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ABSTRACT: Revealing the mechanism of phase selectivity can provide the guidance

for controlling the crystals with certain phase for special property. In present work,

(thermodynamic metastable phase) are generated from the CuZr glassy fiber by
applied tensile stress at ambient temperature. Combined the ab initio calculations with
the molecular dynamics simulations, the stabilities of B2 austenite and B19'
martensitic phases under applied tensile stress are compared, and the phase
transformation mechanism is revealed. The results present that the B2 structure has a
bigger attractive basin, and phase transition could occur with a larger applied stress
during the deformation. Therefore, the insight of the higher symmetric B2 nanocrystal
with selectivity nucleation driven under directional stress is demonstrated.

Keywords: Nanocrystallization; Metallic glasses; Phase selectivity; Phase transition;
Tensile stress
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1. Introduction

Over the past half century, metallic glasses (MGs) have attracted considerable

properties,1-4 but their room-temperature brittleness has been the stumbling block for
real structural applications.5, 6 Many efforts have been made to improve their ductility
at room temperature, and the CuZr-based bulk metallic glasses (BMGs) system has
been one of the most classic and effective systems to realize this achievement.7, 8, 25 In
the CuZr-based BMGs, the stress can induce nanocrystallization and martensitic
transformation and lead to the observed strain hardening and ductility. However, the
mechanism of the phase transition and selectivity is still unclear.
It has been confirmed that crystals embedded in the metallic glasses can promote
the mechanical performance of material.8 CuZr-based alloys, which have very good
glass forming ability,9,

10

have been proved to be interesting for the study of

crystallization and phase transformation.11 The B2 austenite CuZr can significantly
enhance the fracture strain and decrease the yield strength under compressive
loading.12 The work hardening of the B2 phase is attributed to the martensitic
transformation from B2 austenite to B19' martensite CuZr during the plastic
deformation.13 However, in our study it was found that B19' phase was unstable and
could transform into B2 phase at lower tensile stress. Therefore, revealing the
mechanism of phase selectivity can provide the guidance for controlling the crystals
with certain phase through special treatments, such as annealing14 and preloading.15
Due to the importance of austenite phase, several mechanisms of
3
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over-stabilization of the austenite phase have been proposed, such as interfacial

energy contribution mechanism,16, 17 internal defect contribution mechanism18, 19 and

the austenite phase shears into twin-related variants of the product with martensite
phase during the cooling process.23 Addition of the third element can stabilize the B2
CuZr phase during quenching.24 For the stress-induced phase transformation, the
previous

experimental

observations

focused

on

the

B2→B19'

martensite

transformation of CuZr alloy in the plastic region of tension,25 whereas the theoretical
calculations mainly studied the evolution of the topology structure.10,

26

The

mechanism of phase selectivity induced by stress still remains unclear.
In present work, we observed the crystallization in CuZr metallic glass with
phase selectivity under tensile stress. Furthermore, theoretical calculation was used to
understand the mechanism of phase selectivity during the deformation.

2. Materials and methods
2.1. Experimental procedure
To investigate the phase transformation mechanism precisely, the same
composition of Cu50Zr50 alloy with two different sample sizes were chosen in our
experiments. Due to the different cooling rates, different phase structures were
obtained. The cast fibers at micro-scale are fully amorphous, comparing with a few
crystalline phases formed in the rod samples, which are good and convincing carriers
for the study. Alloy ingots with a nominal composition of Cu50Zr50 (at. %) were
4
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prepared by arc-melting a mixture of elements with a purity level of ＞99.9%
in a

