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Abstract

The effect of strain rate on the initiation and propagation of shear bands in the Zr4; »Ti;35Cu;, 5sNijgBess s bulk metallic glass
under shear loading was investigated. The quasi-static (at a strain rate of 1.5x 107> s™!) and the dynamic shear tests (at a strain
rate of 1.4 x 10° s™!) were conducted at room temperature using a GATAN Microtest-2000 instrument and a split Hopkinson pres-
sure bar (SHPB) with a specially designed ‘Plate-shear’ specimen, respectively. The complete process of shear band initiation, prop-
agation, and shear band unstable propagation-induced fracture was revealed. The experimental results demonstrated that the
macroscopic shear strength is relatively insensitive to the strain rate, whereas shear band initiation and fracture are significantly
dependent on strain rate. A dimensionless Deborah number was introduced to characterize the effect of the strain rate on the for-
mation of shear bands. Additionally, the observed numerous liquid droplets and melted belts on the fracture surface at high-strain

rates demonstrate that the adiabatic heating exerts a significant effect on fracture behavior of the material.

© 2005 Elsevier B.V. All rights reserved.

PACS: 71.23.C; 47.20.F; 62.20.F; 62.20

1. Introduction

Recently, bulk metallic glasses (BMGs) have at-
tracted large interest due to their unique physical,
mechanical, and chemical properties [1-6]. However,
BMGs loaded under the unconstrained conditions usu-
ally fail catastrophically with little global plasticity
[7,8]. This deformation behavior has limited the applica-
tion of BMGs as engineering materials so far. At low
temperatures (e.g. room temperature), plastic deforma-
tion of BMGs is usually localized into thin shear bands
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[9,10]. Many macroscopic mechanical properties (e.g.
plasticity and ductility) are thus controlled by the indi-
vidual and collective behaviors of the shear bands.
Therefore, the initiation, propagation and fracture of
localized shear bands in metallic glasses have been the
subject of both theoretical and experimental investiga-
tions for number of years [11-25].

Generally speaking, a shear band is usually initiated at
a local region where the viscosity or the resistance of the
material to deformation is greatly reduced. There has been
considerable debate in the literature as to the cause of this
reduction, and two hypotheses emerged to explain why
local changes in viscosity occur in shear bands. The first
suggests that the reduction of viscosity within shear bands
is resulted from the generation and coalescence of free
volume. This idea was originated in the work of Spae-
pen, who developed a plastic flow model based on a
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competition between stress-driven creation and diffu-
sional annihilation of free volume [11]. Subsequent works
from Argon [12], Stief et al. [13], Liet al. [23], and Wright
et al. [26] also supported the free volume hypothesis. The
second hypothesis is that local adiabatic heating beyond
the glass transition temperature, or even the melting tem-
perature, thus leading to the deformation softening, is the
main cause for formation of shear bands in BMGs. This
idea was proposed by Leamy et al. [27] who attributed
the vein pattern morphologies of fracture surfaces to the
adiabatic heating of the deformed region. This hypothesis
was supported by Liu et al. [28] who observed liquid drop-
lets on the fracture surfaces of the tested samples. How-
ever, the precise physical nature of the formation
mechanism of shear bands in BMGs still remains unclear.

On the other hand, it is noted that the generation and
coalescence of free volume, thus the initiation and prop-
agation of shear bands, are significantly affected by
loading conditions and strain rates. Under compressive
load, metallic glasses deform and fracture along local-
ized shear bands and the fracture angle, 6c, between
the compressive axis and shear plane is smaller than
45° (about 42°) [29-31]. Under tensile load, however,
it is found that the tensile angle, O, between the tensile
axis and the fracture plane is larger than 45°. In most
cases, Ot is in the range 50-65° with an average value
of 56° [32-34]. Simultaneously, the deformation and
fracture behavior of metallic glasses at room tempera-
ture have an obvious strain rate effects. Owen et al.
[35] found that the dynamic fracture toughness of a Zr
based BMG dramatically increased with increasing
loading rates at room temperature. Bruck et al. [36] re-
ported that the compressive strength of a Zr based
BMG was independent of strain rates. Hufnagel et al.
[37] observed that the uniaxial compression failure stress
decreased with increasing strain rates. Maddin and
Masumoto [38] showed that the fracture stress of
Pdg(Siyg filament decreased with increasing strain rates.
Kawamura et al. [39] also reported that the tensile
Strength of a rapldly solidified Zr65A110Ni10Cu15 ribbon
specimen decreased with increasing strain rates. Strain
rate not only affects the fracture strength but also exerts
a significant influence on the formation of shear bands
in BMGs. Mukai et al. [40] reported that the density
of shear bands formed in a Pd-based BMG under tensile
loadings increased with strain rates. This phenomenon
was supported by recent nanoindentation investigations
on BMGs, which were made, respectively by Schuh et al.
[41-44], Nieh et al. [45], Jiang and Atzmon [46], and Dai
et al. [47]. However, further works are still need to dis-
cern the effect of strain rate on formation and propaga-
tion of shear bands in BMGs.

