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A B S T R A C T

A molecular dynamics study of the effect of a single B2–CuZr precipitate on the mechanical properties of Cu50Zr50
metallic glass nanowires is presented. Four different samples are considered: three with a 2, 4 and 6 nm radii
precipitate and a precipitate-free sample. These systems are submitted to uniaxial tensile test up to 25% of
strain. The interface region between the precipitate and the glass matrix has high local atomic shear strain,
activating shear transformation zones, which concentrates in the neighborhood of the precipitate. The plastic
regime is dominated by necking, and no localized shear band is observed for the samples with a 4 and 6 nm
radii precipitate. In addition, the yield stress decreases as the size of the precipitate increases. Regarding the
precipitate structure, no martensitic phase transformation is observed, since neither the shear band hit the
precipitate nor the stress provided by the tensile test is enough to initiate the transformation. It is concluded
that, in contrast to the case when multiple precipitates are present in the sample, a single precipitate concentrates
the shear strain around its surface, eventually causing the failure of the nanowire.

1. Introduction

Metallic glasses (MGs) are metallic alloys that have an amorphous
structure, and because of that, they possess unique properties. For
instance, bulk metallic glasses (BMGs) have high yield strength and
corrosion resistance, high magnetic permeability, very low coercivity,
and they even are resistant against radiation damage, among others
[1–6]. Due to their excellent mechanical, physical and chemical proper-
ties, MGs have great potential for structural and functional applications
[7–10]. When the size of MGs decrease, new properties arises, as is the
case of MG nanowires.

Nanowires, both crystalline and amorphous, have an increasing
importance in recent years, since they play a key role in the future gen-
eration of nanodevices, ranging from microelectronics to biomedicine
to electrochemistry [11]. Hence, it is of fundamental interest to under-
stand the mechanical behavior and how they differ from their bulk
counterparts. In this sense, from a basic point of view, they are an
ideal test–bed in order to understand how the properties of the mate-
rial changes when the size of the sample decreases. Particularly, MG
nanowires present less limitations than crystalline nanowires for the
preparation and practical applications [12].
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Interestingly, while the Achille’s heel of BMGs is the limited duc-
tility and immediate fracture when they are subjected to mechanical
test [13], MG nanowires present a much more complex mechanical
behavior. In fact, depending on their preparation, the aspect ratio and
the mechanical test (tensile/compressive), among others, they exhibit
strengthening or weakening [14–16]. For instance, to explain the duc-
tility of some nanowires, it has been argued that when the volume of
a metallic glass sample decreases, the elastic energy stored decreases
faster than the surface energy of the region associated with the local-
ized shear, making the process of formation of shear bands (SBs) slower
and less violent, avoiding a catastrophic rupture of the material [17,18].
Regarding the preparation procedure, the MG nanowires may have dif-
ferent structure and chemical concentration. In particular it is interest-
ing to explore the effect of precipitates in the sample. Hence, some of
the following questions arise: What are the changes in the mechanical
properties when a crystalline phase is included? It has been observed
that precipitates increase the ductility of BMGs. The explanation given
by Albe et al. [19] for Cu64Zr36 metallic glass with Cu precipitates is
that shear events start at the interface between the glass and the pre-
cipitates, thus promoting the formation of shear transformation zones
(STZs) and then acting as nucleation sites for SBs. Moreover, at the same
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time when the BMG is strained, the precipitate suffers plastic deforma-
tion. In the case of MG nanowires, if a B2–CuZr precipitate is consid-
ered, does it undergo a martensitic phase transformation as indicated
by Sutrakar et al. [20]? These are some of the questions that we want
to address in this work. Here we present a molecular dynamic study
which shows the effects of spherical crystalline B2–CuZr precipitate on
the mechanical properties, including the formation of SBs in Cu50Zr50
metallic glass nanowires under uniaxial tensile test. The local structure
of atoms is analyzed in detail by means of the local atomic shear strain.
This article is organized as follows: In Sec. 2 we explain the simula-
tion procedure, the interatomic potential and tools employed. In Sec. 3
we present the results of this work and finally in Sec. 4 we draw the
conclusions.