Ti-gettered high purity argon atmosphere. The cylindrical rods with a diameter of 5

were fabricated by the melt-extraction method (MEM). The edge angle of the Cu
wheel (diameter about 200 mm) was fixed at 60°. The circumferential velocity Vw of
the Cu wheel was 30 ms-1. In the apparatus, the position of the cylindrical rods by
induction melting could be controlled. The molten mother alloy was extracted by
moving up the melt cylindrical rods under a high purity argon atmosphere, and
forming a fine, rapidly cooled circular fiber with a high surface-to-volume ratio.27 The
surface morphologies and actual fiber diameters were examined in a Zeiss SUPRA 55
scanning electron microscope (SEM). The phase structures of the rod and wires were
examined by X-ray diffraction (XRD) with Cu Kα radiation. The thermal properties
were analyzed by differential scanning calorimetry (DSC) (NETZSCH STA 449) at a
heating rate of 20 K/min.
Tension experiments were conducted on an Instron 5848 microtester with a gauge
length of ~20 mm and a strain rate of 8.33×10-5 s-1 at ambient temperature. The test
fibers were bonded to a specially designed paper frame with a rhombic hole at the
center by the epoxy adhesive. When the testing sample was fixed on the cross-head,
the paper frame was cutoff through the middle. The tensile stresses were calculated
using the force values of the tensile experiment divided by the sample cross-section at
the point of failure observed in the SEM. The microstructures of the samples were
examined by high resolution transmission electron microscopy (HRTEM) using a
5
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TECNAI-F30 instrument operated at 300 kV. To reduce the impact of focus ion
beam

(FIB) and HRTEM, the samples were cooled by liquid nitrogen during preparation,

2.2. Computational details
For the comparison of attractive basins and the thermodynamic analysis, density
functional theory (DFT) calculations were performed using the projector-augmented
wave methods implemented in the Vienna ab initio simulation package (VASP). The
Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation
(GGA) was selected as the exchange-correlation potential. The plane wave energy
cutoff was set to 520 eV. The maximum residual force was less than 0.02 eV/Å. The
k-point mesh was set to be 3  3  3 . The B2 ( 3  2 2  2 2 unit cells) and B19'
( 3 2  2 unit cells) supercells were built.
To intuitively observe the phase transition, molecular dynamics simulations for
dynamic analysis were adopted to study the phase transition under uniaxial strain,
using the code LAMMPS. The embedded-atom method (EAM) potentials28 were
used. The NPT ensemble is employed, and the temperature is fixed at T  300 K by
using the Nose-Hoover thermostat. Periodic boundary conditions are adopted in all
three directions. The velocity-Verlet algorithm is applied to integrate the equations of
motion with a time step 1 fs. B2 ( 15 10 2 10 2 unit cells) and B19' ( 15 10 10
unit cells) supercells were built. Both supercells contain 6000 atoms, with a side
length of about 4–5 nm, which is larger than the diameters (2–4 nm) of the
nanocrystals observed in the experiments. Though the number of atoms is small, it is
6
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enough in our crystalline model, judging by the smooth stress–strain curves and
clear

visual snapshots during the phase transition. After achieving the energy minimization

3. Results
3.1. Nanocrystallization with B2 phase under tensile stress
The formation of nanoscale structure of a material depends on the temperature and
cooling history.29 In this study, samples with different diameters and cooling rates
were prepared, and the final microstructures of alloy were observed by transmission
electron microscopy (TEM) at the ambient temperature. To reduce the impact of the
electron beam, the observation time of the sample under TEM is very short. Fig. 1(a)
shows the Cu50Zr50 rod with a diameter of 5 mm by vacuum suction method
(Supporting Information, section SI.1). According to the cooling rate equation studied
by W.L. Johnson,30 the cooling rate of the rod sample was estimated to be ~102 K/s.
The X-ray diffraction (XRD) patterns of the rod shown in Fig. 1(b) prove that there
are two phases of B2 and B19' crystals in the glassy matrix after quenching. Fig. 1(c)
shows the HRTEM image of the phase microstructures in the rod. The potential
energies of the B2 and B19' phases are closed ( E  0.022 eV atom -1 , Supporting
Information, section SI.1), thus they can coexist in the glassy matrix.

