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a b s t r a c t

Dynamic fragmentation induced by network-like shear bands is observed in a Zr-based bulk metallic
glass subjected to impact loading, which is different from shear failure via one dominant shear band
under quasi-static compression. Further, the influence of elastic strain energy on the evolution of shear
bands is investigated. It is shown that the shear-band pattern occurring in one dominated mode or in
multiple modes strongly depends on the loading rates. Dynamic fragmentation is due to the competition
between the elastic strain energy driving a shear band and the dissipated energy along the shear band.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

A fundamental understanding of fragmentation of solids under
impulsive loading is important in aerospace, military and civil in-
dustries. Cracks as the basic source of fragmentation originate from
inherent flaws or adiabatic shear bands during dynamic loading
[1e8]. Generally speaking, dynamic fragmentation of brittle ma-
terials (rocks, glasses and ceramics) such as in plate impact tests is
resulted from the nucleation and propagation of numerous flaw-
induced cracks [1e4]. However, cracks initiating in adiabatic
shear bands may also lead to fragmentation of ductile crystalline
metals in cylinder exploding tests [5e8]. These experimental
phenomena imply that there are some potential relationships be-
tween fragmentation and the macroscopic plasticity in brittle or
ductile materials.

Bulk metallic glasses (BMGs), as an emerging class of materials,
are usually the lack of global ductility like traditional brittle solids,
but their atoms are densely packed with cohesive metallic bonds
similar to crystalline metals [9e17]. This unique combination may
lead to an abnormal mechanism of fragmentation. According to
linear Mechanics, Institute of
100190, China. Tel.: þ86 10
recent studies by Tandaiya et al. [18,19], crack initiates and then
stably grows inside one dominant shear band in bending tests of
BMGswith a notch, which shows that shear bands are precursors of
cracks. Fracture of Zr-based BMGs into a few fragments has been
discovered in split-Hopkinson pressure bar [20,21] and anvil-on-
rod impact tests [12,22]. The typical vein pattern [23,24] observed
on fragments indicates that there is a correlation between struc-
tural disorder induced shear bands [25e29] and macroscopic
fragmentation [12,20e22] in BMGs. However, the underlying
physics that dominates fragmentation of BMGs still remains
elusive.

Since crystalline or amorphous alloys are prone to shear band-
ing, the mechanism of flow localization has been discussed in the
viewpoint of mechanical diffusion [1,6,16,25e31]. But, in addition
to thermal andmomentum diffusions, metallic glasses involve free-
volume diffusion due to their abnormal atomic structures. Shear
banding in BMGs is a consequence of the balance between free-
volume diffusion and free-volume creation driven by shear
stresses [16,28,32,33]. The free-volume diffusion determines the
thickness of a shear band [26,27,33]. Thermal and momentum
diffusions that are out of a shear band and into its neighbouring
medium can produce a heat-affected zone [34,35] and a mo-
mentum diffusion zone or shear-band spacing [25,36,37],
respectively.

Recently, theoretical efforts have been made to understand the
evolution of shear bands. For example, combining the momentum

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:lhdai@lnm.imech.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intermet.2014.09.008&domain=pdf
www.sciencedirect.com/science/journal/09669795
http://www.elsevier.com/locate/intermet
http://dx.doi.org/10.1016/j.intermet.2014.09.008
http://dx.doi.org/10.1016/j.intermet.2014.09.008
http://dx.doi.org/10.1016/j.intermet.2014.09.008


Fig. 1. Dependence of the failure strength on strain rates, where insets indicate (a)
fragments under dynamic compression and (b) shear failure under quasi-static
compression, respectively.
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diffusion model firstly proposed by Grady and Kipp [31] with the
free-volume and heat evolution, the evolution features of shear
bands (e.g., shear-band toughness, thickness and spacing)
[25,26,37,38] were investigated. In these studies, a rigideplastic
assumption was applied and thus the influence of elastic strain
energy on shear banding is disregarded. As is well known, however,
shear banding in solids can be considered as a dissipation system
[1,6,16,25,26,37,38], and elastic strain energy contributes to shear
localization [39]. In particular, since the localized plastic flow in
BMGs is concentrated in a rather thin shear band surrounded by an
elastically deformed matrix, the elastic strain energy cannot be
ignored. In this paper, fragmentation of a Zr-based BMG under
impact loading is observed and the influence of elastic strain en-
ergy on the shear-band evolution is studied. Based on experimental
Fig. 2. Scanning electron microscope images of failure modes, where (a) and (b) are the fr
compression, and (c) and (d) are the fragment topography and vein patterns with multiple
observations and an evolution model of shear bands, the underly-
ing mechanism of dynamic fragmentation in BMGs is unveiled.
2. Experimental procedure and results