Apparently, the strain rate dependency of deforma-
tion behavior in BMGs varies with material components,
specimen shapes and loading procedures. Furthermore,
most available experimental studies on shear banding

in BMGs were conducted under uniaxial compression
and indentation loadings. However, the complicated
stress state in the testing sample makes it difficulty to elu-
cidate clearly the physical nature of shear banding in
BMGs. Different from the compression or indentation
loading mode, the relative simple stress state is achieved
in the sample subjected to a shear loading. To the
authors’ knowledge, the investigations on plastic defor-
mation and shear banding behavior of BMGs subjected
to a shear loading are very limited to date. In view of
aforementioned observations, the strain rate effects on
shear banding in the Zr41'2Ti13_3cul2_5NiloB622'5 bulk
metallic glass under quasi-static and dynamic shear load-
ings were investigated. By controlling applied load and
limiting deformation, the complete process of shear band
initiation, propagation, and shear band unstable propa-
gation induced fracture patterns was obtained. Also, the
free volume theory based constitutive model originally
developed by Spaepen [11] was modified to characterize
the observed strain rate-dependent shear banding behav-
ior of the material. Based upon this modified model, the
strain rate effect on the initiation and propagation of
shear bands was discussed as well in this paper.

2. Experimental procedure
2.1. Specimens preparations

The Zr41,2Ti13'8Cu12'5Ni10Bezz'5 bulk metallic glass
was produced by arc melting the pure elements together
under a purified Ar atmosphere in ingots of the desired
composition; each ingot was then re-melted fourth to
ensure a homogeneous composition. From these ingots,
metallic glass plates with 100 mm in length, 20 mm in
width, and 2 mm in thickness were prepared by suction
casting the molten alloy into a copper mold. The ob-
tained metallic glass plates were confirmed to be non-
crystalline by conventional X-ray diffraction.

In order to conduct shear test, the specimens were
specially machined into ‘Plate-shear’ shape, which is
shown in Fig. 1. The ‘Plate-shear’ specimen shear tech-
nique was originally introduced by Meyer and Manwar-
ing [48], which was used successfully for investigating
adiabatic shear banding in a number of materials
[49,50]. This method can force shear localization occur
in a narrow region. Different from the narrow ring-
shaped shear zone in Meyer’s hat-shaped specimen, the
shear area in our present ‘Plate-shear’ shaped specimen
is a narrow flat zone. The observed surfaces of samples
were finely polished before loading.

2.2. Mechanical tests

Quasi-static and dynamic shear tests of the
Zr4].2Ti13.3Cu12,5Ni10B622V5 bulk metallic glass Wwere con-
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Fig. 1. Schematic diagram of shear test set-up: (a) the ‘hat-like-shaped’
specimen (dimensions in mm), (b) the holder, (c) before loading, (d)
after loading.

ducted using a Microtest-2000 (GATAN) instrument
and a split Hopkinson pressure bar (SHPB) at a room
temperature, respectively. In our tests, the amount of
the shear displacement is controlled by the length of
the specimen end outside the steel holder, which is shown
in Fig. 1(c) and (d). By adjusting this length and the ap-
plied load, different shear deformation stages can be
achieved in the shear zone. As a result, the process of
the initiation and propagation of shear bands in BMGs
can be revealed by this technique. The average shear
stresses can be calculated according to the force balance
of the shear deformation unit. While the averaged shear
strains can be estimated by measuring the displacement,
0, and the thickness of the shear zone /, which is shown
in Fig. 1(d). In the present work, % is defined as the hor-
izontal distance of centers of the upper and lower
notches. The value of 4 was measured with a light
microscopy (POLYVAR-MET, Reichert-Jung, Austria).

