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We report a novel plastic deformation mechanism of bulk metallic glass composites (BMGCs)

containing metastable β-Ti dendrites. Plastic deformation of the BMGCs beyond the ultimate tensile

strength is mediated by cooperative shear events, which comprise a shear band in the glassy matrix and a

continuous ω-Ti band with a thickness of ∼10 nm in the β-Ti dendrite. The cooperative shear leads to

serrated shear avalanches. The formation of narrow ω-Ti bands is caused by high local strain rates during

the cooperative shear. The cooperative shear mechanism enriches the deformation mechanisms of BMGCs

and also deepens the understanding of ω-Ti formation.

DOI: 10.1103/PhysRevLett.125.055501

Shear banding is the main mechanism dominating plastic
deformation of bulk metallic glasses (BMGs) [1]. Under
constrained loading conditions, such as bending or com-
pression, BMGs generally deform through a sequence of
discrete slips, known as serrated or jerky flow, at room
temperature [1,2]. A serration event is accomplished by fast
nucleation and propagation, known as shear avalanche,
together with the arrest of a shear band [3,4]. A shear band
forms by cooperative shear of nanometer-scaled shear
transformation zones (STZs) [5], and it is a highly localized
deformation band with a thickness of ∼10 nm [1,2]. The
dynamics of serrated flow in BMGs have been intensively
studied [3,4,6,7], and the cumulative distribution of shear-
avalanche sizes follows a universal power-law relation
multiplied by an exponentially decaying scaling function
as depicted by the mean-field theory [6,8]. In comparison,
under uniaxial tension, BMGs exhibit zero plasticity due to
the fast runaway of a detrimental shear band [2,9].
In order to improve the tensile plasticity of BMGs, bulk

metallic glass composites (BMGCs) containing in situ

formed crystals during solidification [10] have been devel-
oped. Zr=Ti-based BMGCs containing β-Zr=Ti phases
[10–13] and CuZr-based BMGCs containing B2 CuZr
phases [14,15] are two most intensively investigated kinds
of BMGCs. However, the macroscopic serrated flow
manner of BMGCs under tension normally disappears,
because the shear bands are well restricted in the inter-
crystalline glassy regions [16]. BMGCs often exhibit strain
softening, because hardening caused by dislocation entan-
glement in the crystals cannot sufficiently compensate
shear softening in the glassy matrix [11,12]. Recent

research has shown that this drawback can be overcome
and strain hardening can be obtained via incorporating
deformation-induced phase transformations or twinning of
the metastable crystals [14,17].
In this Letter we report a novel plastic deformation

mechanism of BMGCs containing metastable β-Ti den-
drites under tension. Beyond the ultimate tensile strength
(UTS), the BMGCs undergo macroscopic serrated flow,
and the plastic deformation is mediated by cooperative
shear events, which comprise a shear band in the glassy
matrix and an ω-Ti band in the β-Ti dendrite. The statistics
of the shear avalanches and the formation mechanism of
narrow ω-Ti bands are also analyzed.
An alloy with a nominal composition of

Ti45.7Zr33Cu5.8Co3Be12.5 (at. %) was prepared by arc melt-
ing a mixture of pure metals (purities ≥99.9%) in a
Ti-gettered high-purity argon atmosphere. The alloy was
remelted five times to ensure chemical homogeneity,
followed by casting the melt into ϕ14 mm rods in a copper
mold. Samples cut from the as-cast rods and the tension-
fractured samples were characterized by means of x-ray
diffraction (XRD; Philips PW 1050, CuKα), scanning
electron microscopy (SEM; Zeiss Supra 55) combined
with energy-dispersive x-ray spectroscopy (EDS), and
transmission electron microscopy (TEM, FEI Titan G3)
with probe and image Cs correctors. TEM specimens were
ion milled using a Gatan 695 device. Flat dog-bone shaped
tensile specimens with gauge dimensions of 14 mm ×
2 mm × 0.8 mm were cut from the as-cast rods as per
the ASTM standard E8M [18]. The quasistatic tension tests
were carried out on an Instron 5582 machine at an initial
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strain rate of 5 × 10−4 s−1. A high precision Instron
extensometer was firmly attached to the gauge section of
each specimen during testing.
The microstructure of the as-cast Ti45.7Zr33Cu5.8Co3Be12.5

