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H I G H L I G H T S

• Plasticity of Cu50Zr50/B2eCuZr na-
nolaminates under iso-stress and iso-
strain are investigated.

• Martensitic transformation of the B2
phase enhances the strength of the
nanolaminates.

• Iso-stress leads to void formation at
the amorphous/crystalline interface.

• Iso-strain triggers B2 bands amorphi-
zation.
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A B S T R A C T

Metallic glasses with embedded crystalline phases have been experimentally reported to exhibit enhanced
mechanical properties. To further explore this observation, we employed molecular dynamics simulations to
study Cu50Zr50/B2eCuZr nanolaminates subjected to tensile tests under iso–stress and iso–strain conditions. The
onset of plasticity, martensitic transformation, and failure mechanisms were inspected at atomic level. It was
found that most of the B2eCuZr phase undergoes martensitic transformation, enhancing the strength of the
nanolaminate thanks to the second elastic regime developed in the crystalline layer. Interestingly, this trans-
formation is promoted due to the rearrangement of Cu atoms at the amorphous/crystalline interface, without the
direct influence of shear transformation zones. Regarding the failure mechanism, it was observed that it depends
on the deformation condition: the iso–stress condition leads to void formation at the interface, whereas the
iso–strain condition triggers B2 phase bands amorphization. Finally, tension–compression tests on Cu50Zr50/
B2eCuZr nanolaminates under iso–strain revealed that the crystalline layer undergoes reversible B2–monoclinic
transformation, decreasing the dissipated energy during mechanical loading when compared to the pure metallic
glass sample.

1. Introduction

There has been an increasing interest to study bulk metallic glasses
(MGs) in the last decade, due to their unique properties, such as high
strength, hardness and corrosion resistance [1–3]. Recently, thin film

metallic glasses with secondary crystalline phases have been proposed
as candidates for enhancing the plasticity and ductility of micro–elec-
tromechanical systems [4]. In the case of Cu1-xZrx MGs, a promising
procedure is to enhance ductility by preparing amorphous samples with
a secondary Cu–crystalline phase or the binary B2eCuZr phase [5–7].
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These composites have proved to exhibit a combination of high yield
strength and ductility, which is generally attributed to the interaction of
plasticity between the amorphous and crystalline phases. Nevertheless,
the exact mechanism is still not well understood.

Current experimental methods have allowed researchers to inspect
shear bands propagation and crystal defects in MGs with secondary
crystalline phases [8–10]. Unfortunately, these methods are limited in
this regard to direct observations, being incapable to give more detailed
information of the deformation process. Molecular dynamics (MD) si-
mulations have demonstrated to be a suitable tool to explore the onset
of dislocations, martensitic transformation (MT) and shear band nu-
cleation at the atomic scale in amorphous–crystalline composites.

Previous studies have described the nucleation of shear transfor-
mation zones (STZs) and their interaction with partial dislocations in
Cu50Zr50/Cu nanolaminates. Cui et al. [11] investigated the mechanical
response of these nanolaminates under shear tests, finding that the in-
teraction between dislocations and STZs prevents shear localization at
the interface and promotes plastic deformation. Alishahi and Deng [12]
studied the effect of the crystalline orientation in the plasticity of
Cu63Zr37/Cu composites under tensile loading. The authors indicated
that no significant differences were observed in the amorphou-
s–crystalline interface energy for the different orientations. Interest-
ingly, they reported that yielding may be initiated either by shear band
or dislocation nucleation, depending on the crystalline orientation at
the interface. In another work, Jian et al. [13] analyzed the plastic
deformation of Cu64Zr36 nanoglasses with nanocrystalline Cu. The au-
thors observed that an increasing fraction of the crystalline phase en-
hanced the tensile strength and reduced the ductility of the composite.
Whereas there are more studies available in the literature about
Cu50Zr50/Cu composites [14–19], only a few works can be found re-
garding the plastic deformation of Cu50Zr50/B2eCuZr nanolaminates at
the atomic level.