7
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Fig. 1. Generation of nanocrystals in Cu50Zr50 alloy during the quenching and under
tensile stress. (a) Sample of Cu50Zr50 rod with a diameter of 5 mm. The XRD patterns
(b) and the HRTEM image (c) of Cu50Zr50 rod after slow quenching (~102 K/s). (d)
The surface morphology of Cu50Zr50 fiber with a diameter of 50 μm. (e) The HRTEM
image of the fiber after fast quenching (~106 K/s). (f) The HRTEM image of the fiber
after tension.

The melt-extracted glassy fiber samples with a diameter of 50 μm were prepared,
and the corresponding cooling rate was increased to ~106 K/s (Supporting Information,
section SI.2) as shown in Fig. 1(d), in which the magnified microscopic image shows
that the micron-sized fiber is axially and radially uniform with a smooth surface. The
HRTEM microstructures for the fiber specimens are presented in Fig. 1(e), which
shows no hint for the presence of any distinguishable crystallites. The selected area
8
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electron diffraction pattern from the overall structure also shows only amorphous

rings. Though very tiny nanocrysllines could be found to be randomly present in the

and has a faster cooling rate to avoiding any crystallization during fabrication.
Meanwhile, the results of XRD with a very slow scanning rate and differential
scanning calorimetry (DSC) further prove that fiber sample is fully amorphous after
cooling, shown in Fig.S4 (Supporting Information, section SI.2). Significant changes
of the structure at the scale of several nanometers can be observed in the HRTEM
images after tensile stress is applied, where the strain is within   1.20 % . As
metallic glasses generally have a large elastic strain limit of ~2%,2-4 the deformation
with a strain of 1.20% is much less than the elastic strain limit. A small amount of B2
nanocrystals, with an average size of 2 nm starts to appear in the amorphous matrix,
as shown in Fig. 1(f). The generation of nanocrystals in CuZr metallic glassy fibers,
induced by uniaxial tensile stress with a strain value of ≤ 2% is very interesting, as
nanocrystallization induced by deformation itself is a plastic procedure. The HRTEM
images exhibit that the lattice fringes are in good accord with the plane distances of
the B2 phase. We noticed that only the B2 phase was formed during the tension of the
amorphous fibers, suggesting that the B2 phase compared with the B19' phase is
much easily formed under tensile stress.

9
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Fig. 2. Room temperature tensile engineering stress-strain curve of the metallic glassy
fiber sample loaded three times before attaining its final fracture.

To explore the formation of these nanocrystals induced by tensile stress in the
micron-sized metallic glassy fiber, we have carried out a multiple-loading tension
experiment on the sample. The loading cycle consisted of loading up to a few per cent
of strain followed by the complete unloading and was applied three times. The
corresponding engineering stress-strain curve is presented in Fig. 2. It can be
observed that the strain never returns to zero during unloading, and upon subsequence
reloading, the stress-strain relationship followed the unloading curve and returned to
the same stress and continued the deformation with further loading. However, the
elastic modulus of the fiber has slightly increased during the second and third
reloading. This deviation indicates that the microstructure of the metallic glassy fiber
has changed under tensile stress. According to Wagner,31 crystallization in MGs
always implies significant change in the local elastic modulus and atomic
configuration on the short- to medium-range length scale can be perfectly icosahedral
10
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which exhibits similar or even higher modulus values compared to the long-range

crystal. For the micron-sized metallic glassy fiber, B2 nanocrystals can be easily

increment of the elastic modulus.
3.2. Comparison of attractive basins of the B2 and B19' structure under stress
To explain this experimental phenomenon and in-depth understanding the phase
selectivity mechanism between B2 and B19', we have applied the ab initio
calculations and molecular dynamics simulations to study the phase stability under
stress. Firstly, the basins of the attraction of the B2 and B19' structure under stress
were compared. In order to study the possible paths for phase transformation between
the B2 and B19' crystals, and to mimic the effects of strain and stress, we have
gradually changed the lattice parameters between B2 and B19'. More specifically, the
lattice of primitive cell is transformed gradually and uniformly to another phase in 10
steps, while keeping the internal coordination of the atoms. This is followed by
atomic relaxation of the internal atomic coordinates while to keep the periodic cell
geometry fixed. The resulting energies are shown in Fig. 3(a). We then relax the
whole system including the cell geometry. When the initial cell geometry is in the B2
phase with the condition of only the internal atomic coordinates to be relaxed, the
system will stay in a high energy state but not in the B19' phase state, for comparison
while the cell geometry to be allowed to relax, the system will relax back into the B2
state, proven by the X-ray intensities calculation shown in Fig. 3(b).

