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The transition from elastic to plastic behaviour in single crystal copper nanowires under uniaxial tensile
stress at different concentrations of silver (0.0–0.5 at.% Ag) and at different temperatures (0.1, 100, and
300 K) using the molecular dynamics method is investigated. The tensile stress is applied along h100i
crystallographic orientation and the silver atoms are placed randomly on the surface of the nanowire,
as substitutional point defect. The simulations indicate that silver atoms lower slightly the unstable
stacking fault energy, making them act as sources of partial dislocation nucleation, due to the local strain
field they produce in the lattice structure. The defects generated in the material also act as sources for
nucleation, giving rise to a competition of two mechanism. Also, it is observed that the yield point
decreases with the temperature and the presence of impurities.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Electronic devices are getting smaller from year to year in the
last decade, reaching molecular levels. Thus, materials with good
mechanical properties and electrical conductivity are required.
The unusual electrical behaviour of metallic nanowires make them
a material of interest in such area [1–6], increasing their impor-
tance. Studies on the mechanical properties are necessary to
understand the behaviour of the nanowires in their different appli-
cations. In the recent years, different research regarding mechani-
cal properties of materials using computational techniques have
been carried out, such as dislocation nucleation [7,8], grain size ef-
fects [9,10], void growth and them serving as crack seed [11–14],
surface defects [15], among many others. In most cases the crystal
structure of materials are not defect free, so imperfections, such as
vacancies, impurities, and grain boundaries are needed to be in-
cluded in the studies. However, to our knowledge, there is limited
information about the effects of impurities on the mechanical
properties of metals using computational simulation [16–19],
making necessary studies which describe the influence of this kind
of defect on the mechanical properties of the material.

In the present work, we study the influence of silver impurities
on the partial dislocations nucleation, analysing its effect on the
unstable stacking fault energy of copper. Also, the yield point of
copper nanowires with silver impurities at different concentration
levels (from 0.0 to 0.5 at.% Ag) and at different temperatures (0.1,
100, and 300 K) is investigated. We use the molecular dynamics
method, submitting the system to uniaxial tensile stress.

The paper is organized as follows: In Section 2 we explain the
simulation procedure used and the tools for analysis employed,
in Section 3 we present and discuss our results, and in Section 4
we draw the conclusions.
2. Methodology

The system under study consists of a face centred cubic (fcc)
copper nanowire with square cross-section, like most nanowires
studied in previous works [20–23], with a size corresponding to
40 � 10 � 10 in terms of the lattice parameter, which is 3.61 Å
for copper. The orientation is such that the axial axis is along
½100� direction, with six f100g side surfaces, as is shown in
Fig. 1. Free boundary conditions are imposed in all directions. Dif-
ferent silver impurity concentrations (0.0–0.5 at.% Ag) are added
on the surface as substitutional defects, since it is well-known that
silver segregates to Cu grain boundaries and surfaces [24–26] due
to its limited solubility [27] (in Fig. 1 blue atoms represent copper
and the red ones silver). The procedure to create the different
impurity concentration systems is straightforward. First, a concen-
tration of 0.1 at.% Ag is placed randomly on the surface of the
impurity free nanowire, obtaining the Cu 0.1 at.% Ag system. Thus,
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Fig. 1. Initial configuration of the copper nanowire. Copper and silver atoms are
represented by blue and red color, respectively. The loading of the system is along
the axial direction, which lies in the ½100� direction. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Stress–strain relationships for single crystal Cu nanowire along ½1 00�
direction at different concentrations levels of Ag.

Table 1
Yield strain and yield stress for different concentrations of Ag.

Ag content (at.%) Yield strain (%) Yield stress (GPa)

0.0 12.9 11.7
0.1 12.6 11.5
0.2 12.0 11.1
0.3 11.9 11.0
0.4 11.8 10.9
0.5 11.6 10.7
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a particular realization of this system is created. Then, a concentra-
tion of 0.1 at.% Ag is added, again randomly, on the surface of this
system, thus obtaining the Cu 0.2 at.% Ag system. This procedure is
repeated three more times in order to obtain the Cu 0.3, 0.4 and
0.5 at.% Ag systems.