It has been previously found that MT of B2eCuZr precipitates en-
hances the yield strength and ductility of Cu1-xZrx MGs [6,20,21].
Hence, there has been a wide interest to explore the interaction of both
phases at the atomic level to understand its effect on the mechanical
properties. Şopu et al. [22] carried out MD simulations of Cu64Zr36/
B2eCuZr composite structures under uniaxial tensile tests. The B2
precipitates were inserted into the MG as [001] nanowires. The authors
indicated that the MT drastically affected the strain localization, re-
tarding the formation of a critical shear band (SB). Another work that
has reported MT of the B2 phase is the one of Luan et al. [23], which
studied plastic deformation of Cu50Zr50/B2eCuZr nanolaminates with
different thicknesses. The authors found that the amorphous/crystalline
interface blocked the propagation of the SB and MT provided homo-
geneous plastic deformation. Other authors have also investigated the
effect of B2eCuZr precipitates without observing MT. The work of
Brink et al. [24] described the interaction of a single SB with a spherical
B2 precipitate, whereas Kalcher et al. [25] studied the creep behavior of
Cu64Zr36 composites and Sepúlveda–Macías et al. [26] analyzed the size
effect of spherical B2 precipitates on the yield strength of a Cu50Zr50
nanowire.

In this work, our aim was to further inspect the effect of MT on the
onset of plasticity of Cu50Zr50/B2eCuZr composites. For this purpose,
we carried out tensile tests on nanolaminates under iso–stress and
iso–strain conditions considering different fractions of crystalline
phase. These two conditions were employed as limiting cases to the
different arrangement options of the crystalline phase. In the first part
of this work, tensile tests on the Cu50Zr50/50%B2eCuZr composite
under iso–stress and iso–strain were performed. An atomic level de-
scription of the plastic deformation and onset of failure was given in
detail. Then, the deformation mechanisms were quantified by means of
the atomic shear strain and centrosymmetry parameter, among other
descriptors. In the final part, the reversibility of the martensitic trans-
formation in the crystalline layer was analyzed. This paper was orga-
nized as follows: Section 2 explains the simulation procedure and the

tools used for analysis, Section 3 presents and discusses the results, and
Section 4 draws the conclusions.

2. Simulation details

Classical MD simulations must be carried out using an interatomic
potential that accurately describes the interaction among atoms. Here,
it was adopted the interatomic potential developed by Cheng et al. [27]
for the CuZr system, which is based on the embedded atom method
(EAM). In the EAM formalism, the potential energy of an embedded
atom i is expressed as [28]
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where α and β are the element types of atom i and a neighbor atom j,
respectively. The charge density is represented by ρij as a function of β
and the embedding function is denoted as Fα. The term ϕαβ is the pair
potential function between α and β.

The interatomic potential developed by Cheng et al. was fitted fol-
lowing different crystal structures obtained via ab initio MD. In addi-
tion, experimental elastic constants and phonon frequencies were also
included. The fitting was validated against experimental and ab initio
data, such as lattice parameters, cohesive energies, enthalpies of
mixing, bulk modulus, elastic constants, etc [27]. The resulting in-
teratomic potential has proved to describe accurately the CuZr system
and it has been employed in several works, such as the study of ico-
sahedral order [29], the glass transition and structural evolution [30],
prediction of the shear modulus [31], plastic deformation in Cu50Zr50/
Cu nanolaminates [15], among many others. The MD simulations in the
present work were performed using the code LAMMPS [32].

The computational procedure to prepare the nanolaminates con-
sisted of three different steps. In the first step, a well equilibrated
amorphous Cu50Zr50 structure was created. For this purpose, a crys-
talline B2eCuZr system with dimensions 9.0×3.8× 3.8 nm3 and lat-
tice 0.32 nm, with periodic boundary conditions (PBC), was created.
The system was relaxed in the NPT ensemble for 2 ns keeping the
temperature and pressure fixed at 2000 K and 0 GPa, respectively. The
integration timestep was set at 1 fs. Then, the system was cooled down
to 10 K as described in our previous work [33]. The calculated cooling
rate was 5×1010 K/s. With this procedure, the amorphous Cu50Zr50
was obtained.

The objective in the second step was to prepare the MG–B2 nano-
laminates. The MG prepared in the previous step was replicated eight
times in the x–direction and z–direction, obtaining a new system with
dimensions 52.4×1.6×52.4 nm3, containing ∼258000 atoms. Then,
a region ranging from −13.2 39.3 nm in the x–direction, −0.0 1.6 nm in
the y–direction, and −0.0 52.4 nm in the z–direction was removed. The
B2eCuZr phase was created in the removed region, with the (100)
plane in contact with the MG, obtaining an amorphous–crystalline
composite nanolaminate with a 50% volume fraction of B2 phase. This
volume fraction is given in relation to the total system volume. We refer
to this system as the Cu50Zr50/50%B2eCuZr nanolaminate hereafter.
The B2 layer was created with Zr atoms on its surface.