11
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Fig. 3. Evolutions of system energies during the transformations between the B2
( 3  2 2  2 2 unit cells) and B19' ( 3 2  2 unit cells) lattices, calculated by the ab
initio. The lattices were changed gradually and uniformly in 10 steps, and the
corresponded energies after internal atomic relaxations were shown (a). The lattice at
each step was then relaxed. (b and c) X-ray intensities calculation with primitive
structures B2 and B19', respectively.

The inverse process is done with the initial cell geometry in the B19' phase. For
this time, when the cell geometry passes step 6, the whole system will relax to a
B2-like phase, while before step 6, the system will return back the B19' structure. The
B2-like structure can be proven by the X-ray intensities calculation (Fig. 3(c)). The
evolution of the phase structure in this process can be also verified by the topological
structures, calculated by Voronoi Indexes,32 which are shown in Table 1.

Table 1. Voronoi Indexes of alloy during the deformation from the B19' lattice to
the B2 one.
12
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Lattice is fixed.
Cu-center

step 1~6

Cu-center

Zr-center

<2, 3, 0, 6> <0, 5, 2, 10> <2, 3, 0, 6> <0, 5, 2, 10>
<0, 5, 2, 5>

<0, 5, 0, 9>

<2, 3, 0, 6> <0, 5, 2, 10>

step 7~10 <0, 6, 0, 8>

<0, 6, 0, 8>

<0, 6, 0, 8>

<0, 6, 0, 8>

<0, 6, 0, 8>

<0, 6, 0, 8>

<0, 6, 0, 8>

B2

<0, 6, 0, 8>

The results of these calculations indicate that the B19' structure can be
irreversibly transformed to the B2 structure, but B2 structure is difficult to be
transformed into the B19' structure. Thus the B2 structure has a much larger basin of
attraction, despite of the fact that the B19' has a slightly lower energy under the
ambient pressure. Larger attractive basin means B2 phase is easier to be formed and
more stable under uniaxial stress. Though the B19' nucleus may generate after
quenching, they would transfer to the B2 phase. Thus, only B2 nanocrystals were
found after tension.
3.3. Thermodynamic analysis of the phase transition from B19' to B2
The above calculation studies the attractive basins of different phases, especially
after an applied stress is released. Now we further study this issue from the
thermodynamic point of view using ab initio calculation. As shown in Fig. 3(a), at the
ambient pressure, the B19' phase has slightly lower energy. However, the situation can
change under stress. The thermodynamic phase transitions under hydrostatic pressure
are well studied.33,

34

Under pressure P , the thermodynamic property which
13
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determines the crystal phase is not the energy E , but the enthalpy H  DOI:
E 10.1039/C7NR04466F
PV ,
where the V is the volume of the cell. The situation for uniaxial stress is more

rotation, but only small deformations. Thus, we have applied uniaxial tension in the
three crystal lattice directions of the crystal phase B19'. Under each stress  , we find
a mostly likely path of crystal cell change, gradually from B19' to B2, which can both
release the energy but also have a smooth path. Thus the difference of the enthalpy
H between the B19' and B2 phases under this uniaxial stress will equal to their

energy difference E 2  E 1 under this stress, and the work W to change the cell
shape from B19' to B2. In other word:

H  E 2  E1  W

(1)

where E 1 and E 2 are the internal energies of phase 1 and phase 2 under stress  (i.e.,
both deformed B19' and B2 cells under  ), and work W if the cell is changed from
phase 1 to phase 2, which can be written as (see Ref. 35)
2

