizes of slab at X [100], Y [010], and Z [001] direction
are 12a0 , 17a0 , and 20a0 , respectively, where a0 is the
equilibrium lattice constant (for fcc Cu, a0 =0.362 nm),
model of simulation is shown in Fig.1(a).
For machined specimen, which can be obtained as followed: a tri-pyramid diamond tool scratches an ideal fcc
copper slab, machining model can be seen in Fig.1(b).
Morse model is used between C atoms and copper atoms
[25]. After the (010) plane specimen is scratched along
[001] and [1̄00], Newton atoms layers are and the states
of these atoms should be kept, the two ends of Newton
atoms are picked up 2a0 length along axis Z [001] and
Z [001̄] direction to become the boundary layer atoms
respectively, practical models for tensile simulation are
obtain as showed in Fig.1 (c) and (d). Details of the
workspace are summarized in Table I.
In our MD simulations, EAM [26-29] is utilized to describe the interactions between copper atoms of specimen, which can be given by as
E=

N h
X

F (ρi ) +
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X
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j>i

φ(rij )
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j

where E is the sum of the energy, F (ρi ), u(rij ), and
φ(rij ) correspond to the embedding function, pair interaction function, and the electron density around an
atom.
During the simulation, the stress in the atomistic simulation σ mn on plane m and in the n-direction can be
c
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TABLE I Details of the workspace
Potential for specimen
Potential between tool
and specimen
Specimen

Tool
Workspace dimensions
Rake angle
Cutting directions
Cutting depth
Cutting speed
Substrate temperature
Tension speed

EAM
Morse
fcc copper with no defects,
scratched groove 1a0 and 2a0
depths along [001̄] and [1̄00]
direction on 010 plane
Rigid diamond tip of
triangular-based pyramid
12a0 ×17a0 ×20a0 (001)
−30◦
[001] and [1̄00] on (010) surface
1a0 to 2a0
180 m/s
293 K
7.2 and 3.6 m/s

given by
σmn =

1 X h mi vi m vi n
1 X
rij m rij n i
Fij
(3)
+
Ns i
vi
2Vi j
rij

where mi is the mass of atom i, Vi is the volume assigned
to atom i, Ns is the number of particles contained in region S, where S is defined as the region of atomic interaction, rij is the distance between atoms i and j, rij m
and rij n are two components of the vector from atom i
to j. The velocity verlet algorithm is employed to calculate the position and velocity of newtonial atoms. The
simulations are conducted at the condition of temperature at 293 K by a Noose-Hoover thermostat to control
[30,31].
We used the visualization technique of slip vector that
has successfully proven to be effective for the studies
of dislocation nucleation in fcc crystals by Zimmerman
et al. to quantify and visualize the plastic deformation
in process of simulation [32]
sa = −

n
1 X αβ
(x − X αβ )
ns
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specimen shrink about 1%, which is similar with refer
[33,34]. After that, double tensile loads are applied to
the two ends of specimen. At the initial stage, the configurations of lattice don’t change, and only the size of
that is enlarged, though atoms of specimen begin to
deviate from their positions, which is corresponding to
elastic stage in stress-strain curve. With the passage
of tensile process, when normal stress σ zz is up to the
first peak point, defects such as vacancies, interstitial
atoms and dislocations begin to occur on the surface,
inside and corner of specimen, and then dislocations
begin to propagate along different {111} planes under
tensile loads due to the smallest Burgers vector existing
in the [110] close-packed directions for fcc crystal structures, making it most energetically favorable to reconstruct along this plane, which can be seen in Fig.2 (a)
and (b).
Due to the motion of dislocations, the higher stress
in specimen are released by motion of atoms, as a result normal stress σ zz begins to decrease. With the
progress of tensile process, there are lots of defects such
as vacancy, dislocation and grain boundary in specimen,
which may result in dislocation junction, dislocation
stack and dislocation pin, which hinder the motion of
dislocation freely, and result in work-harden formation.
It is necessary to obtain forceful force to drive the motion of dislocations, which exhibits that normal stress
σ zz increase secondly in stress-strain curve as shown in
Fig.3(a).
It can be seen from Fig.3(a) that stress-strain curve

(4)

β6=α

Where n is the number of the nearest neighbors of atom
a, ns is the number of slipped neighbors, xαβ and X αβ
are the position vector difference of atoms α and β, in
the current and reference positions.
Strain is defined as ε=(L−L0 )/L0 , where L is the
current wire length and L0 is the wire length after the
energy minimizing relaxation process.
III. RESULTS AND DISCUSSION

Ideal specimen is relaxed for 10000 MD steps for minimizing energy, and found that the Z axial direction of
DOI:10.1088/1674-0068/20/06/649-654

FIG. 2 (a) and (b) ideal specimen at strain 0.066 and 0.089,
and atoms are shown for slip index 0.20, respectively, and
tensile speed is 7.6 m/s; (c) and (d) scratched specimen with
groove for depth 1a0 along [1̄00] direction at strain 0.0615
and 0.075 respectively, and atoms are shown for slip index
>0.20, and tensile speed is 3.6 m/s; (e) and (f) scratched
specimen with groove for 2a0 depth along [001̄] direction at
strain 0.0486 and 0.077 respectively, and atoms are shown
for slip index >0.20, and tensile speed is 3.6 m/s arrows
denote dislocations
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FIG. 4 (a) and (b) ideal specimen at strain 0.437 and
0.495 for tensile speed 3.6 m/s; (c) and (d) specimen with
scratched groove along [001̄] direction for 2a0 depth, strain
1.068 and 1.071; specimen with scratched groove along [001̄]
direction for 1a0 depth, strain 1.23 and 1.28, tensile speed
3.6 m/s.

