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Lacking macroscopic plasticity severely limits structure applications of bulk metallic glasses (BMGs).
In general, particle-reinforced BMGs have an enhanced ductility but show reduced strength, whereas
body-centered-cubic CuZr phase (B2 phase)-reinforced bulk MGs display improved ductility and

strength. The underlying reason for the improvement in B2 phase-reinforced BMGs is still ambiguous.

Herein, the atomic arrangement in CuygZrsgAly BMGs with and without the B2 phase under tensile

deformation is studied using molecular dynamics simulation. Different from pure MG where shear
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transformation zones (STZs) are activated along the same direction to form the domain shear band,
STZs in the B2 phase-reinforced MG are activated along different directions disturbing the formation of
a domain shear band. More plastic deformation and increased stress are allowed because of the phase

transformations of B2 phases. The revealed deformation mechanism of B2 phase-reinforced MGs

rsc.li/pcecp

Introduction

Metallic glasses (MGs) have attracted substantial attention and
been considered potential candidates for applications in the
fields of microelectromechanical systems, nanoelectromechanical
systems, biomedical implants, precious microparts, surgical tools,
and micromachines due to their high strength and hardness, large
elastic strain, outstanding corrosion resistance, and good wear
resistance. Although nanoscale MGs can have a high ductility,
the deformation of bulk MGs is attributed to the localization of
plastic strain to shear bands, causing bulk MGs to exhibit little
extensibility under ambient tension where the ductility is less
than 0.5%.°® Bulk MGs can fail catastrophically along a single
domain shear band that evolves into a crack at vanishingly
small tensile strain, limiting the reliability of MGs and their
potential engineering applications.”™*

In recent years, crystalline phases are in situ or ex situ induced
to improve the tensile ductility of bulk MGs by inhibiting the
rapid propagation of domain shear bands. For example, extrinsic
crystalline phases such as TiC, TiB, WC, ZrC or ZrO,, dendrites
(a tree-like crystalline structure) and crystalline phases that
undergo the diffusionless phase transformation during plastic
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enables us to design heterogeneous structures with excellent strength and toughness.

deformation can improve ductility to more than 5%."> % It has
been reported that the improved ductility in the extrinsic phase
and dendrite-reinforced MGs associates with work-softening,
whereas a diffusionless phase transformation during plastic
deformation can significantly enhance the ductility of MGs
accompanied with obvious work-hardening.'*>' Up to now,
the discovered parent phase with diffusionless transformation
in the MG matrix is only the equiatomic CuZr intermetallic
compound with a body-centered-cubic (bec) structure (B2 phase).”***
This new kind of an MG composite with improvements both in
tensile ductility and strength provides a novel approach for
designing practical MGs with excellent performance. However,
the underlying reason for the enhancements in both the tensile
ductility and strength in a crystalline phase with martensitic
transformation-reinforced MGs is still ambiguous. A thorough
understanding of the atomic arrangement in MGs with and
without the B2 phase during tensile deformation enables us to
figure out the underlying reason for the excellent performance of
B2 phase-reinforced MGs.

It is noticeable that the plastic deformation of MGs and
crystalline phases are dominant through different mechanisms.
The plastic deformation of crystalline structures is normally
accomplished through the motion and production of dis-
locations that are the result of the rupture of the atomic bonds
along a line in the lattice.”*®® Moreover, the B2 phase is
plastically deformed with a new monoclinic ZrCu phase (B19’
phase) formed by diffusionless transformation under the shear
strain.’’”® In contrast to conventional crystalline materials
deforming plastically through dislocation activity and phase
transformation, plastic deformation of MGs occurs through the
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activation of the shear transformation zones (STZs).>*"' STZs
experiencing the largest nonaffine strain are preferentially
activated in the matrix involving weakly bonded atoms, and
coalesce from tens of atoms to hundreds of atoms.**?* The
STZs behave as Eshelby inclusions where the matrix exhibits a
quadrupolar deformation symmetry and the inclusions repre-
sent the size of STZs.>* STZs have the highest atomistic strains,
whereas the matrix surrounding the STZs displays the lowest
strain and relatively higher stresses.>” The percolation of STZs
along a plane of maximum shear stress causes the formation of
a domain shear band.*® The domain shear band has a highly
localized plastic flow and propagates rapidly, resulting in the
low tensile ductility of MGs.*> On one hand, compared to
heterogeneous materials made up of nanocrystals,?” the inter-
face that can significantly affect the crack propagation between
adjacent phases also plays a significant role in the enhanced
mechanics in crystalline phase-reinforced MGs. On the other
hand, the orientation of adjacent crystals determines the crack
propagation in heterogeneous materials made up of nano-
crystals, whereas the structure of MGs near the interface
significantly affects the crack propagation path in crystalline
phase-reinforced MGs. This is because the structure of MGs is
heterogeneous with different atom packing densities. The crack
is prone to propagation in the region having a low packing
density causing minimized energy dissipated. The coordination
and interactions of different plastic behaviors in the B2 phase-
reinforced MGs should be revealed in order to shed light on
their deformation mechanism.