In the present work, to assure the measurements with
an adequate accuracy and minimize the systematic er-
rors, the minimum calibration of measurements of the
displacement ¢, the thickness 4, and the force were
0.01 pm, 0.1 um and 0.1 N, respectively. In our tests,
the range of 0 from the initiation to fracture of shear
bands was 6.10-8.32 um, the range of & was 380.1—
420.9 pm, and the range of force was 861.4-1720.8 N.
So, in our measurements, the estimated systematic errors
did not exceed 0.1%. Simultaneity, to obtain reliable

Table 1
Shear stress of the initiation (A), propagation (B) of shear bands and
peak shear stress (C)

Strain rate (s7') A (MPa) B (MPa) C (MPa)
1.5x1073 900 =+ 25 990 + 30 1100 + 35
1.4x10° 900 + 30 990 + 40 1100 + 50

macroscopic stresses corresponding to the initiation,
propagation, and fracture of shear bands at both strain
rates, at least 12 specimens were performed for each case.
The measured values with the corresponding random er-
rors were given in Table 1. The random error was esti-
mated by AXpax = Xmax — Xmin» Where xp.x and xpi,
stands for the measured maximum and minimum values,
respectively. In the quasi-static strain rate shear experi-
ments, the average shear strain rate, which was estimated
by the velocity of the load head and the shear zone size,
was fixed at 1.5x 10> s~'. In SHPB dynamic shear
experiments, the specimen was embedded inside the
high-strength steel holder, which as a whole was sand-
wiched between the incident and the transmitted bars.
To acquire loading pulses, two pairs of strain gages were
bonded at the mid-span of the incident and the transmit-
ted bars. According to the obtained loading pulses and
the standard SHPB principle, the average shear stress,
the shear strain, and the shear strain rate can be deter-
mined. In our dynamic shear tests, the average shear
strain rate was fixed at 1.4 x 10*s~! by controlling im-
pact velocity. In the dynamic testing, since the cross-area
of high-strength steel holder is much larger than that of
deformed region in the specimen, the deformation of
specimens can be automatically interrupted by steel
holder as soon as the incident bar contacts the steel
holder. Fig. 2(a) and (b) are the oscillograms of the input
and the output wave pulses achieved at the dynamic
strain rate tests at the fixed striking velocity. It is well
known that, in dynamic experiments, the amplitudes
and platform of oscillograms represent the magnitudes
and duration of loading pulses. Fig. 2(a) demonstrated
that, at the fixed striking velocity, the shapes of the input
oscillograms were almost identical, whereas the shapes of
the output oscillograms, as shown in Fig. 2(b), were dif-
ferent. The difference between the input and output oscil-
lograms showed that the experimental materials
deformed plastically. The difference among the output
oscillograms, especially before the marked loading limi-
tation line (at this point of oscillograms, the loading
pulse arrived at the specimen holder and further defor-
mation was limited), was caused by the deformation-con-
trolled technique. Because the amplitudes stand for the
magnitudes of the loads, through the deformation-con-
trolled technique, the applied loads on different speci-
mens were controlled at different levels. The amplitudes
of output oscillograms before the loading limitation line
shown in Fig. 2(b) represent the magnitude of load.
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Fig. 2. The oscillograms of the input and the output waves in split
Hopkinson pressure bars tests.

From Fig. 2, one can find that, the applied load on the
specimen could be controlled at different magnitudes.
Thus, the shear deformation can be interrupted at differ-
ent stages. The results demonstrated that this deforma-
tion-controlled technique is feasible.

With this deformation-controlled technique, a series of
tests were conducted at quasi-static rates and dynamic
strain rates, and the average shear stress—strain curves
and the shear fracture stresses (shear strength) were ob-
tained. After testing, all the samples were examined by a
scanning electron microscope (SEM, FEI-Sirion NC
microscope) to reveal the character of initiation, propaga-
tion, and fracture surface morphologies of the material.

3. Experimental results
3.1. Mechanical behavior

The average shear stress—strain curves of the present
bulk metallic glass Zr4; »Ti;3.8Cu;25NijgBess 5 at quasi-

static strain rates (1.5x 107>s™') and dynamic strain
rates (1.4 x 10% s™!) are shown in Fig. 3. It can be seen
from Fig. 3 that, for both typical strain rates, the mate-
rial exhibits a ‘quasi-brittle’ behavior and little macro-
scopic plastic flow (about 0.1%). After the peak stress,
the stress dropped to its zero value immediately. The
peak shear stress or shear strength is about 1100 +
50 MPa for both the quasi-static and dynamic strain
rates. This means that the shear strength of this alloy
is relatively insensitive to the strain rate. The present re-
sult is consistent with the experimental observation of
Lu-Ravichandran-Johnson in compressive mode [24].
The obtained quasi-static shear strength, 1100 +
35 MPa, is almost identical to the experimental result
made by Chen et al. [51] in torsional shear mode for
the identical alloy. Additionally, the shear stresses corre-
sponding to shear band initiation, propagation, and crit-
ical failure of the samples, which are marked as A, B,
and C, respectively in Fig. 3, are displayed in Table 1.
It can be seen from Table 1 that these shear stresses
are also insensitive to the strain rate.