The simulation is carried out using the classical molecular
dynamics code LAMMPS developed by Plimpton et al. at Sandia Na-
tional Laboratories [28] and the visualization by means of OVITO
[29]. The inter-atomic potential employed for copper-silver alloys
is the well established embedded-atom method (EAM) potential
developed by Williams et al. [30] which is based on the previous
potential developed by Mishin et al. for Cu [31]. In general, the
EAM gives the total energy of an atomic system in the form [32]

E ¼ 1
2

X
ij

V ijðrijÞ þ
X

i

Fið�qiÞ; ð1Þ

where E is the total energy of the system, and Vij is the pair poten-
tial between atoms i and j separated by a distance rij. Fi is the energy
of atom i embedded in an electron density �qi, given by

�qi ¼
X
i–j

qjðrijÞ: ð2Þ

The quantity qjðrijÞ represents the electron density at atom j as
function of the distance rij.

The procedure of the simulation is the following. First, the en-
ergy of the system is minimized using conjugate gradient method.
Then, a thermalization at 0.1 K, 100 K or at 300 K (depending on
the temperature wanted to be studied), is performed using velocity
rescaling for 10 ps, using 1 fs as the integration time step. After this
procedure, the system is loaded along the axial direction at a strain
rate of 108 s�1. For this purpose, the positions of atoms are rescaled
each time step. The temperature is kept constant during the tensile
process in order to avoid thermal effects related to dislocation
propagation.

The stress in the system is calculated from the stress tensor
expression as implemented in LAMMPS [28]

rij ¼ �
1
V

X
a

mava
i va

j þ
1
2

X
b–a

rab
i Fab

j

 !
; ð3Þ

where V is the volume of the system, ma is the mass of atom a; va
i

and va
j are the i and j-component of velocity respectively, Fab

i is
the i-component of the force between atom a and b, and rab

j is the
j-component of the distance between atom a and b. The first term
is associated with the kinetic energy due to thermal vibration and
the second term with the potential energy due to the deformation
of the system. Note that since the loading is in the (100) axial direc-
tion, only the rii stress component is required.

To study the partial dislocation nucleation and stacking faults in
the system, the centrosymmetry parameter (CSP) [33] is used,
which is defined for a particular atom i as

ci ¼
XN=2

j¼1

R
!

j þ R
!

jþN
2
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where N is the number of nearest neighbours of atom i, R
!

j and R
!

jþN
2

are the vectors from the atom to a pair of opposite nearest neigh-
bours. Note that for a face centred cubic structure N ¼ 12. The
CSP value is zero for atoms in a perfect lattice and it increases for
any defects and atoms close to the free surface. In this study,
3:7 < ci < 4:5 represents a partial dislocation, 4:5 < ci < 6:5 corre-
sponds to stacking fault and ci > 6:5 for free surface.

3. Results and discussion

The stress–strain curves for the six copper nanowires (0.0, 0.1,
0.2, 0.3, 0.4, 0.5 at.% Ag) at 0.1 K are shown in Fig. 2 [34]. As it
can be seen, three main features are clearly distinguishable. Firstly,
the elastic regimen of the systems is essentially the same, thus the
stiffness is almost unaffected by the impurities at the considered
concentration levels. Secondly, both the yield stress and yield
strain change with the concentration of impurities. Thirdly, after
the yield point, a sawtooth behaviour of the curve is observed. This
is indicative of a successive emission of dislocations.

3.1. Reduction of the yield point and emission of dislocations

Table 1 presents the calculated values of the yield strain and
yield stress for each system. The change of the yield point accord-
ing to the presence of impurities can be rationalizes in terms of the
local strain field generated in the lattice due to the size mismatch



Fig. 3. Von Mises stress distribution in a portion of system surface. The four Ag
impurities are the purples ones, which create a higher local stress field around
them.
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between Ag and Cu atoms (radius difference around 11:5%). In fact,
Fig. 3 shows the von Mises stress distribution in a portion of the
surface of the initial system, where the silver atoms are in purple.
As is well-known, surface atoms have non-zero stress, but clearly
the four silver atoms create a higher stress field around them. Thus,
impurities are expected to act as sources of partial dislocation
nucleation.