2

2

W  Px  lylz dlx  Py  lxlz dly  Pz  lxlydlz
1

1

(2)

1

where lx , ly and lz are the x-, y-, z-direction lattice length, and Px , Py , Pz are
uniaxial pressure (stress) in the x-, y-, z-directions. Under uniaxial tension
(Z-direction), Px and Py are zero. Therefore, the principle for the phase transition
can be written as
2

H  E 2  E1  Pz  lxlydlz  0
1

(3)

Fig. 4(a) shows the result of calculated H for the phase transition from B19'
to B2. The uniaxial phase transition pressures in the Y-direction and Z-direction are
14
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1.557 GPa and 1.382 GPa, respectively. With our experiment of strain 1.20%,
the

corresponding stress is 0.9 GPa, which is smaller than the transition stress for the Y-

calculations, and possible small clusters of the B19' phase in the amorphous matrix,
the actual transition stress could be smaller. Overall, our simulation indicates that
under an applied tensile stress, there could be a thermodynamic tendency for some of
the B19' phases (at some orientations) to change to B2 phase. The structural analysis
during the phase transition is discussed. Fig. 4(b) shows the snapshots of B19' and B2
structures at H  0 , where the uniaxial tension was added in the Y-direction. The
arrows show the moving directions of the atoms, which is proven by the coordinates
and the internal forces of atoms (Supporting Information, section SI.4). At H  0 ,
the stress imposed on the B19' and B2 structures are equivalent. However, the internal
forces of atoms in B19' structure with lower symmetry exhibit much greater than that
in B2 structure with higher symmetry. The mechanical behavior of metallic materials
is strongly reliant on their electronic structures;36-38 hence, the charge density
differences are presented for the analysis on the quantum scale, shown in Fig. 4(c).
The yellow region represents electron accumulation, meaning the formation of bond.
For the B19' structure, the anisotropy of electron redistribution further indicates the
direction of force of atoms. Once the B19' transforms to the B2, the electron
redistribution exhibits the isotropic behavior. The results show that the phase
transition is accompanied with the improvement of symmetry.

15
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Fig. 4. Thermodynamic analysis of the phase transition from B19' to B2, using ab
initio calculations. (a) Variations of enthalpy with increasing tensile stresses. The
B19' ( 3 2  2 unit cells) lattices were uniaxially stretched in three directions,
respectively. During the uniaxial tensile, the lateral directions of lattice were relaxed.
(b) Snapshots of B19' and B2 structures at H  0 , where the uniaxial tension was
added in the Y-direction. The arrows show the moving directions of the atoms if the
phase

transition

occurs.

(c)

Charge

density

differences

(    (CuZr)   (Cu)   (Zr) ) of B19' and B2 structures at H  0 . The yellow
and cyan regions represent electron accumulation and depletion, respectively. The
isosurface value is 0.005 e/Å3. Blue and green atoms are Cu an Zr, respectively.
16
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3.4. Dynamic analysis of the phase transition between B2 and B19' under DOI:
uniaxial

strain

certain condition, whether and how the nanostructured phase is produced depends on
kinetic processes.39 We here also study this problem from a pure dynamic growth.
Due to the nonuniformity of internal stress, the phase transition can start from some
local region where the force is sufficiently large, or some nucleation happens. Such
small crystalline regions can grow into large crystals. Similarly, for phase transition
from one phase to another, one can initially assume a small crystal domain embedded
in another crystal matrix, and monitor how this domain grows with time or stress. To
intuitively observe such evolution of phase transition, we have adopted the MD
simulations, using embedded-atom method (EAM) potentials.28 The alloys were
imposed with uniaxial tensile in the Y-direction. As the number of atoms must be
large enough for the study of the deformation behaviors in MD simulations, the
6,000-atoms and 48,000-atoms system were compared (Supporting Information,
section SI.5). The results of the two systems are almost the same. Thus the
6,000-atoms system is enough for our simple crystalline model. In order to clearly
observe the evolution of the phase transition, we selected the smaller system
(6,000-atoms) with a size closed to the nanocrystals observed in the experiments. Fig.
5 presents the stress-strain behaviors and the evolutions of structures during the
uniaxial tensile in the Y-direction. As the strain increases, the stress  of system
rises to a critical value and then drops, as shown in Fig. 5(a,b). The declined region is
17
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the phase transition zone, as shown by the snapshots in Fig. 5(c,d), and proven
by