2. Methodology

The first step towards simulating CuZr metallic glass nanowires
using molecular dynamics simulations, is the choice of an appropri-
ate interatomic potential to accurately describe the lattice parame-
ters, melting temperatures, formation energies, among other properties.
Hence, we adopt a commonly accepted Finnis–Sinclair type embedded
atom method (EAM) proposed by Mendelev et al. for CuZr systems [21]
since it has been widely used and accepted when studying CuZr metallic
glasses and the B2–CuZr phase [20,22].

In order to prepare the Cu50Zr50 metallic glass, we adopt a sim-
ilar procedure as the one proposed by Wang et al. [23]. First of
all, a B2–CuZr system with dimensions of Lx × Ly × Lz = 9.07 × 3.88 ×
3.88 nm3, composed of 8064 atoms is created, where periodic bound-
ary conditions (PBC) are set in all three directions. The temperature
and pressure are fixed at 2000 K and 0 GPa respectively, allowing the
system to relax for 2 ns using the NPT ensemble [24]. The integration
timestep is set at 1 fs. Then, the system is cooled down to 300 K in the
same way as is detailed in our previous work [25]. Thus, the calculated
cooling rate is 5 × 1010 K∕s.

With the procedure described above, a Cu50Zr50 metallic glass sys-
tem composed of 8064 atoms is obtained. The next step consists of
replicating the system five times in each direction in order to gener-
ate the nanowire, giving a total of 1 million atoms with dimensions
of Lx × Ly × Lz = 45.36 × 19.44 × 19.44 nm3. Free boundary conditions
are set in y and z directions, and PBC are kept in the axial direction.
At this point, a spherical crystalline B2–CuZr precipitate, with radius
r = 2,4,6 nm, is embedded at the center of the system. This is done
by removing a sphere of radius r + Δr from the glass matrix, where
r is the radius of the precipitate and Δr = 2.5 Å is added in order to
avoid overlapping atoms between both phase. Then, the precipitate,
with radius r, is embedded into the bulk, where the [100] direction is
along the tensile loading. The volume fraction of the crystalline phase
related to the total composite volume is from ∼0.1% to ∼5.2%. This
new configuration is allowed to relax for 100 ps in the NVT ensemble,
at 300 K, to ensure a well–equilibrated sample. In Fig. 1 we present a
half of the system which corresponds to a cut at the middle of the sam-
ple. This cross–section shows the interface between the precipitate and
the metallic glass matrix after relaxation. It can be distinguished three
regions. The atoms in region 1 are ordered in the B2 phase. Atoms in
region 2 belong to the interface, where it is seen a transition from crys-
talline to amorphous structure. Finally, in region 3 we observe a fully
amorphous phase.

The tensile test is performed by loading the axial direction of the
system at a strain rate of 5 × 108 s−1. For this purpose, the positions
of the atoms are rescaled each time step. The temperature is kept con-
stant at 300 K, in the NVT ensemble, during the whole procedure. The
molecular dynamics simulation is carried out using the classical molec-
ular dynamics code LAMMPS [26].

In order to analyse our simulation, we use several diagnostic tools.
For stress–strain curve, we evaluate the 𝜎xx component of the stress
tensor, as well as the axial component of the strain tensor, denoted as 𝜀.

Fig. 1. Cross-section view of the sample showing the interface between the precipitate
and the metallic glass matrix after relaxation.