The objective of this study is to investigate the interactions
between the crystalline and glassy structures in the B2 phase-
reinforced CuygZr,gAl, MGs under tensile deformation. The
underlying cause for the failure of this composite has been
analyzed to determine a way to enhance both tensile strength
and ductility. First, CusgZr,gAl, MGs with and without the B2
phase have been constructed, which suffer from uniaxial tensile
deformation at a fixed strain of 10> ps~* at 50 K. Subsequently,
the atomistic local strain during the deformation of different
modeled structures is characterized to determine whether the
STZs activated in the amorphous matrix. The effect of the
crystalline structure on the atomic rearrangement in the amor-
phous matrix is analyzed by comparing the atom displacement
in two-modeled structures. Our study reveals the relationship
between the structural evolution and mechanical response in
the B2 phase-reinforced MGs under tensile deformation and
figures out the underlying reason for the improvement of
strength and ductility. Our revealed failure mechanism can
provide an insight into the design and fabrication of new
heterogeneous materials that have outstanding strength and
ductility and can be practically applied.

Simulation methodology
Methods

The molecular simulations are performed using a large-scale
atomic/molecular massively parallel simulator (LAMMPS).*®

314 | Phys. Chem. Chem. Phys., 2020, 22, 313-324

View Article Online

PCCP

A developed embedded-atom method (EAM) potential for the
Cu-Zr-Al ternary system based on the ab initio calculations has
been successfully applied to predict the properties of con-
figurations, such as the crystalline phase, liquids and metallic
glasses (MGs), and the EAM-derived results are comparable
with both ab initio and experimental data.>*™*' The total energy
of a solid in EAM is a unique function of electron density,
where the total energy of a system is approximated as:***

E= Z E;
| (1)
E =F, (Z pp(Ri) + 52 ‘p“ﬁ(R"f)>

J#I J#i

where F is the embedding energy, which is a function of the
atomic electron density p; @(ry) is the pair interaction between
atoms i and j separated by a distance r;. This potential has
accurately predicted the structure of CuZrAl MGs where the pair
distribution function results of the modeled MG predicted by
the EAM potential are in good agreement with the X-ray results
measured from the experiment.** The EAM potential has also
successfully predicted the phase transformation of the CuZr
phase under deformation and this result is also in good
agreement with experimental results.** The cohesive energy of
the CuZr phase predicted by EAM potential is about —5.07 eV
per atom, which is similar to the value —5.06 eV per atom
obtained from ab initio calculations.*®> Considering these, EAM
potential is selected to describe the interatomic interactions in
CuygZrygAl,; MGs, B2 phase and at the interface between MG
and B2 phases system is melted and equilibrated for 10 ns in
the isothermal-isobaric (NPT) ensemble at 0 Pa and 2400 K,
which is above the melting point of the amorphous alloy. The
modeled system is then cooled at a cooling rate of 10 K ns™*
from 2400 K to 50 K and run in the NPT ensemble at 0 Pa and
50 K for another 10 ns, obtaining the configuration of the
CuygZr,gAl, MG. The temperature of the NPT ensemble used for
these processes is controlled by a Nose-Hoover thermostat,
and the pressure was controlled at zero using a Nose-Hoover
barostat. The B2 phase has a lattice constant of 0.33 nm. The
timestep used is 1 fs. If a large timestep is used, the motion of
particles becomes unstable due to the big truncation error in
the integration process, the total energy of the system rapidly
increasing with time. The molecular dynamics integration
algorithm becomes unstable at a large timestep size. If the
timestep is too small, it is inefficient because it takes a very
long running time. The default value of timestep for the metal
atoms in the LAMMPS is 1 fs. The periodic boundary conditions
is applied to three directions of modeled CuygZrygAl, MG and
B2 phase respectively. Specifically, the x, y and z directions are
parallel to the [100], [010] and [001] directions of the crystalline
B2 phase. By examining the root-mean-square displacement
(RMSD) of atoms, which keeps at a constant level before the
200 ps NVT equilibrium run completes at different temperatures,
it implies that the equilibrated state has been obtained. The glass
transition temperature and radial distribution function of the
modeled Cu,gZr,5Al; MG and Young’s modulus of the B2 phase
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have been predicted. The B2 phase is embedded into an amor-
phous matrix to construct the B2 phase-reinforced MG structure.
The volume fraction of the B2 phase is about 34%. The modeled
CuygZr,gAl, MG has a size of 46 nm X 5 nm x 110 nm, and the
size of the modeled Cu,gZr,gAl, MG with the B2 phase is 46 nm X
5 nm x 110 nm. During the tensile deformation, a periodic
boundary condition is applied to the y and z directions of the
MG matrix and a free boundary condition is applied to the x
direction to allow the occurrence of shear offset on the free
surfaces. The modeled systems are deformed by applying a
constant and uniaxial strain rate along the z-coordinate at
different temperatures. The atomistic strain tensor () is
defined as n; = (JiJT — I)/2, where J; denotes the local deforma-
tion gradient tensor.”> To visualize plastic shearing during
deformation, the local shear strain (or local shear invariant
von Mises strain) of each atom i in the system is calculated
using the equation:***”