To investigate further the decrease of the yield points according
the Ag impurities concentration increases, we use the centrosym-
metry parameter. The idea is to detect the site where the first par-
tial dislocation is emitted. Thus, using corresponding CSP values,
we erase all atoms on the surface and in non-defect regions, except
those that belong to partial dislocations, stacking faults and impu-
rities. Fig. 4 displays the onset of plastic deformation in the Cu
0.2 at.% Ag sample. Fig. 4(a) shows the system just before the yield
point, at � ¼ 11:9% strain. Immediately after that, the first partial
dislocation (Shockley partial) is nucleated from a silver atom,
crossing the system along the (111) slip plane and leaving a stack-
ing fault, as it is seen in Fig. 4(b), at � ¼ 12:1% strain. In Fig. 4(c),
which is a zoom of this stacking fault, can be distinguished the sil-
ver atom where the first partial dislocation is nucleated and emit-
ted. The emission of this dislocation induces the first drop in the
stress–strain curve, which corresponds to the yield point.

After that, as the sample is continuously stretched, new disloca-
tions are emitted, in correspondence to the other drops in the
stress–strain curve. In this way, at strain � ¼ 12:3%, a second par-
tial dislocation is nucleated, but this time from the step generated
Fig. 4. (a) Cu 0.2 at.% Ag system prior to yielding. Silver atoms are in purple and non-def
followed by the creation of a stacking fault. (c) Inset of the silver atom, enclosed by the b
CSP. (For interpretation of the references to color in this figure legend, the reader is refe
by the first partial dislocation, as is shown in Fig. 5(a). Thus, from
now on, a competition between the surface and the impurities as
nucleation sources begins. Of course, this situation is nothing more
than an energy trade off between the cost to create a dislocation
from a defective surface or from an impurity atom. Furthermore,
as the loading continues, several partial dislocations are nucleated
from these two sources and multiple stacking faults, contained in
f111g slip planes, are left in the system, as is shown in Fig. 5(b)
at � ¼ 12:9% strain. Atoms are coloured according to CSP in a range
from 4 to 7 for more clarity.

The same picture emerges for the systems at different Ag con-
centration. In Fig. 6(a) is presented the first partial dislocation
nucleated in the Cu 0.5 at.% Ag, at � ¼ 11:7%. The second partial
is nucleated again from a step produced in the surface by the stack-
ing fault left for the first dislocation, as shown in Fig. 6(b). Similar
to the previous Cu 0.2 at.% Ag sample, the first partial is nucleated
at impurities, in this case from two silver atoms, as shown in
Fig. 6(c). The details for the rest of systems (namely, at concentra-
tion 0.1, 0.3, and 0.4 at.% Ag) studied are not commented here, be-
cause the mechanism is essentially the same as the already
depicted.

3.2. The onset of plasticity and the generalized stacking fault energy
curve

The partial dislocations and stacking faults generated in the
copper nano-wires along h100i loading direction presented above
are basically the same as those found for pure copper nanowires in
previous studies [22]. However, silver impurities affect the stress
needed for the nucleation of these defects, modifying the yield
point of the material. The main hypothesis stated to explain this
behaviour is that the local stress field of the impurities seems to
promote partial dislocation nucleation, helping the onset of the
plastic deformation. Interestingly, this statement can be tested
and quantitatively evaluated. An useful parameter to quantify this
effect is the unstable stacking fault energy, cusf , which gives an
estimation on the easiness to nucleate and propagate a dislocation.
It can be obtained from the generalized stacking fault energy (GSF)
curve [35].

In order to calculate the generalized stacking fault energy curve
for copper, two semi-infinite blocks are sheared on a ð111Þ plane
along the ½112� direction, using molecular static technique, as
ect fcc Cu atoms has been erased. (b) First partial dislocation emitted in ð111Þ ½�11 0�
lack circle, where the first dislocation is nucleated. Atoms are coloured according to
rred to the web version of this article.)