To quantify the structural changes of the sample at atomic–scale we use,
pair distribution function (PDF), the common neighbor analysis (CNA)
and the local atomic shear strain 𝜂Mises [27]. This parameter requires
two atomic configurations, the current and the reference one. The first
step is to seek a local affine transformation 𝐉i that best map

{𝐝0
ji} → {𝐝ji}, ∀j ∈ N0

i , (1)

where 𝐝 are vector separations between atom i and each neighbor j.
Here the superscript 0 stands for reference configuration, and N0

i is the
number of neighbors of atom i at the reference configuration. Then, we
seek 𝐉i that minimizes
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With 𝐉i, the Lagrangian strain matrix can be calculated as

𝜂i =
1
2
(
𝐉i𝐉T

i − 𝐈
)
, (3)

where we can define the local shear invariant for atom i as

𝜂Mises
i =

√
𝜂2

yz + 𝜂2
xz + 𝜂2

xy +
(𝜂yy − 𝜂zz)2 + (𝜂xx − 𝜂zz)2 + (𝜂xx − 𝜂yy)2

6
, (4)

where 𝜂𝛼𝛽 are the components of the strain tensor of atom i. We visual-
ize 𝜂Mises

i using the software OVITO [28].

3. Results

3.1. Effect of the precipitate in the stress–strain curve

We determine the stress–strain curves for the three systems and com-
pare them to the precipitate–free case [25]. In Fig. 2 we observe that all
of them present an elastic behavior up to 4%, an homogeneous defor-
mation zone between 4% and 6%, and beyond 6% an inhomogeneous
strain zone. The Young’s modulus E and yield stress 𝜎y (obtained as the
peak stress) of each curve are summarized in Table 1. It is observed that
the presence of the precipitate slightly modifies the Young’s modulus of
the glass matrix. On the other hand, the yield stress decreases according
to the precipitate size, which is shown in the inset of Fig. 2. The ratio-
nale behind this fact is as follow: with a bigger size, the interface area
between the B2–CuZr phase and the glass matrix increases. Thus, there
is more internal stress at the interface, promoting the plastic regime of
the sample by means of STZs.

To characterize the structure of the precipitate in our cases, we cal-
culate their pair distribution function (PDF). The results are displayed
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Fig. 2. The stress–strain curves for the Cu50Zr50 metallic glass with crystalline B2–CuZr
phase under tensile deformation. The inset shows the decrease of the yield stress with the
increase of the size of the precipitate.

Table 1
Young’s modulus E and yield stress 𝜎y of
the Cu50Zr50 metallic glass with the
crystalline B2–CuZr phase.

r (nm) E (GPa) 𝜎y (GPa)

0 56.01 1.987
2 55.72 1.978
4 55.84 1.949
6 55.13 1.932

in Fig. 3, where is observed that no significant change occurs. A further
characterization was done by means of the CNA, which confirms that
no transformation occurs, as it is shown in Fig. 3(d) to Fig. 3(e). Exper-
imental studies [29–31] of CuZr–based metallic glass composites with
a B2 phase report that these systems exhibit martensitic phase transfor-
mation and pseudoelasticity, when the volume fraction of the B2 phase
is 40 − 80%. Interestingly, previous numerical studies shows, on one
hand, that shear bands nucleate from the precipitates, which propagate
and impact on other precipitates initiating the martensitic phase trans-
formation of the B2 phase [32]. On the other, Brink et al. [33] analyzed
the hit of a single SB on a B2–CuZr precipitate, not observing marten-

Fig. 4. Stress, 𝜎I , of the precipitate (r = 6 nm) according to the strain of the sample. The
maximum, ∼2 GPa, is far below the stress needed for the martensitic transformation.

sitic transformation of the B2 phase, arguing that the stress provided by
the shear band was not enough to initiate the transformation. Like in
the case of Brink [33], we also did not observe a martensitic transition.
In our case, the reasons are the following. Firstly, STZs are activated
at the interface, concentrating in the neighborhood of the precipitate,
and no SB hits the crystalline phase. Secondly, the stress provided to
the B2 phase by the tensile test is not enough to trigger the martensitic
transformation. Fig. 4 shows the stress on the precipitate (r = 6 nm),
𝜎I , due to the tensile test on the whole sample. It is observed that the
maximum stress is ∼2.0 GPa, far below the ∼12–15 GPa needed for the
phase transformation indicated by Sutrakar et al. [20] and recent work
by Amigo et al. [34]. In addition, Brink et al. [33] demonstrated that
the stacking fault energy in fcc copper is overestimated by the potential
of Mendelev et al. [35]. Thus, the stacking fault energy of the B2–CuZr
system could also be overestimated, which ultimately affects the onset
of the martensitic transformation [36]. It is interesting to note that the
Young’s modulus is 49.17 GPa, lower than the one of the glass matrix.
This explains the decrease of the elastic modulus in the composites, as
reported in Table 1.