FIG. 3 (a) Specimen with scratched groove along [001̄]
direction for tensile speed 3.6 m/s; (b) Specimen with
scratched groove at 1a0 depth along [001̄] direction; (c) Specimen with scratched groove at 2a0 depth.

is nearly linear for specimen with no defects before
the first yielding point, and the first yielding strain is
0.066 for ideal specimen, and strain from the onset of
work-harden formation is 0.103, and the second yielding
strain is 0.197. After the second yield, ideal specimen
begin to neck under tensile loads, and corresponding to
the stress-strain curve begin to decrease quickly, and occur to rupture. It is of interest to notice that the process
DOI:10.1088/1674-0068/20/06/649-654

of rupture is that vacancy clusters come forth firstly in
neck region as shown in Fig.4 (a)and(b), which is different with Ref.[35]. Vacancy clusters begin to broaden the
boundary of specimen under tensile loads, and one side
begins to break, and another side also occurs to break.
So the deformation of nanostructure experiences next
process: elastic stage, first yielding and work-harden
stage, second yielding and full plastic stage, rupture.
For scratched specimen case, specimen experiment relaxation process in the same way. After that, double
tensile loads are applied to the two ends of specimen.
The stress-strain curves are shown in Fig.3 (a)-(c). It
can be seen from Fig.3 (a)-(c) that specimens exhibit
nearly elastic response at the initial stage, and also show
two peaks form, which is similar with the case of specimen with no defects. It shows that there also exists
the same work-harden mechanism for scratched specimen as specimen with no defects under tensile loads.
From Fig.3(a), it can be seen that the first yielding and
second yielding normal stress decrease as the depths
of scratched groove on surface of specimen increase.
From Fig.3(b), it can be seen the numerical value of
the first and the second yielding stress for specimen
with scratched groove of 1a0 depth under higher tensile
speed are higher than lower tensile speed. It shows that
yielding strength of specimen increase with increasing
tensile speed.
When the direction of scratched groove is consistent
with the extension direction, under the same groove of
depth and tensile speed, the second yielding stress is
higher than the direction of groove is in perpendicular
direction of extension, as is shown in Fig.3(c).
For machined specimen, it is of interest to notice that
dislocations prone to nucleate not only from surface and
corner of specimen, but also from groove, in particular
from the position of ends of groove, and then dislocations begin to propagate along different {111} planes
under tensile loads due to the smallest Burgers vector existing in the [110] close-packed directions for fcc
crystal structures, making it most energetically favorc
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strain which the system begins to recrystallize, keeping
the ordered fcc structure. The short-range orders and
long-range orders of specimen enhance as tensile speeds
decrease, as is shown in Fig.5(b), which is similar with
Ref.[35].
After the second yield, scratched specimen also begin
to neck under tensile loads, and corresponding to the
stress-strain curve begin to decrease quickly, and show
zigzag changes. As stress is down to zero in the end,
corresponding to the onset of rupture scratched specimen. It is of interest to notice that the formation of
rupture of scratched specimen show two ways: one is the
same as the process of ideal specimen; another is that
the neck region of scratched specimen become thin under tensile loads gradually, and show helical structure,
and the cross-section atoms are two. After that, those
atoms become single atoms chain and break in the end,
as shown in Fig.4 (c) and (f), which is different with
Ref.[36].

IV. CONCLUSION

FIG. 5 (a) Specimen with no defects and scratched groove
along direction [001̄], and tensile speed is 3.6 m/s; (b) Specimen with scratched groove along direction [001̄].

able to reconstruct along this plane. The nucleation
and evolvement of dislocations in scratched specimen
be seen in Fig.2 (c)-(g) under tensile loads. For the
case that the direction of scratched groove is in the perpendicular direction of extension, dislocations prone to
nucleate from the position that tool withdraw specimen
firstly.
We can obtain the position of every atoms of specimen during extension process by MD simulation ever
and again. From the MD trajectories we can compute positional correlations such as the pair distribution
function. To characterize the inner structure of specimen during extension process, the radial distribution
functions (RDF) are calculated and shown in Fig.5.
In Fig.5(a), it can be seen that the short-range orders
and long-range orders of ideal specimen is better than
that of scratched specimen when strain is 0.197, which
is corresponding to the second peak normal stress in
stress-strain curves during extension processes, and the
short-range orders and long-range orders of specimen
decrease when the depths of scratched groove increase.
The strained configuration of specimen is also sensitive
to strain rates. The strain rate is not big enough to keep
the amorphous phase and between increments in the
DOI:10.1088/1674-0068/20/06/649-654

The stress-strain curves of nanostructure under tensile loads show two peak forms and zigzag changes, and
nanostructure experience below process: elastic stage,
first yielding and work-harden stage, second yielding
and full plastic stage, rupture. As tensile speed decreases and the depths of scratched groove increase, the
yielding stress of nanostructure decrease. The yielding stress of nanostructure is sensitive to the relation
between the direction of groove and the direction of applied loads. When the direction of scratched groove is
consistent with the extension direction, for the same
groove of depth and tensile speed, the second yielding
stress is higher than the direction of scratched groove is
in the perpendicular direction of extension. For machined nanostructure, dislocations prone to nucleate
from the two ends of scratched groove on the surface
of nanostructure, in particular the position that tool
withdraw workpiece. The short-range orders and longrange orders of specimen enhance as tensile speeds decrease. The rupture formation of nanostructure is either
that vacancy clusters come forth and enlarge in neck region or that the cross-section radial of the neck region
become thin, and form the cross-section two atoms of
helical structure, and break in the end.
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