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a b s t r a c t

Quasi-static and dynamic tensile experiments were conducted on a Zr-based bulk metallic glass at room
temperature. A significant ductile-to-brittle transition was identified with increasing strain rate, based on
the changes in the macroscopic fracture mode from shear to normal tension and in the microscopic
fracture feature from vein patterns to fine dimples and/or nanoscale periodic corrugations. According to
the Mohr-Coulomb criterion, it is revealed that such a transition is due to the competition between the
intrinsic critical shear and tensile strengths at different strain rates. Microscopically, the strain-rate-
induced transition is attributed to the change in the motion of local atomic groups from shear trans-
formation zone to tension transformation zone, in which the characteristic volume of shear trans-
formation zone is a key parameter.

© 2016 Published by Elsevier Ltd.
1. Introduction

The physics of ductile-to-brittle transition (DBT) has been one of
the long-standing issues in the materials field [1,2]. When sub-
jected to a stress, many crystals, such as body-centered cubic
metals and silicon, exhibit brittle fracture below a critical temper-
ature whereas a plastic flow above this temperature, which is
defined as the DBT temperature and mainly determined by the
dislocation movements [1]. Due to the lack of long-range order,
metallic glasses are free of dislocations, grain boundaries, crystal-
lographic planes, etc. It is therefore expected that the DBT behavior
would not occur in metallic glasses. However, Wu and Spaepen [3]
found an apparent DBT behavior in a Fe-based metallic glass ribbon
as the temperature decreased across a critical value. From then on,
the DBT phenomena have beenwidely observed in various metallic
glasses [4e12], and attracted much attention due to its scientific
and practical significance. The advances regarding this aspect have
been reviewed recently [13,14]. It has beenwidely accepted that the
DBT of metallic glasses is indicated by the changes in the macro-
scopic fracture mode from shear to normal tension and in the
microscopic fracture morphology from vein patterns to fine dim-
ples and/or nanoscale periodic corrugations [12,15e21]. In the
g).
meantime, there are also many literatures [22e27] demonstrated
the absence of DBT behavior in metallic glasses under compression
with decreasing temperature. This may due in large part to: (i) the
DBT behavior is hard to occur under uniaxial compression as the
tensile stress will gradually increase from zero, deriving from the
shear induced dilatation during compressive loading. As a conse-
quence, the samples should first shear, and then continue to fail in
shear fracture mode or tensile fracture mode [19,21]. (ii) the re-
ported enhanced compressive plasticity under cryogenic temper-
ature might originate from the single shear band sliding along the
principle shear plane as the velocity of shear-banding equals to that
applied on the test machine cross-head [28,29], in addition, the
geometrical constraints will also play an important role on the
enhancement of the compressive plasticity [30].

According to the cooperative shear model, the volume of shear
transformation zone (STZ) has been proposed to be an effective
indicator of the DBT of metallic glasses [31], which is theoretically
modeled by Jiang et al. [18]. The model predicts that decreasing
temperature, reducing free volume and/or increasing strain rates
can decrease the STZ volume; hence, it needs a large number of
STZs to activate a flow event, whichmight be hard to synchronously
cooperate shearing. As a result, the brittle fracture associated with
tension transformation zones (TTZs) induced nano-cavitation will
take place [32], instead of the ductile fracture dominated by STZ-
mediated shear banding [33]. The former two factors (tempera-
ture and free volume) have been confirmed by experiments
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Fig. 1. DSC curves of the as-cast and annealed Vit105 samples. The inset shows the
different exothermic signals before the glass transition among these samples.

Fig. 2. The engineering stress-strain cures of the samples under: (a) quasi-static ten-
sions and (b) dynamic tensions.
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[18e21], while the third one (strain rate) has been rarely shed light
on [34]. The present work is dedicated to investigate the effect of
strain rate on the properties of a typical Zr-based bulkmetallic glass
with different free volume levels. The macroscopic mechanical re-
sponses and microscopic fracture morphologies demonstrated an
obvious DBT behavior, which is induced by the increasing of the
applied strain rate. The underlying mechanism is discussed as well.