Fig. 5. (a) Second partial dislocation emitted from the step previously generated in Cu 0.2 at.% Ag system. (b) Multiple stacking faults are generated in the system during
loading. Atoms are coloured according to CSP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) First partial dislocation emitted in ð�1 �11Þ ½�1 10� in Cu 0.5 at.% Ag system. (b) The second partial dislocation is nucleated from the step already generated in the
system. (c) Inset of the two silver atoms, enclosed by the black circle, where the first dislocation is nucleated. Atoms are colored according to CSP. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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showed in Fig. 7. Here the slipping zone (i.e. where the stacking
fault will appear) is in red and contains 400 atoms. Periodic bound-
ary conditions are applied in the ½�110� and ½112� directions and the
system is allowed to relax only in the direction normal to the
ð111Þ plane. While the atoms at the upper half are displaced in
small increments, the ones at the lower half remain fixed. After
each displacement, an energy minimization is performed and the
total energy of the system is calculated. This procedure is done
for different amounts of silver atoms next to the stacking fault
plane (i.e. red atoms in Fig. 7), namely 0, 1, 4 and 8 substitutional
silver atoms, obtaining the GSF curve presented in Fig. 8. The
unstable stacking fault energy, cusf , corresponds to the magnitude
of the first peak of each GSF curve, and the intrinsic stacking fault
energy, csf , to the first local minimum beyond the peak, which are
summarized in Table 2. Silver impurities reduce the unstable
stacking fault energy, although in a small amount, compared to
the impurity free system. For example, in the case of one Ag atom
next to the stacking fault plane, the decrease in energy is just
0:5 mJ/m2, but enough to nucleate a dislocation. On the other hand,
the intrinsic stacking fault energy remains almost unchanged as
the number of Ag atoms increases. Similarly, the effect on the
unstable stacking fault energy of an Ag atom, located one atomic



Fig. 7. Initial configuration of bulk copper for the generalized stacking fault energy
curve calculation. The red atoms represent the slipping zone. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 8. Generalized stacking fault energy curve for zero, one, four and eight silver
atoms next to the stacking fault plane (red, green, blue and purple curve
respectively). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 2
Unstable ðcusf Þ and stable ðcsf Þ stacking fault energies along h112i direction for
different contents of Ag in the slipping zone.

Ag content (number of atoms) cusf (mJ/m2) csf (mJ/m2)

0 161.7 41.4
1 161.2 41.8
4 159.0 42.2
8 156.2 42.8

Fig. 9. Stress–strain relationships for different samples and concentrations of the
Cu–Ag system.
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plane away from the slipping zone, is negligible: the energy only
increases by 0:16 mJ/m2. Thus, according the changes in energy,
the presence of impurities are only noticeable at the beginning of
the stretching process, when the sample is still a defect-free sys-
tem (aside the Ag impurities). After the first stacking fault appears,
a defective surface (with a step for example) plays a similar role to
an impurity, and these two mechanisms (surface and silver impu-
rities) compete for partial dislocation nucleation. Interestingly, in
previous studies on the decrease of the yield point in Cu–Sb single
crystal alloys by Rajgarhia et al. [18], it was showed that one anti-
mony atom next to the fault plane lowers cusf by 6:1 mJ/m2.
Although this reduction is more noticeable than our case of Ag,
qualitatively both results are the same. Since these two elements
behave as substitutional impurities in copper, it may be expected
that the similar behaviour will be found for other substitutional
impurities in copper.
3.3. Stress–strain relationships for other Cu–Ag system realizations

The stress–strain curve is also calculated for different Cu–Ag
system realizations (or samples) at different concentrations (0.0,
0.2, 0.4 at.% Ag) of impurities in order to determine the influence
of silver atoms location on the yield strength. The procedure to cre-
ate these samples is the same as the one explained in Section 2. A
concentration of 0.2 at.% Ag is placed randomly on the impurity
free nanowire, creating the Cu 0.2 at.% Ag S2 system. Again, a con-
centration of 0.2 at.% Ag is added randomly on this system, creating
the Cu 0.4 at.% Ag S2 system. Two more different samples are ob-
tained by repeating the whole procedure on a impurity free nano-
wire, which are called the Cu 0.2 at.% Ag S3 and Cu 0.4 at.% Ag S3
systems. Their corresponding stress–strain curves are shown in
Fig. 9 and their associated yield strain and stress are shown in
Table 3. As it can be seen in the case of the S2 systems, as the
concentration of the silver impurities increases, the yield strength
of the system decreases, similar to the results obtained in Section
3.1. However, this effect is not observed in the S3 systems. Despite
the yield strength of the nanowire decreases when silver atoms are
added, its relationship is not monotonic. Nevertheless, from the
multiple peaks of the sawtooth behaviour of the Cu 0.4 at.% Ag
S3 curve, it can be noted that its plastic regime is governed by more
dislocation emissions than the plastic regime of the Cu 0.2 at.% Ag
S3 system. This can be understood by considering the impurity
atoms. Since the 0.4 at.% Ag S3 system has more silver atoms than
the other, it has more sources to generate dislocations during the
plastic regime. Therefore, silver atoms decrease the yield strength
of copper, as well as increase the partial dislocation nucleation.
However, it must be emphasized that in order to determine the ex-
act effect of silver impurities on the yield strength of copper, a
thorough statistical study on different placements of silver atoms
must be carried out.
3.4. Stress–strain relationships at different temperatures