In experiments, Zr41.2Ti13.8Cu10Ni12.5Be22.5 (Vit 1) BMGs were
adopted and their glassy nature was confirmed by the X-ray
diffraction. Specimens with 7.5mm in length and 5mm in diameter
were tested under quasi-static and dynamic compressions with an
applied strain rate ranging from 10�4 to 103 s�1. The quasi-static
compression was performed on the MTS-810 material testing ma-
chine with a fixed strain rate of 1 � 10�4 s�1 and dynamic
compression was carried out on the split-Hopkinson pressure bar
apparatus with strain rates from 1 � 103 to 2.5 � 103 s�1.

Under dynamic compression, Vit 1 BMGs break into many small
fragments as shown in Fig. 1a, and while under quasi-static loading
they fracture along a single shear band (see Fig. 1b). It is obvious
that the failure strength monotonically decreases with the increase
of strain rates, consistent with other Zr-based BMGs [11,12,21].
Typical scanning electronmicroscope images of fracture surface are
given in Fig. 2. In the case of quasi-static loading, uniformly
distributed vein patterns are observed on the whole fracture sur-
face (Fig. 2a and b), indicating that fracture is dominated by one
shear band. However, under dynamic compression, randomly
distributed vein patterns are seen on the surface of a fragment
(Fig. 2c and d), which implies that fragments are generated by
shearing on multiple planes.

As shown in Fig. 3, there are multiple shear bands on the surface
of a fragment, involving uniform and wavy primary and secondary
ones (indicated by red and black arrows, respectively) in different
directions. The distances between two wavy bands are about
30e50 mm and 3e15 mm, corresponding to primary and premature
shear bands respectively, and their interaction constructs a
network-like deformation zone. Once the shear displacements on
some shear bands reach their critical values, cracks initiate, prop-
agate and ultimately lead to fragmentation. Thus, the size of
acture surface of a sample and uniformly distributed vein patterns under quasi-static
directions under dynamic compression.



Fig. 3. Scanning electron microscope image on a fragment surface under dynamic
loading and (b) its enlarged network-like shear bands in the squared area. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

F. Zeng et al. / Intermetallics 56 (2015) 96e10098
fragments (see Fig. 1a) is usually much larger than the spacing of
shear bands. Generally, shear bands are predecessors of cracks, and
hence failure of BMG samples is due to shear banding. Here the key
issue is on the formation and evolution of network-like shear bands
that lead to dynamic fragmentation of BMGs, which is in contrast to
a single primary shear band in quasi-static fracture. Obviously,
whether the shear-band pattern occurs in one dominated mode or
multiple modes strongly depends on strain rates.

3. Theoretical analysis and discussion

BMG samples do not undergo a full-field global plastic defor-
mation when subjected to dynamic loading at room temperature.
Instead, yielding preferentially occurs in some regions via a local
rearrangement of atoms such as shear transformation or atomic
jumps, forming local plastic regions. In these regions, shear bands
nucleate and propagate. As mentioned above, shear banding in
metallic glasses can be regarded as a dissipation system in which
the elastic strain energy is dissipated through plastic deformation
in shear bands and their growth to form shear cracks. Some earlier
works have indicated that the plastic deformation in shear bands is
main dissipation source. For example, the applied energy is spent in
plastic flow mediated by multiple shear bands when BMGs are
subjected to bending [25,36]. Ductile metallic glasses with high
fracture toughness is also due to the activities of shear bands in
terms of multiplication, branching and intersection, ahead of a
Fig. 4. Schematic of the shear-band evolution at (a) its initial and (b) evolving stages. (c) Illu
and the applied energy near it.
notch tip [40]. From the energetic viewpoint, the multiplication of
shear bands is triggered when one shear band is not enough to
dissipate the applied elastic strain energy. Therefore, it is important
to investigate the competition between the dissipated energy and
elastic strain energy during shear banding.

As illustrated in Fig. 4(a) and (b), at the time t ¼ 0, the BMG is
shearing at a local strain rate of _gl along the x direction, which
yields at the shear stress ty. Here, a shear band is assumed to
initiate on the plane y ¼ 0. During the shear-band propagation, the
local redistribution of momentum is associated with the inertial
effect. The momentum diffusion spreading out of the shear band
and into its neighbouring medium would produce an elastic zone
due to stress-relaxation from the shear band. Such a zone locates
between the shear band and the local plastic region, where an
elasticeplastic interface is at the position of y ¼ z, as shown in
Fig. 4b. The dissipated energy within the shear band progressively
increases as deformation evolves. At a time of t ¼ tc, the shear band
is regarded as being fully matured and the dissipated energy rea-
ches a critical level. Here, let us focus on a mature shear band and
consider the critical dissipated energy in it. Based on the mo-
mentum diffusion mechanism, a theoretical model with the
assumption of a rigideplastic material was proposed to describe
shear banding by Jiang and Dai [26]. In their analysis, the mo-
mentum, energy and free-volume balance was taken into account,
including the primary free-volume softening mechanism of shear
bands in BMGs. Here, it is worth noting that elasticity does not
affect the energy dissipation in a shear band [26,30,31]. Then an
expression can be derived that relates the critical dissipated energy
to a structural disorder state within the mature shear band [26],
that is

