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In present work, work-hardening behavior of TiCu-based bulk metallic glass composite
with B2 particles has been studied by systemic structural and mechanical investigations.
After yield, pronounced work-hardening of the alloy was clearly exhibited, which was
mainly related to the martensitic transformation as well as the deformation twinning in
B2 particles during deformation. At the early plastic deformation stage (work-hardening
stage), the stress-induced martensitic transformation from B2 phase to B19' phase and
deformation-induced twinning of B19' phase was preferentially occurred in the around
interface areas between B2 phase and amorphous matrix by stress concentration. The
higher hardness value was observed in vicinity of interface within the B2 particles which
are probably connected with martensitic transformation and deformation twinning. This
reveals that the work-hardening phenomenon of this bulk metallic glass composite is a
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INTRODUCTION

Bulk metallic glasses (BMGs) have been highlighted as an
accessible engineering material for advanced structural
application due to their high strength, high hardness and
large elastic limit (Inoue et al., 2003; Telford, 2004; Inoue &
Takeuchi, 2011; Tian et al., 2011). However, monolithic BMGs
usually undergo inhomogeneous plastic deformation at room
temperature caused by highly localization of shear stress,
which has led to catastrophic failure of the alloys (Spaepen,
1977; Greer, 1995; Schuh et al., 2007). In order to overcome
such a critical drawback of monolithic BMGs, the several
attempts for improving the macroscopic plasticity of BMGs

result of the hardening of B2 particles embedded in amorphous matrix.
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have developed bulk metallic glass composites (BMGCs)
with reinforcements, e.g., ductile crystalline phases (Hays et
al., 2000; Fan et al., 2006; Hofmann et al., 2008a; Qiao et al.,
2011). Macroscopic plasticity of the BMGCs was induced
by formation and propagation of multiple shear bands from
strong interaction between shear bands and reinforcements
(Fan et al.,, 2002). Another way to improve the plasticity of
the BMGCs is introducing the nano-scale structural and
chemical heterogeneities in the metallic glass matrix (Das et
al., 2005; Kim et al., 2006a; Zhu et al., 2010; Park et al., 2012).
These heterogeneities were suggested as factors to govern the
plasticity by controlling the initiation, multiplication and
propagation of shear bands (Kim et al., 2006b; Lee et al., 2007;
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Kim et al., 2008). Especially, among the BMGCs and ductile
BMGs, the Ti-and Zr-based BMGCs containing ductile
dendrite phases exhibited excellent plasticity (Hofmann
et al., 2008b; Qiao et al., 2011). However, these BMGCs
show a macroscopic work-softening with an occurrence of
necking immediately after yield. A lack of work-hardening
mechanisms can be considered as serious problem for
engineering application of BMGCs.

Recently, it was reported that the CuZr-based BMGCs
containing shape memory B2-CuZr phase show obvious
plastic deformation and pronounced work-hardening
behavior under compression, even in tensile test (Das et al.,
2009; Pauly et al., 2009; Pauly et al., 2010). These excellent
mechanical properties are mainly related with the martensitic
transformation from austenite B2-CuZr phase to monoclinic
B19'-CuZr phase during deformation. The stress-induced
martensitic transformation in CuZ-based BMGCs can
increase the rate of work-hardening and suppress early
necking (Wu et al., 2010). More recently, TiCu-based BMGCs
containing B2 phases were also developed through the fine
compositional tuning from the Ti;;Cu,,Ni,;Zr;Sn, ; BMG
having nano-scale chemical fluctuation (Kim et al., 2006a;
Zhang et al., 2013; Hong et al., 2014) and compositional
investigation in the (TiCu)-(TiNi)-(CuZr) pseudo-ternary
system (Gargarella et al., 2014). These B2 phase-reinforced
BMGGC:s also represent a strong work-hardening behavior and
large plasticity identical to CuZr-based BMGCs. The work-
hardening rate and large plasticity of TiCu- and CuZr-based
BMGC s are extremely dependent on the volume fraction
of B2 phases (Pauly et al., 2009; Gargarella et al., 2014).
However, martensitic transformation on B2 particles after
plastic deformation was not observed in Ti,,Cu,,NigZr, Sn_
(with x=2, 3) BMGCs with B2 particles despite exhibiting
a distinct work-hardening behavior with large plasticity
(Zhang et al., 2013), which deviates from general mechanism
of work-hardening behavior of BMGCs with B2 particles.
Moreover, there is no systematic study about the mechanism
of work-hardening behavior in Ti-based BMGCs with B2
particles. Therefore, it is noteworthy to explore the role of B2
particles in work-hardening behavior and martensitic phase
transformation behavior of B2 particles in Ti-based BMGCs
during deformation.