rods is composed of a dendritic phase distributed
homogeneously in a continuous matrix [Fig. 1(a)]. The
compositions of the dendrites and the matrix as
determined by EDS are Ti60.6Zr36.1Cu2.3Co1 and
Ti32Zr30.2Cu9Co4.8Be24, respectively. The average span
length of the dendrites is ∼50 μm. The average crystal size
(size of secondary dendrite arms) and the volume fraction of
the crystals are 6.5� 1.2 μm and 52.5%� 1.5%, respec-
tively. The XRD pattern [inset in Fig. 1(a)] shows diffraction
peaks from a body-centered cubic (bcc) phase superimposed
on the diffraction humps of a glassy phase. The TEM
micrograph in Fig. 2(b) reveals that crystals are homoge-
nously embedded in a featureless matrix. The dendritic phase
is β-Ti as further confirmed by selected-area electron
diffraction (SAED). Athermal ω-Ti forms in the β-Ti
dendrites as evident by the weak diffraction spots located
at 1=3 or 2=3 f1̄12̄gβ positions, and two of fourω-Ti variants
can be observed under the zone axis of ½110�β. The
nanometer-sized ω-Ti (see Fig. S1 in the Supplemental
Material in Ref. [19]) precipitates via partial collapse of
f222gβ planes [20], suggesting a metastable nature of the
β-Ti crystals in the current BMGC.
Two typical tension stress-strain curves of the BMGC are

displayed in Fig. 1(c). The BMGC yields at a strength of
1382� 18 MPa at a strain of 1.7%� 0.1%. After yielding,
it plastically deforms accompanying strain hardening until
its UTS of 1473� 16 MPa at a strain of 2.8%� 0.1%. The
BMGC further deforms in a serrated manner, and the peak
stress of serrations decreases with deformation. The strain
burst, known as a shear avalanche, causes a sudden stress

FIG. 1. (a) SEMmicrograph and (b) TEMmicrograph of the as-
cast ϕ14 mm Ti45.7Zr33Cu5.8Co3Be12.5 BMGC rod, with insets of
the XRD pattern of the BMGC and the SAED pattern from
the crystal, respectively. (c) Engineering stress-strain curves
under tension with an inset showing the plots of stress and strain
vs time.

FIG. 2. (a) TEM micrograph and SEM micrograph (left inset) of the tension-fractured Ti45.7Zr33Cu5.8Co3Be12.5 BMGC. The right
inset in (a) is an SAED pattern from the circle region. (b) HRTEM image from the squared region in (a). (c) and (d) are FFT images from
region c and region d, respectively, in (b).
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drop. This process is followed by repeated elastic reloading
and shear avalanches [see the inset in Fig. 1(c)]. The
BMGC fractures at a tensile strain of 4.1%� 0.2%.
The shear avalanches cause a macroscopic shear-fracture