Mises
n;

1 2 2
= \/g |:<rl“’~ - n}’}’) + (nyy - 7]:;)) +(’7;z - ’7xx)2+77xy2 + ’7}’:’2 + nzxz
©)

where 1., Ny, Hzzy Nxys Nyz and 1, are the components of the
Lagrangian strain matrix for a specific atom. To calculate the
M of each atom, the individual atomic positions after
deformation are compared with their corresponding configura-
tions in the non-deformed forms by ignoring the homogeneous
deformation. The local shear strain in the STZs is reduced from
the center of the STZs to the outer area, and the matrix
surrounding STZs has a minimized local shear strain.>**® The
matrix, consisting of atoms with large enough 5™
regarded as the STZ. To visualize the atomic structure and the
atomic-scale deformation mechanisms, we use the OVITO
software.*’

, can be

Physical and mechanical properties predicted by the EAM
potential

The physical and mechanical properties of CuygZr,gAl; MGs
and the B2 phase are predicted by the EAM potential. Fig. 1
shows the temperature dependence of the specific volume for
the CuygZrygAl, MGs during the cooling process. The specific
volume continuously changes with temperature, indicating the
formation of a glassy structure for the CuygZr,gAl, liquid at a
cooling rate of 0.01 K ps~'. The intersect of the extrapolations
for the undercooled melt and the metallic glass lines denote the
glass transition temperature (T,) of CuygZr,gAl, of about 712 K,
which is slightly higher than the experimental value of 688 K.*°
The simulated T, is reasonable in comparison with the experi-
mental one considering the much higher cooling rate in the
simulation than that in the experiment.> The radial distribution
function (RDF) analysis is among one of the most important
methods to reveal the structural features of a system, particularly
for liquids and amorphous structures.®® Fig. 2 shows the total
and partial RDF of the CuygZrygAl, MG. After the simulated
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Fig. 1 Specific volume as a function of temperature CusgZrsgAly liquid at
a cooling rate of 0.01 K ps™. The red lines are the linear fit. The glass
transition temperature (Tg) is determined from the intersection of the two
red lines.
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system is cooled down from the liquid state to the glassy state,
the second peak of RDF for the CuygZr,5Al, MG is split into two
peaks, as shown in Fig. 2a. The emergence of the subpeak on
the second peak is generally a signal of the local ordering in the
amorphous structure, implying the formation of a glassy
state.>® Furthermore, the nearest neighbor distance (the first
peak) of RDF for the CuygZr,gAl, MG is about 2.75. This has a
good agreement with the value (2.71) of the structure factor for
the CuygZr,sAl, MGs measured via X-ray diffraction.>® Here, the
structure factor is sine Fourier transformed to obtain RDF.*’
The atomistic radii of the Cu, Zr and Al atoms determined from
the first peak positions of the Cu-Cu, Zr-Zr, and Al-Al curves
are 2.55, 3.15, and 2.85, respectively, as shown in Fig. 2b. This is
in good agreement with the experimental data, where the
atomistic radii of the Cu, Zr and Al atoms are 2.56, 3.14 and
2.86, respectively, suggesting that the EAM potential is appro-
priate for expressing the real force filed in the Cu-Zr-Al system.
The Young’s modulus (E) of the B2 phase is also predicted by
the MD simulation, which is about 85.4 GPa. The predicted E of
the modeled materials is closer to that predicted in the experi-
mental data, where the experimental E of the B2 phase is
82.0 GPa.”®”” The simulation result of E is higher than the
experimental values. This is because the strain rate in the MD
simulation is several orders of magnitude higher, making less
contribution of thermal motions to the mechanical response of
the material. In addition, the constructed model is free of
structural defects and voids, which normally exist in the
macroscopic samples. All these result in the overestimation of
elastic moduli. The error between the simulation results and
the experimental values is less than 5%. This indicates the
reliability of the EAM potential to predict the mechanical
properties of CuZr materials.

Results and discussion

Effect of temperature and strain rate on the tensile behavior of
modeled MGs

Fig. 3 shows the stress-strain curves of modeled CugygZr,gAl,
MGs under the uniaxial tensile deformation of a fixed strain at
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Fig. 3 (a) Initial structure of modeled Cu4gZrsgAly MGs. (b) The stress—strain response of modeled CuygZrsgAly MGs under the uniaxial tensile
deformation of a fixed strain rate of 1072 ps™ at different temperatures. The failure model of MGs is changed at different temperatures. (c) The stress—
strain curve of modeled Cu4gZrsgAly MGs at a low temperature of 50 K under different strain rates. The stress is rapidly reduced at a strain rate smaller

than 1072 ps~, whereas it is gradually reduced at a strain rate higher than 10

~2 ps~L. The local shear strain distribution at strain of 6% under a strain rate of

1072 ps* (d) at 50 K; the MG is inhomogeneously deformed with the strain mainly limited in shear band. (e) At 300 K; with the increment of temperature,
the modeled MG plastically deforms after yielding. The higher the temperature, the more homogeneous the plastic deformation. Moreover, the yield

stress is reduced with the increment of temperature.