In the third step, the aim was to relax the amorphous/crystalline
interface. The temperature of the nanolaminate was increased from
10 K to 1000 K at 1012 K/s using the Langevin thermostat, while
keeping the pressure at 0 Pa with the Berendsen barostat. The system
was kept at 1000 K for 100 ps, and then was cooled down to 10 K at 1012

K/s. Finally, the composite was relaxed at 10 K for 100 ps. Fig. 1 shows
a zoom of the amorphous/crystalline interface.

For comparison purposes, three other samples were prepared. The
first one consisted in the same system previously described, with a 50%
volume fraction of B2 phase, but with Cu atoms located on its surface.
The second and third samples corresponded to two nanolaminates with
volume fractions of B2 phase of 20% and 80% with a Zr atoms interface,
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which we call Cu50Zr50/20%B2eCuZr and Cu50Zr50/80%B2eCuZr re-
spectively. The former has the B2 layer arranged from 21.0 to 31.4 nm
in the x–direction, while the latter from 5.1 to 47.1 nm. In addition, two
MG–Cu50Zr50 and B2eCuZr samples were prepared using the same di-
mensions and procedure. The B2eCuZr system was created with lattice
vectors [100] along the x direction, [010] along the y direction, and
[001] along the z direction.

All uniaxial tensile tests under iso–stress and iso–strain conditions
were performed by loading the x–direction as shown in Fig. 2(a) and
(b), respectively. The same procedure was repeated for the
MG–Cu50Zr50 and B2eCuZr samples, where the latter was strained
along the [100] direction. The strain was applied on the system by
rescaling the position of all atoms each time step at 108 s-1 strain rate.
This strain rate has been observed to produce similar results compared
to other rates, without compromising severely the computational cost
[34,35].

The temperature was kept constant at =T 10 K using the Langevin
thermostat to ease analysis and inspection of the local atomic structure.
PBC conditions were set in all directions. Several diagnostic tools were
employed to analyze the simulations. In order to calculate the stress–-
strain curve, the σxx component of the stress tensor was computed as
[32]
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where V is the volume of the system, mα is the mass of atom α, vi
α and vj

α

are the i and j–component of velocity, respectively, Fj
αβ is the i–com-

ponent of the force between atoms α and β, and ri
αβ is the j–component

of the distance between atoms α and β. In this equation, the first term is
associated with the kinetic energy due to thermal vibration, while the
second term with the potential energy due to the elastic deformation of
the system.

The strain in the sample during a tensile test was calculated fol-
lowing the definition of the engineering strain

= −ε L L
L

,0

0 (3)

where L is the length of the system at any point during the test and L0 is
its original length.

The atomic structure of the MG layers was described by means of
the local atomic shear strain given by Ref. [36],
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where ηαβ are the components of the strain tensor of atom i. Once ηMises

was calculated, we were able to determine the shear strain distribution
in all samples. This was quantified by means of the “degree of strain
localization” parameter [37], defined as
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where N is the total number of atoms, ηi
Mises is the von Mises strain of

atom i, and ηave
Mises is the average von Mises strain of all atoms. The in-

terpretation of this parameter is that a larger value of ψ implies a higher
degree of strain localization.

The atomic structure of the B2 layers and its change of phase was
described using the centrosymmetry parameter (CSP) [38], which is
defined for atom i as
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where N is the number of nearest neighbors of atom i,
→
Rj and

→
+Rj N/2 are

the vectors from atom i to a pair of opposite nearest neighbors. Note
that since the B2–phase can be regarded as a BCC structure, the number
of nearest neighbors is =N 8. In this study, < <c0.0 0.6i represented
the B2 structure, while < <c1.0 3.5i and < <c6.5 8.5i corresponded to

Fig. 1. Cu50Zr50 and B2eCuZr interface with Zr atoms at the interface. Zr atoms
are represented by red and yellow, whereas Cu by blue and white. The lattice
vectors of the crystalline phase are also presented. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 2. Cu50Zr50/20%B2eCuZr composite. The tensile loading was applied along the x direction. (a) Composite under iso–stress and (b) iso–strain conditions. The
lattice vectors of the crystalline phase are also presented.
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Zr and Cu atoms in the monoclinic structure, respectively. This mono-
clinic structure was previously shown in our previous work [34]. The
simulation results were visualized using the software OVITO [39].