Gc ¼
9rD3x6ct

3
y

_glR5

 !1=4

; (1)

where Gc is the energy per unit area, r is the density, D is the
diffusion coefficient of free-volume, xc is the increase of free-
volume concentration within a shear band, and R is the local
dilatation.

In previous analysis on the evolution of a shear band
[25,26,37,38], a rigideplastic assumption in BMGs was usually
introduced and the elastic strain energy was omitted. As shown in
Fig. 4b, however, there is an elastic region and the energy in Eq. (1)
is supplied by elastic strain energy stored in the region. Here it is
assumed that the elastic strain energy is fully released during shear
banding, and thus we have
stration of the competition between the critical energy dissipated within a shear band
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Ee ¼
t2y b; (2)
Fig. 5. The critical dissipation energy (Gc) in a shear band and strain energies (Eed and
Ees) in momentum diffusion and heat-affected zones as a function of the local strain
rate. The dashed line represents a transition from quasi-static to dynamic loading.
2m

where Ee is the elastic energy per unit area, m is the elastic shear
modulus, and b is the normal distance from a shear band. In gen-
eral, under a fixed loading condition, the energy in Eq. (1) is
approximately a constant. However, the available strain energy
linearly increases with the distance b in Eq. (2), as shown in Fig. 4c.
These two energies are equal and balanced at a distance of b*. In the
case of b being less than or equal to b*, one shear band would
dominate shear failure. On the other hand, in the case of b > b*,
additional shear bands would form that construct a network-like
configuration. For example, as shown in Fig. 3b, the two families
of shear bands lead to dynamic fragmentation. Therefore, in both
cases, the elastic strain energy as a function of b determines the
shear-band pattern and failure mode. Further analysis will reveal
that there is an intrinsic relationship between b and the mo-
mentum diffusion distance, and that the elastic strain energy in the
momentum diffusion zone is fully released to drive the growth of a
shear band in BMGs under impact loading.

As illustrated in Fig. 4b, during the shear-band evolution, the
elastic region with a width of z is produced, and the velocity
Vz ¼ _glz along the x direction on its upper boundary is controlled by
the momentum diffusion. Let us approximately consider the elastic
region as a whole, and thus its velocity field is given by V ¼ _glz.
Then, the time derivative of the momentum in the region can be
calculated by

ty � t0 ¼ r _gl

Zz
0

_zdx; (3)

where ty and t0 are shear stresses on its upper and lower bound-
aries, respectively, and _z is the velocity of the elasticeplastic
interface along the y direction. Under a simplified assumption of
linear elastic unloading, the elastic strain energy that contributes to
shear banding in the region is obtained as

Er ¼ 1� t20
t2y

 !
Ee; (4)

where t0/ty indicates the proportion of released elastic strain en-
ergy in the total stored energy. In Eq. (3), the material properties of
Vit 1 BMG are ty ¼ 1 GPa, r¼ 6125 kg m�3 and _z ¼ 2400 m s�1 (the
elastic shear wave speed). As the shear band is matured, the mo-
mentum diffusion stops and its transport distance z is equal to the
shear-band spacing [26,30,31], which roughly ranges from 1 to
100 mm [9e15] and is sensitive to the loading mode [41,42], sample
geometry [36] and material composition [43]. According to exper-
imental observations, we choose the spacing as in the order of
50 mm. The local strain rate _gl could reach ~107 s�1 or higher in
dynamic indentation [37,38]. Thus, the corresponding local strain
rate is approximately 107 s�1 at a macroscopic loading rate of
103 s�1. Applying these estimated parameters to Eq. (3), we have t0/
ty z 0 under dynamics loading. Then, substituting it into Eq. (4), it
is shown that, as a BMG is subjected to dynamic loading, the elastic
strain energy within the momentum diffusion zone is almost fully
released to drive shear banding, indicating that b is equal to the
shear-band spacing. However, there is no such a relationship for
BMGs under quasi-static loading.