different temperatures below the glass transition temperature.
It is found that at a low temperature of 50 K, the modeled MG
failed because of the inhomogeneous deformation where the
strain is mainly limited in the domain shear band, whereas with

316 | Phys. Chem. Chem. Phys., 2020, 22, 313-324

an increase in temperature, the plastic deformation becomes
homogeneous, as shown in Fig. 3b. This indicates that the failure
mechanism depends on the temperature because the cooling rate
to obtain the glassy structure in the MD simulation can be several
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orders of magnitude higher compared with that in the experi-
ment. Such a fast cooling rate does not provide enough time for
structure relaxation. The shorter time of diffusion in modeled
MGs reduce the distance between two neighbor atoms in MGs
constructed in the MD simulation at 300 K, which is smaller than
that in MGs fabricated in the experiments at 300 K. The structure
of modeled MG at 300 K is much unstable compared with
the structure of MG fabricated in the experiment. In the MD
simulation, it takes more than one month to obtain the glassy
structure at the similar cooling rate to that of the experiment.
We reduce the temperature to 50 K to give enough time for the
structure relaxation. Moreover, the short-range-ordered struc-
tures of MG that have a detrimental effect on the mechanical
properties at different temperatures are quantified. It is found
that when the temperature is below the glass transition tem-
perature, it has a negligible effect on the short-range-ordered
structure of MGs. Therefore, the atomistic structure of the
modeled MGs at 50 K is comparable with the structure of
MGs obtained in the experiment at 300 K. Our simulation
results for the stress-strain response also indicate that the
modeled MG failed by inhomogeneous deformation at 50 K,
which is consistent with the failure mode of MG fabricated in
the experiment at 300 K. In simulation, when the temperature is
increased to 300 K, the failure mode is changed with a homo-
geneous plastic deformation. Taking all these into consideration,
the structural evolution of modeled MGs at 50 K gives an insight
to understand the structural evolution of MG experimentally
obtained at 300 K. Fig. 3c shows the stress-strain response of
modeled CuygZr,gAl, MGs at 50 K under the uniaxial tensile
deformation at different strain rates. The strain rate can also
affect the failure mechanism of modeled Cu,gZr,gAl, MGs. A too
high strain rate can promote the flow of atoms. When the strain
rate is smaller than 107> ps ', the stress is rapidly reduced
related to the formation of shear bands. When the strain rate is
larger than 10> ps ™', the stress is gradually reduced with a
relatively homogeneous plastic deformation. Moreover, it is
found that the stress—strain rate at 10> ps™ " is very close to that
at 10~° ps~ . This indicates that a reduced strain rate lower than
107> ps~ " does not have a significant effect on the stress-strain
curve. The simulated results at 10> ps~ ' can be identical to the
experimental results. When the strain rate is increased to
107> ps~, the strain rate affects the value of stress, but it has
no effect on the critical strain when the stress is significantly
changed. This means that the stress-strain curve at a strain rate
of 1072 ps~! can also reflect the experimental results. Consi-
dering the computational cost, the strain rate of 10~ ps™* is a
cutoff for the different deformation mechanisms of MGs. The
selected strain rate of 10> ps~ ! can ensure a similar deformation
mechanism obtained from the experiments.

In order to understand the atomic arrangement under
tensile deformation and to reveal its failure mechanism, the
local shear strain evolution of the Cu,gZr,sAl, MGs at 50 K
under the fixed strain rate of 10”2 ps™ ' is shown in Fig. 4. The
isolated STZs are activated before the stress reduces, as shown
in Fig. 4a. With the strain increased, the STZs with the density
increased percolated along the plane with the maximum shear

This journal is © the Owner Societies 2020
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stress (Fig. 4b). A dominant shear band formed as a result of
activation, percolation and annihilation of STZs (Fig. 4c). This
shear band propagates rapidly along the direction of an angle
of 45° with respect to the tensile axis causing the failure of MGs.
With the strain increased to more than 6%, the size of the shear
band and shear offset increased (Fig. 4d). After the domain
shear band is formed, the upper and lower parts of the MG
samples slip oppositely along the shear plane causing the
shear offset to increase. The energy accumulation during shear
sliding leads to an increase in the heat energy in the shear
band.*® The increased heat energy can affect the critical
shear stress required for the slip, causing the fluctuation of
the stress during the shear sliding. The atom displacement at
different deformation stages without considering the homo-
geneous deformation is also represented in order to explain how
the STZs are activated and percolated. The atoms first move
under shear stress. As the homogeneous displacement along the
tensile direction is not considered, the motion of atoms is
perpendicular to the tensile axis (Fig. 4e). The activated STZs
significantly deflect the surrounding matrix motion making it to
displace preferentially on the plane with the maximum shear
stress (Fig. 4f). The motion of atoms in the STZs is random,
whereas the atoms near the STZs have a vortex-like motion.
A strong antisymmetric strain field can be generated near the
STZs and the following STZs along the plane with maximum
shear stress are activated when the local stress exceeds a thresh-
old value. The increased STZs can significantly disturb the
vortex-like motion of the surrounding matrix, resulting in the
percolation and annihilation of individual STZs. Eventually, a
domain shear band is formed, and the matrix near the domain
shear band eventually displaces along the direction with
maximum shear stress (Fig. 4g). Moreover, for the STZs with a
minimum stress,> the significant increase in both the density
and size of STZs can cause a reduction in the stress response for
CuygZrygAl, MGs. The local temperature of the shear band region
is quantified. It is found that when the domain shear band is
formed, the local temperature of the shear band increased along
with the increment in the overall strain (Fig. 4h). This is because,
after the domain shear band is formed, the upper and lower parts
of the MG samples slip oppositely along the shear plane causing
the shear offset. The shear stress required to slide on the slip
plane along the slip direction is constant; the stress almost
remained constant during the slip. The energy accumulation
during shear sliding leads to an increase in the temperature in
shear bands. The increased temperature can affect the critical
shear stress required for the slip causing fluctuation in the stress.