3.2. Initiation and propagation of shear bands

The initiation and propagation of shear bands at qua-
si-static strain rates are illustrated in Fig. 4. The exper-
imental observations have indicated that shear bands
were initiated in the tip of the notch in the specimen
when the average shear stress reached about 900 +
25 MPa. This stress point is marked as ‘A’ in Fig. 3.
The initiated shear bands, which exhibit bright lines
under SEM observations, are shown in Fig. 4(a). With
the applied load increasing to point ‘B’ shown in
Fig. 3, one shear band, which is located in the middle
of shear region, propagates quickly while the others
propagate little. At this deformation stage, the evolution

1200

Strain rate 1.5*10° Strain rate 1.4*10°
C c |
1000 B B—
g A AT
2 sool
12}
173
<
»
S 600 [
(]
<
n
400 A-Initination
B-Propagation
C-Penetration
200 |- 5%
1 1

Shear strain y

Fig. 3. Shear stress—strain curves of the Zry; ;Tij35Cu;, 5sNijoBess s
BMG at different strain rates.
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Fig. 4. The SEM micrographs of the evolution of shear bands in the Zr4; ,Ti 3 §Cu;, 5NijgBess s BMG under strain rates 1.5 x 1077 s™ °: (a) initiation,

(b) propagation, (c) penetration.

pattern of shear bands is shown in Fig. 4(b). When the
load continued increasing and the peak shear stress of
about 1100 + 35 MPa was reached, which corresponds
to the point ‘C’ in Fig. 3, the dominated shear band pen-
etrated across the whole deformation region which is
shown in Fig. 4(c) and the specimen fractured immedi-
ately along this full-developed shear band.

At dynamic strain rate, the initiation and evolution of
shear bands are presented in Fig. 5(a)—(c), respectively.
The corresponding stress levels are also marked, respec-
tively as A, B, C in Fig. 3. Compared with the quasi-sta-
tic strain rate case, the evolution of shear bands at
dynamic strain rate is of the following features: (1)
The average shear stress levels under which shear bands
were initiated and penetrated across the whole shear re-
gion in the specimen are almost the same as those in the
quasi-static case, i.e. 900 & 30 MPa and 1100 4 50 MPa,
respectively. This means that the macroscopic critical
shear stresses corresponding to shear band initiation
and propagation are relatively insensitive to strain rates.
(2) The density of shear bands initiated at dynamic
strain rates is higher than that at quasi-static strain
rates, which is demonstrated clearly in Figs. 4(d) and
5(d). This observation is consistent with the findings of
Mukai et al. [40] in dynamic tensile mode, and Schuh
et al. [41-44], Nieh et al. [45], Jiang and Atzmon [46],
and Dai et al. [47] in nanoindentation mode. The differ-
ence in the density indicates that the initiation of shear
bands is significantly dependent on the strain rate. The
mechanism for such a strain rate-dependent shear band-
ing behavior will be discussed in next section.

3.3. Fracture surface morphology

To understand shear band propagation and shear
fracture mechanisms of the material, both quasi-static
and dynamic shear fracture surfaces were carefully
examined by SEM (FEI-Sirion NC microscope). The
SEM micrographs of the side view of the typical fracture
surfaces at these two typical strain rates are presented in
Fig. 6(a) and (b), respectively. It is readily observed that,
under both quasi-static and dynamic loads, samples
fracture along a single shear plane, indicating one major
shear band dominates the final fracture. The result dem-
onstrates that the ‘Plate-shear’ shaped specimen can
effectively ensure the deformation under the prescribed
simple shear condition. The micrographs of the fracture
morphologies at both typical strain rates are shown in
Figs. 7 and 8, respectively.

3.3.1. Quasi-static fracture features

The typical fracture morphology of the Zry ,Tij3g-
Cuy,5NijgBeyy s BMG under quasi-static shear loading
is shown in Fig. 7(a). It can be seen from Fig. 7(a) that
the fracture surface can be divided into three character-
istic zones [52,53] along shear band propagation direc-
tion, which are the fracture slip zone (I), the facture
propagation zone (II) and the unstable fracture zone
(III) in turn. In the slip zone (I), except for some thinner
ridges and valleys across the whole region, the surface
along the ridges and valleys (also is the shear direction,
as indicated by arrow) is relatively smooth. In the zone
(IT), the speed of the crack became fast and different



3264 L.F. Liu et al. | Journal of Non-Crystalline Solids 351 (2005) 3259-3270

Fig. 5. The SEM micrographs of the evolution of shear bands in the Zrs; »Tii3 sCuis sNijoBess s BMG under strain rates 1.4 x 10> s™!: (a) initiation,

(b) propagation, (c) penetration.