To elucidate the effect of temperature on the Cu–Ag nanowires,
the stress–strain curve, at 100 K and 300 K, is calculated for the Cu
0.0, 0.2 and 0.4 at.% Ag systems from Section 3.1. The curves are
shown in Fig. 10(a) and (b) for 100 K and 300 K respectively. As
it can be seen, the yield strength of the systems decreases as the
temperature increases. Furthermore, the silver impurities are seen
again to modify the yield strength, decreasing its value compared
to the impurity free system. However, similar as it was discussed
in Section 3.3, a statistical study on different samples must be car-
ried out in order to clarify the effect of temperature and silver



Table 3
Yield strain and yield stress for different Cu–Ag samples.

Ag content (at.%) and sample Yield strain (%) Yield stress (GPa)

0.0 12.9 11.7
0.2 S2 12.1 11.1
0.4 S2 11.5 10.5
0.2 S3 12.0 11.1
0.4 S3 12.0 11.0

Fig. 10. Stress–strain relationships for the Cu–Ag system at (a) 100 K and (b) 300 K.
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atoms on the yield strength of copper nanowires. It is important to
note that atoms are subjected to thermal vibrations. Therefore,
since the virial stress considers the kinetic energy of atoms and
the temperatures here are 100 K and 300 K, the initial stress of
these systems is not zero.

4. Conclusions

Silver impurities are found to promote partial dislocation nucle-
ation, lowering both the yield stress and yield strain of single crys-
tal copper nanowires along h100i loading direction, for all the
concentrations studied here. Further, the yield point decreases
with the presence of Ag atoms. The reason of this phenomenon is
that because the size mismatch between silver and copper atoms,
a local stress field appears, reducing the unstable stacking fault en-
ergy, which in turn promotes the nucleation and the propagations
of the partial dislocations. However, the reduction of energy is, in
general, tiny, resulting the dislocation nucleation from a competi-
tion of impurities and defects generated after the first partial dislo-
cation is emitted. Also, it is possible to predict, in principle, the
effect of other impurities using these results. According to the lit-
erature (see for example Schweinfest et al. [16]) the two main
characteristics that define the effect of an impurity are the elec-
tronic structure of the atoms and its radius. In this sense, Ag, Au
and Ni are similar. Therefore, Au and Ni should decrease slightly
the unstable stacking fault energy of copper, promoting partial
dislocation nucleation as Ag does. On the other hand, for example,
Bi and Pb have similar electronic structure and atomic radius and
very different from Cu, therefore their effects are completely differ-
ent from Ag, Au, or Ni impurities. However, it is hard to determine
’a priori’ the exact effect of impurities on the mechanical behaviour
of copper.

The competition for partial dislocation nucleation between sil-
ver impurities and defects, after the emission of the first partial
is also expected when the sample size is increased. Although the
free surface will compose a smaller fraction of the system, the dis-
locations will still nucleate from there as well as from silver impu-
rities, because the required energy is lower, compared to the
required energy for nucleating from the bulk.

Finally, it was found that the yield strength of the material de-
creases when the temperature increases. Furthermore, the pres-
ence of silver impurities also decreases the yield strength
compared to the impurity free system. However, a thorough and
carefully statistical study is required in order to understand the
complete effect of silver impurities on the transition from elastic
to plastic behaviour of copper nanowires at different temperatures.
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