Stress response of CuygZr,gAl, MGs with embedded B2 phase

Fig. 5 shows the stress-strain response of MGs with embedded
B phases at 50 K at a fixed strain rate of 10”> ps~". The [001]
direction of the B2 phase is tilted to increase the angle between
the tensile direction and the [001] direction of the B2 phase.
In these 4 samples, the tensile direction is parallel to the [001],
[112], and [111] directions of the B2 phase, respectively. Different
from the tensile behavior of Cu,gZr,sAl, MG, where there is a
nearly linear stress-strain relationship before the stress drops
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precipitously at a strain of about 5.0%, the stress of the
modeled CuygZrysAl, MG with the B2 phase is reduced after
yielding followed by work-hardening before reaching the peak.
The ductility is obviously increased compared with that
of MGs. As the volume fraction of the crystalline phase was
kept unchanged in different samples, the Young’s modulus
remained nearly constant. Table 1 shows the yield strength, the

Table 1 The yield strength, the ultimate strengths and elongation of
modeled MGs with the B2 phase. The [001] direction of the B2 phase is
tilted to increase the angle between the tensile direction and the [001]
direction of the B2 phase

35° 45° 55°
Sample 1 2 3 4 Average
Yield strength (GPa) 2.20 2.34 2.24 1.42 2.05 £ 0.4
Ultimate strength (GPa) 2.48 3.17 3.30 2.41  2.84 + 0.37
Elongation (%) 13.2 12.7 13.7 10.6 12.8 £ 1.18
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Table 2 The Schmid factor, slip systems and cos 4 of the B2 phase in different samples

Tensile Schmid factor Slip systems CoS ¢ on
direction cos A for slip Slip directions Slip plane (101) plane
z [001] 0.33 0.47 (111) {112} 0.71
z[112] 0.47 0.41 [111], [111] (101), (011) 0.87

z [101] 0.82 0.41 [111], [111], [111], [111] (011), (110), (110), (011) 0

z [111] 1 0.47 [111] (112), (112) 0.82

ultimate strength and elongation of different samples. The
yield strength, ultimate strength and elongation are highly
dependent on the orientation. As the amorphous matrix under-
goes homogeneous deformation in MGs with the B2 phase, the
yielding of MGs with the B2 phase is a result of the yielding of
the B2 phase. The crystalline phase is plastically deformed by
slipping on the plane with the highest atom packing density
and along the direction with the highest atom packing density,
because minimized stress is required for the motion of dis-
locations on such plane and along such directions. As the B2
phase has the body-centered-cubic structure, it can slip on the

(@) Strain =4.0% (b) Strain =5.6%
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matrix
" “Interface .
Displaced
. under shear
Cryrs1tallme e
phase
_Interface.
Amorphous
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(e) Strain = 4.0%
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{110} and {112} planes along the (111) directions. The restored
shear stress (1) can be expressed as:*°

T = 0 coS Acos @

€)

where 7 is the applied tensile stress, ¢ is the angle between the
normal direction of the slip plane and tensile direction, and
A is the corresponding angle between the slip direction and the
tensile axis. The critical stress required to cause yielding is a
function of cos¢cosi (named the Schmid factor). Table 2
shows a summary of the Schmid factor, slip systems and cos 4
of the B2 phase in different samples. It is clear that larger the

(c) Strain=9.2%  (d) Strain =13.2%

uonoalIp 9|ISUsL
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' Local
shear
strain
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5