1 200m

Fig. 6. A side view of the fractured sample: (a) strain rate
1.5x 107371, (b) strain rate 1.4x 10° s,

morphological patterns were formed along the shear
band propagation direction. Firstly, numerous strips
can be observed in the early stage of zone (II). It is inter-
esting that these strips were initially thin and then be-
came gradually thicker. With the crack propagating
further, lots of striated vein patterns were formed. In
this region, several micro-cracks with width of about
10 um can be seen, which is shown in Fig. 7(b). At the
late stage of the zone-II (Fig. 7(c)), the size of the
micro-cracks became larger while the number was fewer
than that in the middle stage of zone-II, and the striated
vein patterns were transformed into cell-like vein
patterns. Fig. 7(d) is a typical high-magnification micro-
graph of the cell-like vein patterns formed in the zone-II.
Compared with the vein patterns formed in the com-
pressive experiments [25], there is no droplet of metallic
glass observed. Additionally, the tails of cells were obvi-
ously stretched. The difference in the fracture surface
morphologies formed in shear mode and in compression
or tension mode demonstrates that normal stress exerts
an influence on the fracture behaviors of BMGs. As the
crack progressed further and advanced into the zone-III,
its velocity was accelerated to a critical value and the
crack became unstable. The crack propagated unstably
and facture led to a jagged structure on the fracture sur-
face, as illustrated in Fig. 7(e). This jagged structure
means that the fracture process in the zone-III is discon-
tinuous. Actually, such a three-stage fracture feature can
also be found in other brittle materials, such as PMMA,
where the fracture surface experiences ‘mirror’, ‘mist’,
and ‘hackle’ three stages along the direction of the crack
propagation [53].
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Fig. 7. The fracture morphologies under quasi-static shear load: (a) the full image of fracture processes along shear band propagation direction, (b)
high magnification of striated vein patterns and micro-cracks in zone II, (c) high magnification of cell-like vein patterns and micro-cracks in zone 11,

(d) cell-like vein patterns in zone 11, (e) a jagged structure in zone III.

3.3.2. Dynamic fracture feature

Fig. 8 is the typical fracture surface morphology of
the Zr41'zTi13,8Cu12'5Ni10Be22‘5 bulk metallic glass under
dynamic shear loading. Similar to the quasi-static case,
the fracture surface under dynamic shear loading can
also be divided into three zones along the direction of
the crack propagation, namely the fracture slip zone
(I), the fracture propagation zone (II) and the unstable
fracture zone (III) in turn. However, compared with
the quasi-static case, several different characteristic fea-
tures of the fracture morphology become evident. These
features are summarized as follows: (1) the fracture sur-
face is relatively rough in comparison with the quasi-sta-
tic strain rate case. (2) In the zone-II, the array of
patterns is relatively disorder. As shown in Fig. §(b),
the size of the micro-cracks is larger and the number is
fewer than under quasi-static loading. Simultaneity,
the micro-cracks and valleys were distributed randomly.

It is noted that, many melted droplets and belts can be
obviously observed in the late stage of the zone-II, as
illustrated in Fig. 8(a)—(c). The melted droplets and belts
indicate that the temperature rise induced by the adia-
batic shear heating may exceed the melting temperature
of the alloy. (3) Besides jagged structure, some cell-like
vein patterns can also be observed in the zone-III, as
shown in Fig. 8(e).

Figs. 7 and 8 show a full fracture propagation process
of the tested Zr-based bulk metallic glass under quasi-
static and dynamic strain rates, respectively. For both
strain rate cases, fracture was initiated from one domi-
nant shear band and developed along the direction of
this dominant shear band. From a macroscopic view,
shear fracture experiences three characteristic stages re-
ferred as facture initiation-slip, fracture propagation,
and unstable fracture for both quasi-static and dynamic
cases.
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Fig. 8. The fracture morphologies under dynamic shear load: (a) the full image of fracture processes along shear direction, (b) high magnification of
striated vein patterns and micro-cracks in zone II, (c) high magnification of cell-like vein patterns and micro-cracks in zone II, (d) cell-like vein

patterns in zone 11, (e) a jagged structure in zone III.

4. Discussion

From the above experimental results and observa-
tions, it can be seen that the initiation, propagation,
and fracture morphology are affected greatly by the
strain rate, although the shear strength for this alloy is
relatively insensitive to the stain rate. However, the
mechanisms for this rate-dependent shear banding
behavior are not well understood.