Fig. 5. Room-temperature tensile stress–strain curves of (a) B2 ( 15 10 2 10 2
unit cells) and (b) B19' ( 15 10 10

unit cells) structures during the

loading–unloading cycle, calculated by the molecular dynamics simulations.
Snapshots of (c) B2→B19' and (d) B19'→B2 transition under tensile loading. The
systems were stretched along the Y-direction, and the strain rates were 5  108 s 1 .

Starting from the B2 structure, the phase transition stress is   13.71GPa ,
shown in Fig. 5(a). The strain of phase transition from B2 to B19' structure by
calculation is much larger than that by experiments,13 probably this is the critical
phase transition stress without considering the nucleation process which is caused by
fluctuation and can significantly reduce the transition stress. Nevertheless, our study
of the critical stress can shed some light on the relative barriers of B2→B19'
transition, versus B19'→B2 transition. Fig. 5(c) shows the snapshots of evolution.
18
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The transition emerges at local domain. The orientation relationship fromDOI:to10.1039/C7NR04466F
B2
structure to the B19' one is: [001]

B2//[110] B19'.

In contrast, if we start from B19'

lower than that of B2→B19' transition, which is shown in Fig. 5(b). Therefore, the
B19'→B2 transition is much easier. It will take a much longer path to change the B2
phase to B19' phase, though this is possible as shown in Fig. 5(a). Meanwhile the
B2→B19' transition occurs at the plastic region, which is also coordinated with
previous experimental result that martensitic transition from B2 to B19' can be
induced by plastic deformation.25 Fig. 5(d) presents that the orientation relationship in
B19'→B2 transition is [001] B19'//[011] B2. In the B19'→B2 transition, the stress drops
from   2.22 GPa to    6.25 GPa , during the transition. The negative value of
stress indicates that after the phase transition, the newly formed B2 phase tends to
expand in its length. i.e. the tensile B19' phase transforms to the B2 one which is
under compressed state (see details about the size variation during the phase transition
in Supporting Information, section SI.4). Under a uniform tensile stress, the sample
will suddenly expand in its length. Once the stress reaches   16.22 GPa , the
opposite phase transition happens, i.e., from B2 to B19'. Therefore, we found the
two-step phase transition (B19'→B2→B19') under uniaxial tensile loading, and the
two B19' phases are in different orientations, which is analogous to the experimental
results studied by Wang et al.40 The results show that the B19' phase with low
symmetry transforms to the B2 phase with high symmetry under low stress. Once the
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stress increases to the critical value, the symmetry breaks and the B2 phase transforms

to B19' phase.

much narrower than that of the B2→B19' phase transition. This is related to the phase
selectivity under stress. The process of cyclic deformation on CuZr-based metallic
glasses have been studied using experiments41 and simulations.42 Herein, to further
study the kinetic process of the phase transitions, we have simulated the tensile stress
loading-unloading cycles of the two systems, starting from B2 and B19' structures
respectively, and the results are shown in Fig. 5(a,b). It is shown that B2 transforms to
B19' under tension, and then returns to B2 during the process of unloading,
qualitatively agreeing with the experimental results studied by Wu et al.43 Generally,
the plastic deformation is irreversible because the defects (such as dislocations and
atom vacancies) in the materials play an important role. For MGs, there are many
complicated variations during the plastic deformation, including merger of free
volume, appearance of shear bands, which make the plasticity irreversible. In our
work, we simplified the model and built two perfect crystal supercells for B2 and B19',
and did not introduce any defects in the materials. So during unloading, the plastic
procedure of the inverse phase transition of B19'→B2 seems to be reversible, as
shown in Fig. 5(a). On the other hand, the B19' transforms to B2, keeping the phase
structure in a wide strain region during the tension and the whole process of unloading,
which agrees well with the conclusion of Fig. 3 that the B2 structure has a much
larger basin of attraction. The results indicate that the B2 structure is much stable than
20
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From Fig. 5(a), it can be observed that the zone of B19'→B2 phase transition is
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the B19' structure under strain, which can further explain the experiment that DOI:
only
B2