Fig. 6 Local shear strain distribution of the modeled CuygZrsgAly MG with B2 phase at different strains of (a) 4.0% where the STZs in the amorphous
matrix are activated. The STZs are not activated along the direction of an angle 45° with respect to the tensile direction. (b) 5.6% where the crystalline
structure near the interface is highly strained. (c) 9.2% where the crystalline structure is deformed with the phase transformation. (d) 13.2% where a new
phase is formed associating with the rotation of the crystalline structure. The amorphous matrix is highly strained. The atom displacement at the different
strain of (e) 4.0% where the atoms’ motion in the amorphous matrix near the interface are deflected causing the atoms in the crystalline structure close to
the interface displaced nearly along the tensile direction. (f) 5.6% where more STZs near the interface are activated resulting in the atom in the crystalline
structure move along the orientation of maximum shear stress (direction of an angle of 45° with respect to the tensile axis).
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Schmid factor, lower is the value of applied stress ¢ required The phase transformation of the B2 phase occurs in the
for the slip. This indicates that there is a lower yield strength in  (101) plane direction. The stress on the (101) plane is deter-
the samples, where the crystalline phase has a higher Schmid mined by cos ¢. A large cos ¢ indicates a large stress on the
factor. When the Schmid factor is similar in samples, a high (101) plane. The failure of the sample is due to the high stress
value of cos/4 means a higher shear stress along the slip concentration near the interface contributing to the formation
direction promoting the slip. Therefore, for samples with a of pores. The large stress in the (101) plane promotes the phase
similar Schmid factor, there is a lower yield strength in the transformation of the B2 phase and the formation of pores
samples with a larger value of cosA. This is the reason that resulting in a low elongation. Therefore, there is a low elonga-
there is a minimized yield strength in the sample where the tion in samples where the tensile direction is parallel to the
tensile direction is parallel to the [111] direction of B2 phases, [112] and [111] directions. The slip systems can interfere with
whereas there is a maximum yield strength in the sample, each other causing a difficulty in the slip movement. These
where the tensile direction is parallel to the [112] direction of interactions among slip systems contribute to the improvement
the B2 phases. in the ultimate strength. A higher ultimate strength can be
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Fig. 7 Structural evolution of the crystalline phase at different strains of (a) 9.0% where a new B19 phase is generated to relax the high strain stored in the
crystalline structure. The B19 phase of the orthonormal structure is formed by shear of the basal plane (101)B2 along [101]B2 direction. (b) 9.2% where the
formed B19 phase is grown along the crystalline orientation [101]B2. This growth causes the rotation of the basal B2 phase where the plane (101)B2 is not
parallel to the (100)B19 plane as the dot lines shown. (c) 9.4% where the growth orientation of B19 phase is twisted because of the shear on (010)B2 plane
along [1011]B2 direction. The planes (101)B2 and (100)B19 are not parallel because of the rotation of B2 structure on (010) plane. (d) 12.3% where the B19
phase transforms to monoclinic B19’ phase. The angle between (101)B2 and (100)B19 is increased. (e) 13.2% where the twins are formed to coordinate the
neighbor B19’ phases. (f) 14.8% where a pore is formed at the interface to relax the stress concentration. This relaxation results in the formed B19’ phase
reversibly transforms into B2 phase. (g) The details of B2 phase transforms to B19 phase by the shear on (101)B2 plane along [101]B2 direction. The formed
B19 phase has a relationship with the basal B2 structure that [100]B19 is parallel to [101]B2, [010]B19 is parallel to [010]B2 and [001]B19 is parallel to
[101]B2. The orientation of the B19 phase is (100)B19 parallel to (101)B2. (h) The details of B19 phase transformed to B19’ phase by the shear on (010)B2
plane along [101]B2 direction. The blue atoms refer to the atoms in the B2 phase, the green atoms mean the atoms in the new formed B19 phase and
B19’ phase and the red atoms refer to atoms in the disordered arrangement.
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found in samples with a larger number of initial slip systems.
The ultimate strength is relatively high in samples where the
tensile direction is parallel to [112] and [101].

To understand the structural evolution of modeled
Cu,gZr,Al, MGs with the B2 phase during tensile deformation,
the sample where the z direction is parallel to the [001]
direction of the B2 phase is selected as an example. The local
shear strain and atom displacement of the modeled Cu,gZr,gAl,
MG with the B2 phase under the tensile deformation are shown
in Fig. 6. The STZs are activated in the amorphous matrix
similar to that in CuygZr,gAl; MGs and the crystalline structure
is non-deformed (Fig. 6a), causing a linear stress-strain
response. With the strain increased, the neighboring STZs are
activated along different planes (Fig. 6b). The crystalline struc-
ture is inhomogeneously deformed with a strain relaxation in
the amorphous matrix (Fig. 6¢). The highly strained crystalline
structure is rotated with an increment of the strain (Fig. 6d).
Fig. 6e shows the effect of the crystalline structure on the atom
motion. The vortex-like motion of the matrix surrounding the
STZs is deflected by the interface, resulting in the crystalline
structure being displaced nearly along the direction parallel
to the tensile axis. A high local strain at the interface promotes
the activation of the STZs along the direction parallel to the
interface instead of the direction of 45° with respect to the
tensile axis (Fig. 6f). The different activation plane of STZs
destructs the vortex-like motion in the amorphous matrix
preventing the formation of the domain shear band. The highly
strained interface is then relaxed by the deformation of the
crystalline structure, causing a reduction in the stress response.
With the deformation continuing, the stress-strain response is

6.5
°6,

)
26,
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dominant due to the crystalline structure deformation. When
the whole crystalline structure has a higher strain than the
surrounding amorphous matrix, more STZs are activated and
percolated. In turn, the highly strained amorphous matrix can
promote the deformation of the crystalline structure. This
interaction between the amorphous matrix and crystalline
structure results in an improvement of stress with the strain
increased.