plane, having an angle of 53° to the loading direction
(see Fig. S2 in Ref. [19]). A typical SEM micrograph from
the region close to the shear-fractured plane is shown in the
left inset in Fig. 2(a). Local deformation bands penetrating
both the glassy matrix and a β-Ti dendrite can be clearly
seen, but the deformation bands are impeded by the
adjacent β-Ti dendrites, as indicated by arrows. The
TEM micrograph [Fig. 2(a)] from the same region clearly
shows deformation bands in β-Ti crystals, but the shear
bands in the glassy matrix, which connect with the
deformation bands in β crystals as observed in SEM, were
eliminated during ion-milling of the TEM specimen. The
deformation bands are along a f1̄12̄gh1̄11iβ direction, and
the two parts of the β-Ti crystal sheared a distance as large
as Δd ¼ 40 nm along the deformation band, as seen in
Fig. 2(a). The SAED pattern [right inset in Fig. 2(a)] from
the circle region containing a deformation band shows a
similar pattern as for the as-cast state, but the diffraction
spots of the ω1-Ti variant become more intensive. A high-
resolution TEM (HRTEM) image obtained from the rec-
tangular region in Fig. 2(a) is shown in Fig. 2(b). The
deformation band, as marked by the dotted lines, possesses
a different atomic arrangement than the adjacent regions.
The fast-Fourier transformed (FFT) image [Fig. 2(c)] of the
region c in Fig. 2(b) clearly exhibits β-Ti spots. And the
spots located at 1=3 f1̄12̄gβ or 2=3 f1̄12̄gβ are quite weak.
In contrast, the FFT image [Fig. 2(d)] of the region d in the
deformation band in Fig. 2(b) only shows spots of theω1-Ti
variant, suggesting that the β-Ti in the deformation band
transforms to ω1-Ti, possessing a relationship of
ð1̄12̄Þβkð1̄100Þω1 and ½1̄11�βk½0001�ω1. However, a small
fraction of β-Ti lattice in the deformation band is still
retained, as seen in Fig. 2(b). The thickness of the ω-Ti
band is of ∼10 nm, similar to the thickness of shear bands
in monolithic BMGs [1,2]. This implies a cooperative shear
of a shear band in the glassy matrix and an ω-Ti band in the
β-Ti dendrite on the scale of tens of micrometers.
Slip avalanches are often encountered in polycrystalline

metals arising from interaction between dislocations and
solutes known as the PLC effect [21], in nanocrystals via
dislocation avalanches [8,22], and in metallic glasses via
shear banding [3,4]. Nevertheless, the serrated flow and
statistics of slip avalanches in BMGs were merely studied
in cases of compression or indentation [3,4,23]. The current
BMGC exhibits a unique serrated behavior under tension
via the cooperative shear comprising a shear band and an
ω-Ti band. Therefore, the statistics of shear avalanches of
the BMGC under tension are of scientific interest. The
stress drop magnitude Δσ and the strain burst magnitude
Δε of the serrations in Fig. 1(c) are summarized in Table S1
in Ref. [19]. Δσ is selected to characterize the sizes of the

slip avalanches for statistical analysis [24,25]. The cumu-
lative distribution Pð>ΔσÞ of the slip sizes follows a power
law multiplied by an exponentially decaying function
[8,24]:

Pð> ΔσÞ ¼ AΔσ−ðk−1Þ exp½−ðΔσ=ΔσCÞ2�; ð1Þ

where A is a normalized constant, k is a scaling exponent,
and ΔσC is the cutoff stress drop magnitude. Pð>ΔσÞ
versus Δσ are plotted in Fig. 3(a), and fitted by
Eq. (1). Equation (1) shows a high fitting robustness with
R2 ¼ 0.99, and the fitting parameters are A ¼ 1.15� 0.05,
k ¼ 1.14� 0.02, and ΔσC ¼ 60.88� 2.55 MPa. This
implies that the cumulative distribution of shear-avalanche
sizes of the BMGC under tension still follows the universal
power law multiplied by an exponentially delaying function
as predicted by the mean-field interaction model [8,24,26].
Nevertheless, the scaling exponent k ¼ 1.14 is smaller than

FIG. 3. (a) Plot of the cumulative distribution of stress drops
Pð>ΔσÞ vs stress drop magnitude Δσ. (b) Shear strain rate _γ as a
function of time.