As is shown in Fig. 3, the shear strength of the
Zr41 2 Tij3 3Cuy; sNijoBess s metallic glass is independent
of strain rates at room temperature. This observation is
similar to the observation made by Lu et al. [25] in the
compression mode for the identical alloy. However,
the initiation of shear bands is strongly dependent on
the strain rate. It can be found from Figs. 4(a) and
5(a) that the number of shear bands initiated at dynamic
strain rates is larger than that at quasi-static strain rates.
This result is consistent with the reports of Mukai et al.

[40] on the Pd4NizP>o BMG in tension test, Schuh and
Neih [41] on Pd4oCuzgNijgP>9, Nieh et al. [45] on
Zr10A15Ti17_9Cu14.6Ni47_5, and Dai et al. [47] on the
Zr41,Ti133Cu;5 5—NijpBess 5 in nanoindentation test.
Simultaneously, many available investigations have
demonstrated that the local coalescence of the free vol-
ume is an important reason for the formation of shear
bands at the early deformation stage of BMGs [10-
13,21,22]. Hence, the difference in the density of initiated
shear bands at quasi-static and dynamic strain rates may
be due to the effect of the strain rate on the generation of
free volume in BMGs.

According to the free volume theory [11-13], the for-
mation of shear bands in metallic glasses is mainly due
to the creation and coalescence of the free volume in
some local regions, whereas the creation and diffusion
of free volume in metallic glasses are affected greatly
by the strain rate. Based on Turnbull-Cohen’s free
volume theory [54,55], Spaepen developed a general con-



L.F. Liu et al. | Journal of Non-Crystalline Solids 351 (2005) 3259-3270 3267

stitutive equation to characterize plastic flow of metallic
glasses [11]. According to this model, the shear strain
rate can be written as

.1 o AG . 0
Y= ;+2f - exp (_E) - exp <_kB—T) - sinh (2kBT>’
(1)
where 1 is the applied shear stress, y the shear strain rate,
¢ the concentration of the free volume, o a geometrical
factor of order unity, f the frequency of atomic vibra-
tion, AG the activation energy, 2 the atomic volume,
kg the Boltzmann’s constant, u the shear modulus and
T the absolute temperature. Eq. (1) shows that the con-
centration of the free volume & plays a key role in the
deformation of metallic glasses. An as-prepared metallic
glass is thermodynamically unstable and has a non-equi-
librium amount of free volume. During the deformation
under the shear stress, the concentration of the free vol-
ume is continuously created by an applied shear stress
and annihilated by structure relaxation due to atom
rearrangement. In the flow model developed by Spaepen
[11], the free volume is created by an applied shear stress
7 and annihilated by a series of atomic jumps, and the
net rate of the change of concentration of free volume is

o K AG
=t o0 (-3) o0 (~57)

2OCkBT 70 1
.{SéV* (cosh (2kBT> — 1) —E}, (2)

where np is the number of atomic jumps needed to anni-
hilate a free volume equal to V*, and S = i(ij) u, v is the
Poisson’s ratio. By numerically solving Egs. (1) and (2),
the shear stress—strain and evolution of the concentra-
tion of free volume can be obtained. In the calculation,
we take o=0.15, f=1x10"s7"!, AG=1x10""7,
Q=261x10"m’, ky=138x10"2*J/K, u=353
GPa, *=0.8Q, v=0.36, T =300 K. The shear stress
and the concentration of free volume are assumed to 0
and 0.008, respectively in the initial configuration.
According to calculations, the effect of strain rate on
the dimensionless free volume concentration is presented
in Fig. 9. It can be seen from the figure that the dimen-
sionless free volume concentration is strongly sensitive
to the shear strain rate, i.e. the dimensionless free vol-
ume concentration increases with increasing shear strain
rate. The variations of the dimensionless shear stress
and free volume concentration with shear strain are
for a typical strain rate 7 = 1.0 x 1072s~! are shown
in Fig. 10(a). It can be seen that, for those relatively
low stresses, the free volume annihilation rate exactly
balances the stress-driven creation rate. As a result,
the total concentration of free volume remains constant.
With the applied load increasing further, the creation
rate exceeds the annihilation rate, which results in a cat-
astrophic drop in shear stress. Eventually, the annihila-
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Fig. 10. The calculated results: (a) dimensionless shear stress, free
volume concentration varied with shear strain, (b) Deborah varied
with shear strain for different strain rates.

tion rate again balances the creation rate, and the steady
state value of the concentration of free volume are
reached. It is noted from Fig. 10(a) that the steady value
of the concentration of free volume is larger than the ini-
tial value. More importantly, it can be found from Fig. 9
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that the total concentration of free volume in metallic
glasses is significantly affected by the strain rate, and
the higher the strain rate the higher the concentration
of free volume. According to free volume theory, the
coalescence of free volume is a key reason for the forma-
tion of shear bands in BMGs. Therefore, the relatively
higher concentration of free volume will provide a
strong driving force for initiation of shear bands in
BMGs.