3. Results

The Cu50Zr50/B2eCuZr nanolaminates were prepared in such a way
that only Zr or Cu atoms of the crystalline phase were in contact with
the amorphous phase. For instance, the case of Zr atoms on the contact
surface is shown in Fig. 1. In order to explore the influence of a Zr or a
Cu contact interface, the energy difference as well as the stress–strain
curves of both cases were compared. The interface energy of the com-
posites was calculated as

= − −γ E E E S( )/ ,int A C/ amor crys int (7)

where EA C/ is the total energy of the amorphous/crystalline system,
computed as the sum of the potential energy of all atoms after relaxa-
tion. Analogously, Eamor and Ecrys correspond to the total energy of the
amorphous and crystalline layers with PBC, respectively. Sint represents
the total interface cross–sectional area. The obtained values for γint were
−0.88 J/m2 and -0.85 J/m2, for the samples with Zr and Cu atoms on
the contact surface, respectively. The difference between both quan-
tities was 0.9%, indicating that the atom type at the surface does not
affect significantly the energy landscape at the interface.

The two samples were also subjected to tensile tests under iso–stress
condition to investigate the effect of the interface on the stress–strain
curve. The results are shown in Fig. 3. Both curves have the same be-
havior during the elastic and plastic regime. Small differences appear
during the onset of fracture =ε( 0.19), where the sample with Cu atoms
at the amorphous/crystalline interface displays an ultimate tensile
strength only 0.26% higher than the one of the other system. Overall,
placing Zr or Cu atoms on the contact surface has no significant impact
on the mechanical behavior of both samples. Therefore, in the rest of
this work we only consider systems where Zr atoms are located on the
contact surface.

3.1. Tensile tests under iso–stress and iso–strain conditions

Uniaxial tensile tests were carried out for the Cu50Zr50/50%
B2eCuZr nanolaminate, under iso–stress and iso–strain conditions. The
test was also performed for the MG–Cu50Zr50 and the crystalline
B2eCuZr samples. The resulting stress–strain curves are shown in
Fig. 4. Both nanolaminates exhibit elastic behavior up to =ε 0.08. A
bump is observed at =ε 0.09 for the iso–stress condition, at =ε 0.10 for
the iso–strain condition, and at =ε 0.10 for the B2eCuZr sample, as can
be seen in the inset of Fig. 4. Then, the stress increases until a maximum
value, where the failure begins. It is important to note that both com-
posites present enhanced strength when compared to the pure MG
system, which is in agreement with experimental results [6,7]. The
Young's modulus E (estimated as the slope of the curve between

=ε 0.00 and =ε 0.01), the yield stress (measured at =ε 0.002 offset),
the bump stress σb (measured before the abrupt change of slope), and
the ultimate tensile stress σu (computed as the maximum stress) of all
cases are presented in Table 1. It is interesting to note that the yield
stress of the B2eCuZr sample is much higher compared to the others,
because this system exhibits a complete elastic behavior up to =ε 0.09.
In addition, there is no σb calculated for the MG–Cu50Zr50 since its curve
does not present any bump.

An atomic level picture for the nanocomposite under iso–stress is
given in Fig. 5, where the MG and the crystalline phase are colored
according to the atomic shear strain and the centrosymmetry para-
meter, respectively. Fig. 5(a) shows the nanolaminate at =ε 0.09, just
when the bump in the stress–strain curve takes place. It is seen that
STZs are nucleated homogeneously in the amorphous matrix, whereas
{110} transformation planes from B2 to monoclinic phase are promoted
at the interface (atoms in green and enclosed by red lines), which was
previously reported in the literature but not described in detail [40]. As
the strain increases, these transformation bands coalesce, and the
crystalline layer is dominated by monoclinic structure, except for
narrow bands of B2 phase, as shown in Fig. 5(b). At =ε 0.19, voids
begin to nucleate at the amorphous/crystalline interface and the B2
bands of the crystalline structure undergo amorphization, as depicted in
Fig. 5(c).

In the case of iso–strain condition, the formation and propagation of

Fig. 3. Stress–strain curves for Cu50Zr50/50%
B2eCuZr nanolaminates under iso–stress where
the amorphous/crystalline contact surface is
composed of Zr atoms (blue curve) and Cu atoms
(red curve). (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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transformation bands is also observed, as well as STZs nucleation and
narrow bands of B2 phase ((Fig. 6(a) and (b)). However, some differ-
ences can be distinguished. The bump in the stress–strain curve is ex-
hibited close to =ε 0.10, the onset of failure is at a higher strain

=ε( 0.22), the amorphization process is stronger, and the void forma-
tion at the interface is almost negligible (Fig. 6(c)).