Interactions between the crystalline phase and the amorphous
matrix

Fig. 7 shows the details of the crystalline phase deformation
at different strains. Before the stress reduces, the crystalline
structure is non-deformed. The large displacement of the
crystalline atoms near the interface causes a diffusionless
phase transformation from the B2 phase to the orthonormal
ZrCu phase (B19 phase). The B19 phase is formed because of
the displacement of the B2 phase on the plane (101)B2 along
the [101]B2 direction and the (100)B19 plane is parallel to the
(101)B2 plane, as shown in Fig. 7a. The B19 phase is grown
along the [101]B2 direction, resulting in the rotation of the B2
phase, and the (100)B19 plane is not parallel to the (101)B2
plane, shown as dotted lines in Fig. 7b. This diffusionless phase
transformation releases the stress stored in the crystalline
structure, causing a decreased stress response. The newly
formed B19 phase is deformed because of the shear on the
(010)B2 plane along the [101]B2 direction, as shown in Fig. 7c.
The shear deformation of the B19 phase leads to the formation
of the B19’ phase, allowing more plastic deformation and work-
hardening. As shown in Fig. 7d, with the increase in strain,
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Fig. 8 The displacement of atoms at the interface under different strains (a) 5.6% where the interfacial atoms move nearly parallel to the tensile
direction. (b) 9.2% where the atomistic motion near the interface is rotated because of the formation of a new phase. (c) 9.4% where the atoms of B2
phase move along the maximum shear stress direction. The shearing of the basal B2 phase results in the formation of new B19 phase where atoms have
no obvious displacement. (d) Atoms in the newly formed phase are displaced to coordinate the deformation because of a significant reduction of B2
phase. (e) When the B2 phase is totally transformed to B19’ phase, the atoms undergo shearing along the same direction resulting in the displacement of
atoms at the interface increased. A large displacement of atoms in STZs near the interface increases the free volume resulting in a pore nucleated. (f) The
pore generated significantly relaxes the strain and stress stored in the crystalline structure. The displacement of crystalline atoms is obviously reduced

with reversing the shearing direction.
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more of the B2 phase is transformed to the B19 and B19’
phases. The angle between the (101)B2 plane and (100)B19
plane increased due to the rotation of the crystalline structure.
When the B2 is totally transformed to the B19’ phase, twins are
formed to coordinate the neighboring B19’ phases, as shown in
Fig. 7e. The twinning is prevented at the interface, resulting in
stress concentration. The interfacial stress concentration facil-
ities the percolation of the STZs. A pore is nucleated at the
interface when the free volume of STZs near the interface is
over a threshold, as shown in Fig. 7f. The nucleation of the pore
leads to strain relaxation, causing the formed B19’ phase to
transform reversibly into the B2 phase. Fig. 7g shows the details
of the phase transformation from the B2 phase to the B19
phase. It is clear that [100]B19 is parallel to [101]B2, [010]B19 is
parallel to [010]B2, and [001]B19 is parallel to [101]B2. The
phase transformation from the B19 phase to the B19’ phase is
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shown in Fig. 7h, which is the result of shear on the (010)B2
plane along the [101]B2 direction, [001]B19’ is parallel to
[101]B2.

The details of interactions between the crystalline structure
and the amorphous matrix in CuygZr,gAl, MGs with the B2
phase are shown in Fig. 8. Before the deformation of the
crystalline structure, the atoms at the interface move parallel
to the tensile direction, as shown in Fig. 8a. As the new phase is
formed by shear of the basal plane (101)B2 along the [101]|B2
direction, the motion of atoms surrounding the new phase is
obviously rotated toward the direction with the maximum shear
stress, as shown in Fig. 8b. As a result of the lattice-invariant
shear, there is no displacement for atoms in the newly formed
B19 phase, as shown in Fig. 8c. The B2 phase, confined among
the newly formed B19 phase, is deformed under shear stress,
contributing to the transformation of the B2 phase. With the
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Fig. 9 Schematic diagram of atom motions in the different modeled structures during the tensile deformation of (a) MGs. The homogeneous
deformation is not taken into consideration. The atoms firstly suffer from shear stress and the STZs are activated with the strain increased. The motion
direction of the atoms around the STZs is significantly rotated. with the increment of strain, the STZs are distorted along the maximum shear direction
which has an angle of 45° with respect to tensile direction and more STZs are activated. The obvious torsion of the STZs can cause stress reduction of the
MGs. The non-highly deformed atoms display a vortex-like behavior which in return obviously affects the activation and penetration of STZs. A domain
shear band causing the fast fracture of the MG is formed under the activation, percolation and annihilation of STZs. (b) MGs with crystalline phase. At the
beginning deformation stage, the amorphous matrix mainly suffers from the deformation. The atom motion near the interface is highly deflected
because of the crystalline phase affecting the local strain and stress field. The maximum shear stress near the interface and far from the interface in the
amorphous matrix is not along a similar direction. This causes the neighbor STZs near and far from the interface along different planes restricting the
domain shear band formed. The high strain at the interface is relaxed by the deformation of the crystalline structure which significantly deflects
the atomistic displacement at the interface. The propagation of the defects can result in the failure of the crystalline structure, leading to a reduced stress
response with limited improved ductility in MGs. The STZs near the interface are suffering from shearing resulting in an increment of free volume in STZs.
When the displacement of the atoms in STZs is over a threshold, the pores can be generated providing the failure site of the modeled structures.
This combination interaction between the amorphous matrix and crystalline phase results in the improvement of strength and ductility.
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decrease in volume of the B2 phase, the newly formed B19
phase surrounding the B2 phase suffers from the shear defor-
mation to transform to the B19’ phase, as shown in Fig. 8d. The
displacement of atoms in the B19’ phase and near the interface
significantly is increased under the shear, as shown in Fig. 8e.
The large displacement of atoms in STZs near the interface
promotes the STZs to evolve into a pore. The high strain and
stress stored in the crystalline phase are greatly relaxed because
of the generation of pores, leading to the stress filed in the
crystalline phase significantly reversed, as shown in Fig. 8f.
Under the reversed shear stress, the B19’ phase transforms
back to the B2 phase. After the failure of the modeled structure,
all of the B19’ phase transferred to the B2 phase.