According to Eq. (3), the local strain rate _gl is a key variable. In
quasi-static tests (with a macroscopic strain rate of 10�4 s�1), _gl
could be as high as 103 s�1 [28,37]. Therefore, we have t0/ty z 1 in
the case of _gl ¼ 103 s�1. This implies that elasticity is not influenced
by the inertial effect and the elastic strain energy within a mo-
mentum diffusion region is not a source of shear localization. For
BMGs under quasi-static loading, however, the elastic strain energy
near a shear band is affected by softening from localized flow. The
energy within a heat-affected zone is released to fuelling shear
banding.

The free-volume, heat and momentum diffusions control the
three kinds of band-like structures, respectively [16,26,28]. In the
case of free-volume diffusion, thewidth of a shear band is related to
the critical time tc and dB z (Dtc)

1/2 [16]. The spacing of shear bands
Dz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ty=
�

r _gl

q
Þtc is equal to the transport distance of momentum

diffusion [30,31], and the width of a heat-affected zone is given by
dH z (ctc)1/2 [42], with c the heat diffusion coefficient. Eliminating
the critical localization time, we have two relationships among
these three band-like structures, that is, DzdB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ty=
�

r _gl

q
Þ=D and

dH z dB(c/D)1/2. Thus, to drive a shear-band process the unit-area,
elastic strain energy in a heat-affected zone under quasi-static
compression is obtained as

Ees ¼
t2ysdB

2m

ffiffiffiffi
c

D

r
; (5)

and similarly, the elastic strain energy in a momentum diffusion
zone under dynamic compression is.

Eed ¼
t2yddB

2m

ffiffiffiffiffiffiffiffiffiffi
tyd

r _glD

r
; (6)

where dB ¼ 10 nm [16], D ¼ 5 � 10�9 m2 s�1 [26],
c ¼ 3.0 � 10�6 m2 s�1 [35], and m ¼ 35.3 GPa for Vit 1 BMGs. As
shown in Fig. 1, the quasi-static failure strength of 1.9 GPa is cor-
responding to the shear yield strength tys ¼ 0.95 GPa. For simpli-
fication, the dynamic failure strength of 1.4 GPa is chosen, which is
between 1.6 and 1.2 GPa (see Fig. 1), and thus the dynamic shear
strength is tyd ¼ 0.7 GPa. Other relevant parameters are R ¼ 0.0027
[44] and xc ¼ 4% [17]. According to Zhang et al. [37], the local strain
rate _gl from 103 to 109 s�1 covers macroscopic quasi-static and
dynamic loading rates. So the local strain rate _gl ¼ 106 s�1 can be
considered as a transition from quasi-static to dynamic loading.

As shown in Fig. 5, the influence of elastic strain energy on the
transition of failure modes from shear fracture to fragmentation
can be clarified based on Eqs. (1), (5) and (6). For BMGs subjected to
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dynamic loading, since the strain energy from a momentum
diffusion zone is more than the critical dissipation energy within
one shear band, i.e., Eed > Gc, fragmentation induced by network-
like shear bands occurs. In contrast, under quasi-static loading,
the critical dissipation energy is more than the strain energy from a
heat-affected zone, indicating that one shear band is sufficient
enough to dissipate the applied energy and then shear fracture
occurs.

In our model, the stored energy is mainly dissipated by plastic
deformation in multiple shear bands. Actually, there are two
dissipation sources in the shear-band propagation and crack
extension. According to quasistatic testing of four-point-bend
notched BMGs by Tandaiya et al. [19], the estimated energy
release rate under mode II is Jc ¼ 8.4 N mm�1. In their work, Jc
mainly contributes to the specific work of separation during a
stable crack extension. Here, we consider that the dissipated energy
in a crack extension is approximately equal to Jc. In the case of
quasi-static loading, the shear-band dissipation energy,
Gc ~ (110� 30) Nmm�1, is obtained by Eq. (1), which is much larger
than Jc. Such a relationship is also expected for dynamic loading
case. Thus, it is reasonable for us to consider shear bands (plastic
deformation) as the main dissipation source.

4. Conclusions

In summary, dynamic fragmentation induced by network-like
shear bands is observed in a Zr-based BMG under impact loading,
which is in contrast to shear failure controlled by one dominated
shear band. To understand this phenomenon, a theoretical model is
proposed that takes into account the influence of elastic strain
energy on the shear-band evolution. It is shown that, with the in-
crease of strain rates, shear-band patterns transfer from one
dominatedmode tomultiple modes. Dynamic fragmentation is due
to the competition between the energy dissipated within a shear
band and the elastic strain energy in a momentum diffusion zone.
The good agreement between experimental observations and
theoretical analysis indicates that the elastic strain energy plays an
important role in shear banding.
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