3.2. Deformation mechanisms

The simulations allowed us to uncover how operate both iso–stress
and iso–strain conditions at the atomic level. We will see that there are
two different, unrelated deformation mechanisms during these tests,
namely, martensitic transformation (MT) and shear transformation
zones (STZs).

Regarding the MT in the nanolaminate under iso–stress, one can
observe that some Cu atoms are closer to each other according to the
progress of the deformation process, labeled as “d” in Fig. 7(a). This
behavior constitutes the onset of the monoclinic bands, as shown in
Fig. 7(b). Hence, the MT is promoted due to the rearrangement of Cu
atoms close to the contact surface, without the influence of STZs. The
transformations bands ultimately coalesce and dominate the crystalline
phase, coexisting with thin, narrow B2 phase paths. The same phe-
nomenon is found in the nanolaminate under iso–strain.

The distribution of STZs in the nanolaminate under both tensile tests
was quantified by means of the ψ parameter. The results were compared
with the case of pure MG, which are shown in Fig. 8. It is observed that

Fig. 4. Stress–strain curves for the Cu50Zr50/50%B2eCuZr nanolaminate under iso–stress and iso–strain, and for the pure MG–Cu50Zr50 and B2eCuZr samples.

Table 1
Young's modulus, E, yield stress, σy, and ultimate tensile stress, σu, of Cu50Zr50/
50%B2eCuZr under iso–stress and iso–strain, as well as for MG–Cu50Zr50 and
B2eCuZr.

Condition E (GPa) σy (GPa) σb (GPa) σu (GPa)

Iso–stress 133.84 3.80 10.31 15.01
Iso–strain 135.35 3.31 11.17 15.74
MG–Cu50Zr50 144.76 3.25 – 14.06
B2eCuZr 123.59 12.49 12.35 18.81

Fig. 5. Cu50Zr50/50%B2eCuZr nanolaminate under iso–stress at (a) =ε 0.09, (b) =ε 0.15 and (c) =ε 0.19. The amorphous and crystalline phase are colored according
to the local atomic shear strain and centrosymmetry parameter, respectively.
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all samples have almost the same ψ value until =ε 0.06, and then, ψ
increases earlier in the composites compared to the pure MG sample,
meaning that the crystalline phase localizes the strain field. Following
the work of Sepúlveda–Macías et al. [26], this phenomenon should
decrease the mechanical strength of the systems compared to the pure
MG. However, the opposite behavior is observed from the stress–strain
curves in Fig. 4, since the B2 phase undergoes MT, reaching its second
elastic regime and thus, enhancing the strength of the nanolaminates.
This transformation was not observed in the work of Sepúlveda–Macías
et al., possibly due to the relaxation procedure when preparing the
samples. The authors simply relaxed the systems at 300 K for 100 ps. In
contrast, here the samples were annealed at 1000 K, and then they were
quenched to 10 K, allowing the amorphous/crystalline interface to be-
come more relaxed.

In Section 3.1 it was described that the failure of the nanolaminate
varied, depending on whether the iso–stress or the iso–strain condition
was applied. The former promotes failure by means of void formation at
the amorphous/crystalline interface, while the latter by means of
amorphization of the remaining B2 phase bands. In order to understand
the differences in both cases, the degree of strain localization was
compared. From Fig. 8, the iso–stress condition leads to more localized
strain fields, which are concentrated at the interface (see Fig. 5(b)),
leading to void nucleation (see Fig. 5(c)). To shed light to this point, the
potential energy profile was calculated along the x direction (see
Fig. 2(a)) in the composite under iso–stress and along the z direction
(see Fig. 2(b)) in the composite under iso–strain. The results are shown
in Fig. 9. It is observed that there are peaks in potential energy at

x≈ 0.20 nm, x≈ 0.80 nm for the nanolaminate under iso–stress, and at
z≈ 0.25 nm, z≈ 0.75 nm for the composite under iso–strain, corre-
sponding to the amorphous/crystalline interfaces. For the sample under
iso–stress, the interface energy is higher compared to the case under
iso–strain, indicating that the atoms are more distant from each other,
easing the void formation process. On the other hand, the sample under
iso–strain fails due to B2 bands amorphization (Fig. 6(c)). This ob-
servation was quantified by calculating the fraction of atoms in the
crystalline phase with centrosymmetry deviation above 12, resulting in
the curves presented in Fig. 10. As expected, the sample under iso–-
strain has a higher fraction of atoms with >c 12i >ε( 0.18) than the
iso–stress case, which represents a stronger amorphization of B2 bands.