PHYSICAL REVIEW LETTERS 125, 055501 (2020)

055501-3



1.5 in the mean-filed interaction model, which implies a
weaker spatial and temporal interaction of shear avalanches
and reflects a higher deformation stability of serrated
flow [4,27]. Moreover, the cutoff stress drop, ΔσC ¼
60.88 MPa, is much higher than that of monolithic
BMGs, which are generally less than 20 MPa [24,26].
ΔσC acts as the deviation point between the power-law
behavior and the exponential decay behavior, which also
reflects the stability of serrated plastic deformation. The
much higher ΔσC of the BMGC than monolithic BMGs
suggests a much higher tolerance of the local shear bursts.
During the cooperative shear in the BMGC, an entire
dendritic region is sheared and the shear strain can be
Δd=t ≈ 400% (t ≈ 10 nm is the thickness of shear=ω-Ti
bands) or even higher. But the cooperative shear can be
efficiently arrested by the adjacent β-Ti dendrites with
different crystalline orientations, resulting in a much
improved stability of the serrated flow.
Very recently, narrow ω-Ti bands with a thickness of

several nanometers were found to form at interfaces during
phase transformation of β-Ti to α0-Ti or twinning of
metastable β-Ti [28,29]. To our knowledge, mediating
plasticity of β-Ti alloys via the formation of ω-Ti bands
under quasistatic loading was rarely reported, whereas the
formation of ω-Ti under high pressure or shock loading is
well known [20,30]. In order to understand the formation of
the ω-Ti bands during cooperative shear in the BMGC, the
local shear strain rate was analyzed. Considering that a
serration arises from a local shear event, Tong et al. [27]
generated an expression of the local shear strain γ of a shear
event:

γ ¼ ΔεH

h cos θ
; ð2Þ

where H ¼ 12.5 mm is the open gauge length of the
extensometer, h ≈ 10 nm is the thickness of the shear
bands and ω-Ti bands, and θ ¼ 53° is the averaged shear
angle. Therefore, the local strain rates can be calculated
from the strain-time data in the inset in Fig. 1(c):

_γ ¼ 2.1 × 106 ×
∂Δε

∂t
: ð3Þ

The plot of _γ versus time is shown in Fig. 3(b). The local
strain rates of the strain bursts are on the magnitude of
∼103 s−1, about seven magnitude orders higher than the
quasistatic tension strain rate. The high local strain rates are
comparable to that of shock loading [20,31]. This implies
the high local strain rates during the cooperative shear
cause the formation of ω-Ti bands in the dendrite with an
identical thickness to that of the shear band in the matrix. In
addition, the increase of local strain rate [Fig. 3(b)] and
meanwhile the almost unchanged flow resistance during
deformation also imply the negative strain-rate sensitivity
of the resistant flow stress of materials from the mechanical

stability analysis [32], which may account for the gradually
decreased peak stress of the serrations.
A dislocation dissociation model accounting for the high

strain-rate-induced β-Ti to ω-Ti transition has been pro-
posed by Hsiung and Lassila [31]. As seen in Fig. 4(a), a
perfect b ¼ 1=2h1̄11iβ dislocation dissociates into b1 ¼
b3 ¼ 1=12h1̄11iβ and b2 ¼ 1=3h1̄11iβ three partials,
which continuously glide on three consecutive f1̄12̄gβ
planes and result in the β → ω transition. This transition
is energetically favored due to a lower energy of ω-Ti
than metastable β-Ti [28,31]. Also, the retained narrow
β-Ti strip parallel to the ½1̄11�βk½0001�ω direction in
Fig. 2(b) is an evidence of this dislocation dissociation
model. However, the strain accompanying this transition is
only

γ ¼ jbj
3df1̄12̄gβ

¼
ffiffiffi

3
p

aβ=2
ffiffiffi

6
p

aβ=2
≈ 70.7%; ð4Þ

where df1̄12̄gβ is the interplanar distance of f1̄12̄gβ planes.
This strain is much smaller than the observed strain of the
cooperative shear in the BMGC. In fact, as cooperative
shear causes the formation of an ω-Ti band, the connected
shear bands in the glassy matrix dilate and are softened, and
further deformation strains are prone to being localized in
this band. Consequently, many b ¼ 1=2h1̄11iβ dislocations
are activated. Because of the coherent nature of
f1̄12̄gβkf1̄100gω interfacial planes between β and ω, the
f1̄12̄gh1̄11iβ perfect dislocations can correspondingly
transfer to f1̄100gh0001iω dislocations as entering