In order to investigate the influence of B2 particles on
work-hardening behavior of Ti-based BMGCs, we selected
the Ti,;;CussNi, Zr, Sn, s BMGCs with strong work-
hardenability as well as large plasticity (Hong et al., 2014). In
this manuscript, we report work-hardening mechanism of Ti-
based BMGCs with B2 particles via systemic microstructural
and mechanical investigation for deformed sample with
work-hardening state.
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MATERIALS AND METHODS

Ti,55,Cuse sNi, s Zr, 451, 5 alloy (Hong et al., 2014) ingots were
prepared by arc melting with elements purity of 99.9 at%
or higher in an argon atmosphere. The ingot was remelted
at least 5 times in order to achieve homogeneity. As-cast
sample was prepared by suction casting into a cylindrical
rod-shape Cu mold with diameters of 2 mm and 50 mm in
length. In order to analyze the phase and structure of as-cast
rod sample, X-ray diffraction (XRD, Rigaku-D/MAX-2500/
PC; Rigaku, Japan) with CuKo radiation and transmission
election microscope (TEM, Technai F20; FEI, USA) were
used. Thin film specimens for TEM analysis were prepared by
ion milling with liquid nitrogen cooling. The cross sectional
microstructure of the rod sample was investigated by scanning
electron microscopy (SEM, JEOL JSM-6390; JEOL, USA).
The cylindrical samples with 2:1 aspect ratio for compression
tests were prepared. Room temperature mechanical properties
of the samples were tested under compressive mode at a
strain rate of 1xX107s". Structural characteristics of deformed
samples were investigated using TEM. Nano-indentation
experiments were conducted to measure the hardness of as-
cast and the deformed samples in the load-control mode with
maximum load of 100 mN at a constant loading/unloading
rate of 3.3 mN/s.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern, typical SEM backscattering
electron (BSE) image, TEM bright field (BF) images and selected
area electron diffraction (SAED) patterns of amorphous matrix
and B2 particle of the as-cast Ti,;;CussNi; Zr,,Sn, ; alloy.
The XRD trace of as-cast sample exhibit typical for a BMGC
characteristics in Fig. 1A. The crystalline peaks superimposed
on the broad diffraction of amorphous phase are identified
as the B2 phase. Fig. 1B reveals SEM BSE image obtained
from cross section of as-cast sample which demonstrates a
typical BMGC microstructure containing spherical crystalline
particles with dark contrast (as indicated by white arrows)
in brighten amorphous matrix. The spherical crystalline
phases embedded in amorphous matrix are inferred the B2
phase based on XRD analysis in Fig. 1A. The B2 particles
embedded in amorphous matrix exhibit the large size
deviation, i.e., many small and large sized B2 particles. The
average size of small and large B2 particles can be measured
to be 1~15 um and 50~200 um, respectively. The TEM BF
image shown in Fig. 1C obtained from as-cast sample show
the B2 particle (dark contrast) embedded amorphous matrix
(bright contrast). SAED patterns in Fig. 1D and E display a
typical diffuse hallow ring corresponding amorphous phase
and diffraction spots corresponding CsCl-type B2 phases,
respectively. Furthermore, the superlattice (marked by white
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Fig. 1. X-ray diffraction pattern (A), scanning electron microscopy backscattering electron image (B), transmission election microscope bright field image

(C), and selected area electron diffraction patterns (D, E) of as-cast alloy.