3.3. Reversibility of Cu50Zr50/50%B2eCuZr nanolaminates

The crystalline phase of the composite exhibits MT from B2 phase to
monoclinic structure. A natural question that raises from this observa-
tion is whether the transformation is reversible or not. In order to
clarify this matter, three nanolaminates with three different B2 volume
fractions, Cu50Zr50/20%B2eCuZr, Cu50Zr50/50%B2eCuZr and
Cu50Zr50/80%B2eCuZr, were subjected to tension–compression tests
under iso–strain condition. For comparison purposes, the test was also
performed on the pure MG sample. Fig. 11 shows the stress–strain
curves of the four cases. As expected, the pure MG sample presents the
lowest yield strength, whereas the Cu50Zr50/80%B2eCuZr composite
exhibits the highest. Moreover, this nanolaminate exhibits a noticeable
bump at the onset of the MT =ε( 0.10). During the compression tests, all

Fig. 6. Cu50Zr50/50%B2eCuZr nanolaminate under iso–strain at (a) =ε 0.10, (b) =ε 0.15 and (c) =ε 0.22. The amorphous and crystalline phase are colored ac-
cording to the local atomic shear strain and centrosymmetry parameter, respectively.

Fig. 7. Amorphous/crystalline interface and monoclinic structure transformation at (a) =ε 0.04 where some Cu atoms are closer to each other. In (b) nucleation of a
transformation band at =ε 0.09.
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crystalline phases underwent a reversible MT from monoclinic structure
to B2 phase. Nevertheless, at the end of these tests, none of the samples
achieved =ε 0 at =σ 0, since the transition from elastic to plastic re-
gime of the MG layer is not a reversible process, as seen in Fig. 12 for
the Cu50Zr50/50%B2eCuZr nanolaminate after unloading. Table 2
summarizes the remaining strains εr and the dissipated energies Ed for
the four samples. It is observed that the lowest dissipated energy cor-
responds to the Cu50Zr50/80%B2eCuZr nanolaminate, whereas the
highest to the pure MG sample. Hence, the higher the fraction of the B2
phase, the lower the dissipated energy in the system.

4. Conclusions

Uniaxial tensile tests have been carried out to study the plastic be-
havior of Cu50Zr50/B2eCuZr nanolaminates. The tests were performed
under iso–stress and iso–strain conditions. Shear transformation zones
and martensitic transformation were inspected and analyzed in detail.
Three main features were observed in this work:

1. The Cu50Zr50/50%B2eCuZr nanolaminate under iso–stress and
iso–strain exhibited higher degree of strain localization than the

Fig. 8. Degree of strain localization for Cu50Zr50/50%B2eCuZr under iso–stress, iso–strain and pure MG.

Fig. 9. Energy profiles across the amorphous/crystalline/amorphous layers prior to failure.
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pure MG sample. However, thanks to the martensitic transforma-
tion, the crystalline layer reached a second elastic regime, enhan-
cing the strength of the whole composite.

2. The onset of failure in the nanolaminate under iso–stress was trig-
gered by void nucleation at the amorphous/crystalline interface. In
contrast, the failure in the nanolaminate under iso–strain was in-
itiated by amorphization of B2 phase bands in the crystalline matrix.

3. All of the composites, with different crystalline volume fractions,
showed martensitic transformation from B2 to monoclinic structure

during tension, and reversible transformation from monoclinic to B2
phase during compression. Furthermore, the composite with the
highest crystalline fraction presented the lowest dissipated energy
during the test.

Overall, it has been shown that the martensitic transformation of the
B2eCuZr phase improved the strength of the MG–Cu50Zr50, and de-
creased the dissipated energy during mechanical loadings. Since these
results are in agreement with experimental observations, molecular

Fig. 10. Fraction of atoms of the crystalline phase with high centrosymmetry deviation >c( 12)i for Cu50Zr50/50%B2eCuZr under iso–stress and iso–strain.

Fig. 11. Tension–compression tests under iso–strain for the Cu50Zr50/B2eCuZr nanolaminate with three different B2 volume fractions and pure MG sample.
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dynamics simulations can help to further understand the amorphous/
crystalline interactions in complex composites.
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