FIG. 4. (a) Transition of β-Ti to ω-Ti via the dissociation of a
b ¼ 1=2h1̄11iβ dislocation into three partials: b1 ¼ b3 ¼
1=12h1̄11iβ and b2 ¼ 1=3h1̄11iβ, gliding on three consecutive
f1̄12̄gβ planes. (b) Glide of a perfect b ¼ 1=2h1̄11iβ dislocation
further contributes to the shear strain. (c)–(e) Schematic views of
the plastic deformation stages of the Ti45.7Zr33Cu5.8Co3Be12.5
BMGC with increasing tensile strain.
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the ω domains [30,31]. The glide of f1̄12̄gh1̄11iβ or
f1̄100gh0001iω perfect dislocations, as depicted in
Fig. 4(b), further contributes to the observed large shear
strains.
The mechanisms of plastic deformation of the

Ti45.7Zr33Cu5.8Co3Be12.5 BMGC are schematically pre-
sented in Figs. 4(c)–4(e). The interfacial stress concen-
tration first causes the yielding of β-Ti crystals via
nucleation and gliding of dislocations [33], which causes
the glassy matrix to bear a higher stress. The high stress
concentration at interface then activates STZs in the glassy
matrix, which are percolated to form a shear band [34,35],
resulting in the macroscopic yielding of the BMGC. After
yielding, the shear bands in the glassy matrix are well
restricted in the intercrystalline glassy regions [12,36], as
depicted in Fig. 4(c) and seen in Fig. S3 in Ref. [19]. Upon
further deformation, an ω-Ti deformation band forms in the
metastable β-Ti dendrite, which has a f1̄12̄gh1̄11iβ direc-
tion close to the shear direction. Strains are transferred from
one side to another side of the dendrite accompanying a
high local strain rate, and new shear bands form in the
glassy matrix, resulting a cooperative shear on the scale of
tens of micrometers [see Fig. 4(d)]. However, the local
cooperative shear is impeded by the adjacent β-Ti dendrites
with different crystalline orientations, because the different
orientations require a much higher critical stress for gliding
of dislocations [37]. Then, other cooperative shear events
are activated in further deformation, as shown in Fig. 4(e),
leading to serrations on the stress-strain curves.
The thickness of ω-Ti bands is ∼10 nm [see Fig. 2(b)],
which substantiates that the core thickness of shear bands is
also ∼10 nm due to the continuous transfer of plastic
strains between both bands. It is obvious that the occur-
rence of the cooperative shear events is mainly associated
with the metastability of the β-Ti phase. BMGCs
containing larger-sized or higher fraction of metastable
β-Ti dendrites also exhibit a similar serrated manner
(Figs. S4 and S5 in Ref. [19]). Actually, the current
cooperative shear mechanism is of a wide universality,
which also accounts for the previously observed serrated
flow in BMGCs containing metastable β-Ti in other alloy
systems [38,39].
In conclusion, a novel plastic deformation mechanism of

BMGCs containing metastable β-Ti dendrites under ten-
sion has been uncovered. The plastic deformation of the
BMGCs beyond the UTS is governed by the cooperative
shear events, which comprise a shear band in the glassy
matrix and a continuousω-Ti band in the β-Ti dendrite. The
formation of ω-Ti bands with a thickness of ∼10 nm is
caused by a high local strain rate, which substantiates that
the intrinsic thickness of shear bands is also ∼10 nm.
Cooperative shear causes serrations and results in a macro-
scopic shear fracture. The cumulative distribution of the
shear-avalanche sizes of the BMGC under tension still
follows the universal scaling function as depicted by the

mean-field theory with a low scaling exponent and a high
cutoff stress drop magnitude, both of which reflect a high
stability of the serrated flow.
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