According to the previous statement, we can draw a conclu-
sion that the different stress-strain responses in the modeled
MGs without and with the crystalline phase are mainly related
to atom displacement. Fig. 9 shows a schematic of atom
displacement under tensile deformation, explaining the failure
mechanism of MG composites. STZs are activated along the
maximum shear stress plane in the MGs, and the atoms around
the STZs display a vortex-like motion, as shown in Fig. 9a. The
vortex-like motion of the matrix can cause the annihilation of
smaller STZs. The percolation of STZs along the plane with the
maximum shear stress evolves into a domain shear band,
which is the underlying reason for the low tensile ductility of
MGs. With the existence of the crystalline phase, the amor-
phous matrix is deformed first where the vortex-like motion of
the atoms in the amorphous matrix near the interface is
disturbed, as shown in Fig. 9b. The STZs near and far from
the interface are percolated along different planes, avoiding the
formation of a domain shear band. The crystalline phase is
deformed to relax the high stress stored at the interface,
leading to a reduction in the stress response. The propagation
of the crystallographic defects can result in the failure of the
crystalline phase. As a result, there is a reduction in the stress
response and a limited ductility improvement. The increase in
stress followed by a decrease with the increase of strain has
been observed in the particles (such as TiC and TiB) and the
dendrite-reinforced MG matrix. The B2 phase can undergo
diffusionless phase transformation under the tensile deformation.
This diffusionless phase transformation causes the rotation of the
crystalline structure. In contrast to other particle-reinforced MGs
where the crystallographic defects are propagated after formation,
the B2 phase undergoes phase transformation under shearing,
leading to an increment in the deformation ability. Improvements
in both the tensile ductility and strength can be obtained. The
STZs near the interface suffer from shearing, resulting in an
increment in the free volume of STZs. The increased free volume
of STZs near the interface provides the sites to nucleate the pores.
Our results reveal the underlying reason for the improvement in
both the strength and ductility under the tensile deformation of
the B2 phase-reinforced MGs by tracing the atom displacement.
The growth of the B19 phase under shearing results in stress
reduction with a limited increment in the ductility. The B19 phase
is transformed to the B19’ phase under shearing, leading to an
increment in the stress. The revealed deformation mechanism in
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this study can motivate us to design and fabricate a practical MG
composite with higher tensile ductility and strength. For example,
reinforcements with different crystalline structures and strengths
can be added into the MG matrix. In addition, our study provides
an insight for figuring out the interactions between the crystalline
structure and glassy structure, inspiring us to design hetero-
geneous materials with a good combination of strength and
toughness.

Conclusions

In summary, B2 phase-reinforced MGs can overcome the low
tensile ductility of MGs without sacrificing the strength to solve
the brittleness of bulk MGs without reducing their competition
edge. This work has studied the atomic arrangement under the
tensile deformation, figuring out the deformation mechanism
of the CuygZrysAl, MG without and with the B2 phase using the
molecular dynamics simulation. The interactions between the
crystalline structure and the amorphous matrix are characterized.
The deformation of the amorphous matrix dominates the linear
stress—strain response, and the crystalline phase evolution is
responsible for the nonlinear stress-strain response of B2
phase-reinforced Cu,gZr,gAl, MGs. When the embedded
crystalline phase is tilted, the variation of mechanical proper-
ties in MGs with the B2 phase is due to the shear stress required
for the slip of the B2 phase change. The revealed deformed
mechanism of MGs with and without a crystalline phase
enables us to improve the tensile ductility of MGs with work-
hardening. Moreover, our findings provide an insight for
designing and fabricating MGs with both improved strength
and toughness for industrial availability.
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