A question naturally arises: why the free volume con-
centration at high-strain rate is larger than that at low-
strain rate. As mentioned above, the coalescence of free
volume in BMGs is controlled by the competition be-
tween the stress-driven creation process and the annihi-
lation process due to structural relaxation. Furthermore,
both the stress-driven creation and the structural relax-
ation processes are tightly related to the macroscopic
deformation response to applied loading. So, we can
introduce a dimensionless Deborah number, namely
the ratio of the structural relaxation time scale to the
macroscopic deformation response time to characterize
the free volume coalescence in BMGs. Deborah number
was initially introduced by Reiner to characterize how
‘fluid’ a material is [57]. Recently, Bai et al. [58] have
demonstrated that this dimensionless number is a key
parameter for charactering damage evolution and dam-
age localization of materials. In the present case, we defy
dimensionless Deborah number as

De = t./t;, (3)

where t, = n/u is the structural relaxing time of BMGs
under shear load, # = 1/7 is the macroscopic imposed
time of applied stress or the characteristic time of mac-
roscopic deformation. Here, n = 1/} is the viscous coef-
ficient, and 7§ is the shear strain rate defined as Eq. (1).
According to Eq. (3), one can find that the larger Deb-
orah number De is, the slower the structural relaxation
annihilation process of free volume is. So, a relatively
larger Deborah number De will lead to a relatively high-
er free volume concentration in BMGs.

Based on Egs. (1)—(3), the variations of Deborah
number with shear strain at different strain rates are
shown in Fig. 10(b). From the figure, one can find that
the values of Deborah number De at high-strain rates
are larger than those at low-strain rates in the early
deformation stage. The relatively larger De at high-
strain rates demonstrates that the relative annihilation
of free volume is slower than that at low-strain rates.
Therefore, the concentration of the free volume at
high-strain rates is higher than that at low-strain rates.
The present and other experimental observations [40—
47] that the number of shear bands initiated at high-
strain rate is larger than that at low strain rate could
be mainly attributed to this reason. The remaining ques-
tion is that why the shear stress is insensitive to strain

rate while the initiation of shear bands is dependent on
the strain rate? As in the aforementioned analysis, the
concentration of the free volume at high-strain rates is
higher than that at low-strain rates. According to the
free volume theory [11-13], the formation of shear
bands in metallic glasses is mainly due to the creation
and coalescence of the free volume in some local regions,
whereas the creation and diffusion of free volume in
metallic glasses are affected greatly by the strain rate.
Thus, this strain rate effect of the free volume leads to
that initiation of shear band depends on the strain rate
in metallic glasses. However, once the shear bands were
initiated, with shear deformation increasing, one of the
shear bands will rapidly propagate along the deforma-
tion zone while the others propagate little. Obviously,
the macroscopic shear stress (i.e. peak stress) under
the present unconstraint conditions is controlled by
the propagation behavior of a single main shear band.
The effect of strain rate on the macroscopic stress is
mainly determined by the ratio of the characteristic time
of macroscopic deformation to that of propagation of
shear band. In dynamic strain rate case, the characteris-
tic time of macroscopic deformation can be estimated as
ti=1/9 ~ 10~ s. While the characteristic time of prop-
agation of shear band is determined by the propagation
speed of shear band and the size of the deformation
zone. The magnitude order of the propagation speed
of shear band in BMGs is about ~10? m/s and the char-
acteristic size of the shear deformation zone is 1 mm. So,
the characteristic time of propagation of shear band is
about 10~ s. Obviously, the strain rate-controlled char-
acteristic time of macroscopic deformation is much lar-
ger than that of the propagation of shear bands.
Therefore, the strain rate exerts little effect on the prop-
agation of shear bands, which in turn leads to that mac-
roscopic stress is relatively insensitive to strain rate.

However, this does not mean that the local heating
induced by the dissipated deformation work does not
play a role in the formation of shear bands in BMGs
for any cases. At high-strain rates (j > 10*s7'), the
local heating within shear localization zone may exert
an influence on the shear band formation in BMGs.
Hence, a further study is still needed to be performed
to discern this effect at high-strain rates.