allow) of the {100} plane of B2 phase is obviously visible.
These results coincide with the XRD and SEM results in Fig.
1A and B. Based on these result, it is confirmed that the as-
cast Tiys;CusgsNi, gZr, oSn, 5 alloy is BMGC with B2 particles
having size deviation, i.e., small (1~15 pm) and large (50~200
pum) particles.
Engineering stress-strain curve of the current BMGC under
compressive loading are shown in Fig. 2, and the corres-
ponding true stress-strain curve are exhibited in lower
inset in Fig. 2. The current BMGC shows large plasticity of
13%+2%, yield strength of 1,645+25 MPa. The yield strength
of current BMGC exhibits slightly lower than that (~2 GPa)
of monolithic BMG (not shown), which is caused by early
deformation of softer B2 particles. For plastic deformation
stage, pronounced work-hardening is clearly observed and
the maximum strength are 1,900+25 MPa, respectively. The
work-hardening exponent, 1, can be estimated based on the
Hollomon equation (Hollomon, 1945):
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Fig. 2. Engineering stress-strain curve and corresponding true stress-
strain curve (inset) of as-cast alloy.

where S, K and ¢ are the true stress, strength coefficient and
true strain, respectively. The work-hardening exponent n
of the current BMGC was determined to be 0.126, which is
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much higher than that of alloy steels widely used in structural
applications (i.e., 30CrMnSiA: 0.063, 30CrMnSiNi2A: 0.091,
40CrNiMo: 0.066) (Zhang et al., 2006). Origins of the work-
hardening behavior of current BMGC will be discussed later
on TEM and nano-indentation analysis of 1% plastically
deformed (work-hardening stage) sample (marked by black
arrow in inset).

In order to obtain deep insight into origin of work hardening
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behavior of current BMGC, the microstructural investigation
of the 1% of plastically deformed sample was performed
by TEM analysis. Fig. 3 shows the TEM BF images (Fig. 3A,
E), high resolution (HR) TEM images (Fig. 3B-D, 3F-H) of
large and small B2 particles obtained from the 1% plastically
deformed sample and inset fast Fourier transformation
(FFT) corresponding each HRTEM image. Fig. 3A exhibits
the morphology of deformed large B2 particle embedded
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Fig. 3. Transmission election microscope bright field (TEM BF) images (A, E) of the large and small B2 particles obtained from 1% plastically deformed
sample, high resolution TEM (HRTEM) images (B-D) and inset fast Fourier transformation (FFT) patterns corresponding ‘B; ‘C, and ‘D’ areas in Fig. 3A,
HRTEM images (F-H) and inset FFT patterns corresponding ‘F, ‘G; and ‘H’ areas in Fig. 3E.
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in amorphous matrix. Fig. 3B-D show HRTEM images
corresponding to the ‘B’, ‘C, and ‘D’ areas in Fig. 3A. The
inset FFT patterns obtained from HRTEM image in Fig. 3B
is identified as [110] zone axis of the B2 phase. For more
closed region (~600 nm) in B2 particle with the interface
between amorphous matrix and B2 phase, the inset FFT
patterns of the corresponding HRTEM image in Fig. 3C
presents feeble sub diffraction spots (marked by dotted
yellow rectangle) superimposed in diffraction spots (marked
by white arrow) corresponding [110] zone axis of B2 phase.
These sub diffraction spots are indexed as [100] zone axis
corresponding monoclinic B19' phase. This observation
indicates that stress-induced martensitic transformation
from B2 phase to B19' phase was occurred in closed regions
to interface in B2 particle. Moreover, the inset FFT patterns
of corresponding HRTEM image in Fig. 3D obtained from
vicinity of interface region exhibits the [001] zone axis of
twinned monoclinic B19' phase (marked by black and yellow
arrows in center) superimposed on the [110] zone axis of B2
phase (marked by white arrows), which indicates occurrence
of the stress-induced martensitic transformation as well as
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deformation-induced twinning of B19' phase. Fig. 3E exhibits
the morphology of deformed small B2 particle embedded in
amorphous matrix. Similarly to deformed large B2 particle,
the inset FFT patterns corresponding HRTEM image in Fig.
3F obtained from a distant region to interface (‘F’ area in
Fig. 3E) presents as the [110] zone axis of B2 phase, whereas
the inset FFT patterns corresponding HRTEM images in
Fig. 3G and H which is further closed region (~300 nm)
(‘G’and ‘F areas in Fig. 3E) to interface between amorphous
matrix and small B2 particle are confirmed as the [100] zone
axis of B19' phase (marked by dotted yellow rectangle) and
[001] zone axis of twinned B19' phase (marked by black and
yellow arrow in center) superimposed on the [110] zone
axis of B2 phase, respectively. This clearly demonstrates the
occurrence of stress-induced martensitic transformation and
deformation-induced twinning even in small B2 particles.
From these observations, it is confirmed that the stress-
induced martensitic transformation from B2 phase to B19'
phase in both small and large B2 phases occurs in the closed
regions to interface between amorphous matrix and B2
phases at the early stage of plastic deformation. Additionally,
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Fig. 4. Average hardness values (A) obtained from amorphous matrix and B2 particle, the indented morphologies (B, C) for B2 particle in as-cast and 1%
plastically deformed sample, and the corresponding hardness distribution maps (D, E).
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the deformation induced twinning structure of B19' phase
in the vicinity of interface reveals that the inhomogeneous
distribution of stress was happened in B2 particles. It indicates
that highly stress concentration is applied around interface
areas rather than inside of B2 phase during early plastic
deformation state, which can be considered as a result of
lower elastic modulus of soft B2 phase than it of amorphous
matrix (Zhang et al., 2013).