3.2. Size of the precipitate and shear transformation zones activation

We have shown that the B2–CuZr precipitate does not undergo
martensitic transformation. However, at the same time, as it has been

Fig. 3. Calculated pair distribution function for atoms in crystalline B2–CuZr phase. In (a) we present the situation for 2 nm radii. (b) and (c) for 4 and 6 nm radii precipitate, respectively.
In the right panel from (d) to (g) the calculated common neighbor analysis for the 6 nm precipitate at different stages.
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Fig. 5. Cross–section view of the Cu50Zr50 system at different stages of the simulation. From left to right the precipitate–free case reported in Ref. [25], 2, 4 and 6 nm radii precipitates
respectively. Atoms are colored according to the shear strain and crystalline B2–CuZr phase is colored white. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

already discussed in the literature, the yield stress of the whole sam-
ple decreases since the interface between the precipitate and the glass
matrix promotes STZs [19,31]. In our case, it is also observed that the
greater the size of the precipitate, the lower the yield stress. In the fol-
lowing, we will give an atomic level description of the role of the size
of the precipitate in both, the STZs activation and the plastic flow of
the samples.

In Fig. 5, we present the process of the STZs activation for the three
radii under study, and the precipitate–free case reported in Ref. [25]. At
6–12% of the applied strain is observed that there are STZs that begin
to coalesce at the crystalline–amorphous interface. This phenomenon
increases for the biggest precipitate size, in good agreement with recent
experimental evidences [31] revealing that the B2 phase promotes the
density of the stress concentration sites. Nevertheless, in contrast with
Wu observations [31], no formation and interaction of multiple shear
band is seen, due to the absence of other precipitates. Note that the
SB formation is delayed for the case of the precipitate–free sample, see
Fig. 5(a). It is observed that Fig. 5(b) has a similar behavior, showing
the formation of a single SB close to the precipitate, while in Fig. 5(c)
and (d) the STZs concentrate in the neighborhood of the precipitate,
but no localized SB is observed. In all four cases, the plastic flow is
dominated by necking. This is clearly seen in Fig. 5, at 20% of strain.
At the end, high local atomic shear strain zones are concentrated around
the precipitate, eventually causing the failure of the sample.

Fig. 6 shows in detail the atoms that surround the precipitate. For
our simulations, atoms with low atomic shear strain (dark blue) tend to
agglomerate in high–density regions of diameter about 1.5 − 3 nm, sim-
ilar to the ones reported in recent experimental and simulation works
(see, for instance, Fig. 1 of Feng et al [37]). As it can be seen, these
regions are surrounded by atoms with high local atomic shear strain
that are spatially connected. In fact, they form an interconnected net-
work, in the scale of 1 − 2 nm, which define a medium range order
[38,39]. Feng et al. [37] argue that both regions are quite different:
while atoms with low 𝜂Mises are densely packed clusters, the others are
loosely packed, interconnecting regions with a low density. The SBs

propagate easily along the loosely packed region as the strain is applied.
In our case, the presence of crystalline B2–CuZr phase changes the dis-
tribution of these clusters, since the loosely packed regions grows at
the interface between the amorphous and the crystalline B2–CuZr phase
and it may be the reason why the STZs coalesce at the interface between
the crystalline phase and the glass matrix [31]. From Fig. 6 it is clear
that the presence of crystalline phase increases the formation of loosely
packed clusters that promote the activation of more than one region
with high concentration of STZs, in contrast to the precipitate–free case
[25]. Furthermore, this explains the decrease of the yield stress of the
samples as the size of the precipitate increases. This picture is reminis-
cent of a polycrystalline material [37], where the grains correspond to
the dark blue region, as can be seen in Fig. 6(b).