Once shear bands were initiated in the alloy, one
dominant shear band will propagate fast and fracture
occurs immediately. Figs. 7 and 8 show the fracture
morphologies at the quasi-static and dynamic strain
rates, respectively. Since fracture morphology is created
by shear band propagation, a close-up examination on
the characteristic features of fracture morphology can
help us understand the shear band propagating behav-
iors and fracture mechanisms. It can be seen from Figs.
7 and 8 that the facture morphologies at quasi-static and
dynamic shear loading are quite different. On the whole,
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the fracture surfaces at dynamic strain rates are rela-
tively rough in comparison with the quasi-static case.
Especially, under dynamic loading, numerous liquid
droplets and melted belts can be clearly observed, which
are shown in zone-II in Fig. 8. However, during the
early propagation stage of shear bands, i.e. zone-I and
the beginning stage of zone-II, such melting phenome-
non cannot be found. This means that the local temper-
ature rise cannot exceed the melting temperature of the
alloy in the formation and initial propagation stages.
However, as the deformation proceeds further, numer-
ous liquid droplets and melted belts can be found in
the late stage of the zone-II. This means that the adia-
batic shear induced temperature rise in shear bands ex-
ceeds the melting temperature of the tested material.

According to the observed shear-steps on the surfaces
of the shear deformation regions, the average shear
strain within shear bands formed at dynamic strain rate
is estimated as 5.5. For high-strain rate case, the defor-
mation can be considered approximately to be an
adiabatic process. Hence, the temperature rise in the
shear bands, Af, can be estimated by the following
equation:

Ao =577 )
pCy

where 7 and y are the average shear stress and the shear
strain in shear bands, respectively, p is the mass density
of the alloy, ¢, is the specific heat, K (220.9) is the work-
heat transformation coefficient. For the present mate-
rial, p = 6000 kg/m?, ¢, =450 J/(kg K) [56]. According
to the experimental results, = 1100 MPa, y=>5.5.
Inserting these values into Eq. (4), the possible temper-
ature rise in shear bands is 2016 K. The melting temper-
ature of the tested materials is 936 K. Obviously, the
adiabatic shear induced temperature rise in shear bands
during dynamic shearing exceeds the melting tempera-
ture of the material. This is why numerous liquid drop-
lets and melted belts can be clearly observed on the
fracture surfaces at dynamic strain rates. It is noted that
a similar high-adiabatic temperature rise in BMGs was
observed by the other investigators recently. By using
high-speed infrared technique, Bruck et al. [26] detected
an increased temperature >500 °C in sample surface
zone of the identical alloy under dynamic compressive
loading at room temperature. Liu et al. [28] reported
that there was a 900 K-temperature rise inside shear
bands in a Zr-Al-Cu-Ni bulk metallic glass subjected
to a tensile loading. It is noted that the relatively rough
fracture surface and the melted droplets in the fracture
surface at dynamic strain rates means that the dissipated
energy during dynamic shearing is larger than that dur-
ing quasi-static case. This is perhaps the reason for the
measured fracture toughness of the identical alloy being
dramatically increased at high-strain rates [35].

5. Conclusions

In this paper, a systematic study on the strain rate ef-
fect on the initiation and propagation of shear bands in
the Zryy »Ti13,3Cuy,.5NijgBess 5 bulk metallic glass under
shear loading was made. Quasi-static and dynamic shear
tests at room temperature were carried out by using a
Microtest-2000 (GATAN) instrument and a split Hop-
kinson pressure bar (SHPB) with a specially designed
‘Plate-shear’ shaped specimen and the deformation con-
trolling technology. We have shown that the macro-
scopic shear strength and fracture strain were
insensitive to the strain rate. However, the initiation of
shear bands and the final fracture surface patterns were
affected significantly by the strain rate. It was observed
that the number of shear bands formed at high-strain
rates is larger than that at low-strain rates. To under-
stand this strain rate-dependent shear banding behav-
iors, the free volume theory based constitutive model
developed by Spaepen [11]and a dimensionless Deborah
number were introduced to characterize the effect of the
strain rate on the form of shear bands. Both the exper-
imental and numerical investigations reveal that the cre-
ation and coalescence of free volume play an important
role in the formation of shear bands in bulk metallic
glasses. The local heating effect on the formation of
shear bands in BMGs at high-strain rates is needed to
be a further study.

A close-up microscopic examination showed that the
fracture surfaces can be divided into three characteristic
zones: fracture slip zone, fracture propagation zone and
unstable fracture zone for quasi-static and dynamic
strain rate cases. However, the concrete features within
these three zones at dynamic strain rates were quite dif-
ferent from those at quasi-static strain rates. The most
striking feature of the fracture surface at dynamic strain
rates is that numerous liquid droplets and melted belts
can be clearly observed in the zone-II on the fracture
surface. The temperature rise inside shear bands was
estimated to be 2016 K. This means that adiabatic heat-
ing affects greatly the fracture behaviors of this bulk
metallic glass.
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