In order to understand origins of work-hardening behavior in
current BMGC, nano-indentation technique was employed.
It is known that the nano-indentation test combined
with microscopic analysis is effective way to evaluate the
relationship between micro-/nano-scale structural evolution
and corresponding mechanical properties (Wu et al., 2010;
Zhang et al., 2013; Kim et al., 2014; Lee et al., 2014a, 2014b).
Fig. 4 shows the average hardness values of amorphous matrix
and B2 particles obtained from as-cast and 1% of plastic
deformed samples with the corresponding SEM images
and hardness distribution maps of as-cast and deformed
B2 particles. As shown in Fig. 4A, the hardness of deformed
amorphous matrix is not changed comparing with it of as-
cast amorphous matrix. On the other hands, the deformed
B2 particles exhibit higher hardness value than as-cast B2
particles. SEM images shown in Fig. 4B and C show the
nano-indentation morphologies of as-cast and deformed B2
particles and the corresponding hardness distributions within
depending on the region of indented area of Fig. 4B and C
are displayed in Fig. 4D and E, respectively. There is no large
difference of the hardness values within as-cast B2 particles
while the higher hardness values are observed in the vicinity
of interface within the deformed B2 particles. These results
are probably connected with the plateau of the martensitic
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transformation from B2 phase to B19' phase and deformation
twinning of B19' phase occurred by stress concentration
around the interface areas as observed in Fig. 3. Based on these
results, it is concluded that the work-hardening phenomenon
after yield stage is a result of the hardening of the B2 particles
into the amorphous matrix.

CONCLUSIONS

In the present work, the influence of B2 phase on work-
hardening behavior of Ti-based BMGC containing B2 particles
was systemically investigated by micro-/nano-scale structural
and mechanical investigation. The detailed investigation at
early stage of plastic deformation (work-hardening stage)
reveals that the stress-induced martensitic transformation
from B2 phase to B19' phase within B2 particles around
the interface between amorphous matrix and B2 phase as
well as the deformation-induced twinning of B19' phase in
vicinity of interface areas are occurred by occurrence of stress
concentration around interface areas. Furthermore, these
areas exhibit the higher hardness value than it of inside of B2
particles. Therefore, the hardening of the B2 phases related to
stress-induced martensitic transformation and deformation
twinning generate work-hardening phenomenon in Ti-based
BMGC during deformation, which is very important to
understand the mechanical behavior of the Ti-based BMGCs.
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