To quantify the distribution of shear strain in a sample during the
tensile test, we calculate the “degree of strain localization” parameter,
defined by Cheng et al. [40] as 𝜓 =

√
1
N
∑N

i=1 (𝜂
Mises
i − 𝜂Mises

ave )2, where
𝜂Mises

ave is the average of von Mises strain of all atoms and N is the total
number of atoms. 𝜓 is interpreted as follows: a larger 𝜓 indicates larger
fluctuations in the local atomic shear strain and more localized defor-
mation modes. Fig. 7(a) shows the 𝜓 parameter as a function of the
strain for the four samples. It is observed that all cases have almost
the same 𝜓 until 𝜖 = 0.06, and then, 𝜓 increases as the precipitate size
increases. This is in accordance with Fig. 6, where the shear strain is
more homogeneously distributed in the case with r = 2 nm (Fig. 6(a)),
as opposed to the case with r = 6 nm (Fig. 6(c)), where the shear strain
is heavily concentrated around the precipitate. Fig. 7(b) shows the rel-
ative number of atoms with 𝜂Mises > 0.3. It is observed that this number
is the same in all samples until 𝜖 = 0.10. Nevertheless, by further strain-
ing the systems, the number of atoms with 𝜂Mises > 0.3 is higher when
the precipitate is bigger. Hence, it is observed that a single precipi-
tate concentrates the shear in the sample. Note, that in contrast to our
results, it has been previously reported in the literature that B2–CuZr
phase improves ductility of MGs [29,31,32,41]. However, those stud-
ies consider multiple regions of B2–CuZr phase. These phases undergo
martensitic transformation and at the same time, several SBs are nucle-

Fig. 6. Image of the structure of Cu50Zr50 with 𝜀 = 12%. (a), (b) and (c) stands for crystalline precipitates of 2, 4, 6 nm radii respectively.
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Fig. 7. (a) Degree of strain localization parameter. (b) shows the relative number of atoms
with 𝜂Mises > 0.3.

ated at the interfaces, enhancing the plasticity of the system. Since our
simulations have a single B2–CuZr precipitate, that in addition do not
show phase transformation, an inverse effect takes place, i.e. the shear
strain has higher values and is more localized around the crystalline
phase, which could eventually cause the failure of the nanowire.

4. Conclusions

We have presented the effect of a crystalline B2–CuZr precipitate
in Cu50Zr50 metallic glass nanowires under tensile loading. Accord-
ing to our results, the yield stress decreases as the size of the precip-
itate increases, due to the bigger amount of atoms that have high local
atomic shear strain at the crystalline–amorphous interface. Thus, shear
transformation zones grow, but no localized shear band is observed for
the samples with a 4 and 6 nm radii precipitate. Regarding the crys-
talline precipitate, no martensitic phase transformation is observed in
all three samples, since the shear transformation zones concentrates
around the precipitate, avoiding the localization of a shear band. In
addition, the stress provided by the tensile test is not enough to initiate
the martensitic transformation of the B2–CuZr phase. Thus, our samples
do not exhibit pseudoelasticity.

In previous studies [19,32] it was observed that multiple crys-
talline precipitates promote the nucleation of shear bands at the
crystalline–amorphous interface. These shear bands grow and propa-
gates, interacting among them and hitting other precipitates, which
undergo martensitic phase transformation, resulting in the enhance-
ment of the plasticity of the system. In contrast, in this study we have
shown that a single precipitate have a different effect: it induces the

onset of STZs, that eventually coalesce, forming a shear band. How-
ever, this shear band does not localize in the sample and the plasticity
is dominated by necking.
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