4. Discussion
In the present work, we study the phase selectivity of CuZr depended on heat
history and force loading process. The results and the related mechanism are
summarized in Fig. 6. After slow quenching (~102 K/s) from the liquid state, both
nanocrystals with B2 and B19' phases are generated, shown in Fig. 1(b) and 1(c).
According to the literatures, the B2 CuZr is internal energyless stable and can undergo
a martensitic transition to the B19' phase during the quenching. Although the B19'
phase is the relative stable phase at the room temperature, with lower thermodynamic
energy, the difference of the two phases is not obvious ( E  0.022eV atom 1 ), so
they can coexist in the glassy matrix. If the cooling rate is faster (~106 K/s), the
clusters of these phases could not grow adequately, and the amorphous alloy is
obtained. Interestingly, when the CuZr amorphous alloy is stretched uniaxially, only
the nanocrystals of B2 structure are generated, with no sign of B19' structure.
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nanocrystals are observed after tension.

Nanoscale

Page 22 of 28

View Article Online

Fig. 6. Schematic of phase selectivity under thermal cooling ( differnt quenching
speed 102 vs.106 K/s) and tensile stress ( F means force). Nanocrystals of B19' and B2
phases are generated from liquid binary CuZr alloy after slow quenching (~102 K/s).
Only the B2 (thermodynamic metastable phase) nanocrystals are generated from the
amorphous matrix (obtained by fast quenching, ~106 K/s) under tensile stress, due to
the more dynamic stability.

Based on our experimental results, we propose that under the applied uniaxial
tensile stress, the short-range topological structures in the amorphous matrix
selectively transform to the B2 clusters and then grow into nanocrystals. Although the
B19' clusters (if they exist in size smaller than the observable nanocrystals) can be
generated during the slow quenching, their clusters are dynamic metastable and easily
22
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transformed to the B2 structures under tension. From the view of thermodynamics,
the

theoretical calculation of Gibbs free energy judges the probability of B19'→B2 phase

redistridution of higher symmetric B2 (cubic) structure exhits the isotropic behavior
vs. the anisotropy of electron redistridution of lower symmetric B19' (monoclinic)
structure indicates that the phase transition under directional stress is accompanied
with raising symmetry of phase structure. On the other hand, the MD simulations
indicate that the B19' phase is dynamic metastable, and easily transforms to the B2
phase which is stable in a relative large deformed region, i.e. has larger attractive
basin. Thus all the results of theoretical calculations support the experimental
observations that under tensile stress, only the B2 crystal phase, which have higher
crystalline symmetry (cubic) and is the thermodynamic metastable phase, has been
generated in CuZr MGs.

5. Conclusion
In summary, we study the phase selectivity of CuZr under tensile stress.
Although the B19' phase is the relative stable phase with lower thermodynamic energy,
only nanocrystals of B2 structure are generated. All the results of theoretical
calculations support the experimental observations that under tensile stress, only the
B2 crystal phase, which have higher crystalline symmetry (cubic) and is the
thermodynamic metastable phase, has been generated in CuZr metallic glasses. Such
mechanism of phase selectivity and phase transformation mechanism under uniaxial
23
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transition under tensile stress. From the view of symmetry, the fact of that the electron
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stress not only extends the scope of crystallization in metallic glasses but alsoDOI:can
be
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