2. Experiments

A typical Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105) bulk metallic glass
was chosen as the model material. The plates with dimensions of
40� 20� 2mm3were prepared using the drop castingmethod, and
then machined into the Dog-bone-shaped samples with gauge di-
mensions of 6 � 1 � 0.8 mm3 for the tensile tests. Some samples
were sealed in evacuated quartz capsules and annealed below the
glass transition temperature (Tg ¼ 690 K). Thus, there were four
groups of samples labeled as “a”, “b”, “c” and “d”, respectively.
Sample “a” was as-cast. Samples “b”, “c” and “d” were annealed at
575 K, 600 K and 650 K for 30 min, respectively. The surfaces of all
specimens were polished to remove oxides. The glassy state of all
samples was verified by X-ray diffraction and high resolution
transmission electron microscopy. The free volume changes were
indirectly measured using the differential scanning calorimetry
(DSC) method. The DSC tests were conducted using a TA Q2000
thermal-analysis instrument with a heating rate of 0.33 K/s in a
flow of argon, and a second run under identical conditions was used
to determine the base line after each measurement. It should be
noted that, for the BMGs, three-point bending is a more effective
method to study the variation of plastic deformation ability than
uniaxial compression and tension. In other words, it is a better way
to characterize the DBT behavior of BMGs. However, it is relatively
more difficult to perform super high strain rate tests under three-
point bending than uniaxial tension. Therefore, uniaxial tension
tests were used to reveal the strain rate effect on the DBT behavior
of the metallic glass in this study. Quasi-static tensile experiments
were performed in a computer-controlled SUNS CMT 5105 material
testing machine at a nominal strain rate of 2.0 � 10�4 s�1 and the
dynamic ones were carried out using Split Hopkinson Tensile Bar
(SHTB) at a strain rate of about 1.8� 103 s�1. At least 6 samples were
tested at each case to ensure the reliability of the experimental
results. After tests, the fracture angles and the morphologies of
fracture surfaces of the samples were examined by a scanning
electron microscopy (SEM; SU6600).

3. Results

The DSC curves of all the samples used in this study are shown in
Fig. 1. Obviously, they exhibit very similar thermal behaviors with a
distinct glass transition before crystallization. However, the
amplification of the exothermic signals before the glass transition
exhibits an apparent difference among these samples, which is
presented in the inset of Fig. 1. It is well known that the exothermic
eventDH (i.e. the heat release during relaxation) prior to Tg could be
an indicator of the excess free volume vf in metallic glasses with an
empirical equation of DH ¼ b

0
vf[35,36], where b

0
is a constant of the

material. According to the measured DH and the reference state in
the previous work [18], it is easy to obtain the relative free volume
concentration vf/Dv* normalized by a critical volumeDv* for the
present samples, where Dv* is required excess free volume to
transition and should be at least larger than an atomvolume. The vf/
Dv* is estimated to be 1/10,1/14,1/16, and 1/27 in an order: samples
“a”, “b”, “c” and “d”.

The engineering tensile stressestrain curves of the four groups
of samples “a”, “b”, “c” and “d” under both strain rates are displayed
in Fig. 2 (the curves for the dynamic tests have been smoothed). As
expected that all samples exhibit the linear elastic deformation and
immediate fracture without any macroscopic plastic strain. Here, it
must be addressed that the bending of the curves in the dynamic
cases does not mean any plasticity, but is due to the inevitably
unstable signal of the measured strain. It is noted that increasing
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strain rate by 7 orders of magnitude does not lead to a significant
increase of fracture strength sF but a slight decrease. In addition,
under either the quasi-static or dynamic case, the fracture strength
shows an apparent decrease with the reduction of the excess free
volume.

Macroscopic fracture modes of these samples are presented in
Fig. 3. Under the quasi-static cases, the fracture angles q of the
samples “a”, “b”, “c” and “d” increase gradually from 55�, 56�, 58� to
63� with decreasing excess free volume (Fig. 3(a), (c), (e) and (g)).
These angles fall in the common range for metallic glasses in uni-
axial tensions [20,37e39]. This implies that the fracture in these
cases is shear-dominated, but the normal stress effect is improved.
In contrast, the dynamic fracture angles show an obvious change
from shear to tension due to the free volume decrease. The samples
“a” and “b” display the typical shear fracture angles (Fig. 3(b) and
(d)). For the sample “c”, the fracture angle is about 71� (Fig. 3(f)),
showing a remarkable departure from the maximum shear stress
direction (45�). This means that the fracture of the sample “c” under
the dynamic case may be not controlled by shear; instead the
tension stress could play a significant role. For the sample “d”, the
fracture plane is approximately perpendicular to the tensile axis,
with a fracture angle of about 87� (Fig. 3(h)). This clearly indicates
that the fracture of the sample “d” is dominated by mode I or
tension cracking rather than shear banding.

Fig. 4 shows the microscopic fracture surface morphologies of
these samples. Under the quasi-static tensions, the samples “a”, “b”,
“c” and “d” display the fracture surface morphologies similar to
each other, which mainly consist of microscopic smooth cores and
vein patterns (Fig. 4(a), (c), (e) and (g)). It has beenwidely accepted
that the smooth cores correspond to local nucleation sites of the
cracks owing to the existence of the normal tensile stress on the
fracture planes [40e42]. The vein-partners which have been illu-
minated well by Saffman-Taylor flow instability of the crack front
[43] strongly suggests that the failures of these samples are
controlled by shear stress and the fracture is a typical ductile
fracture mode. Under the dynamic cases, the samples “a” and “b”
remain the ductile shear-fracture mode with the typical core-vein
patterns, but with many molten droplets distributed randomly on
the fracture surfaces (Fig. 4(b) and (d)). It is believed that the
molten droplets are caused by the instantaneous release of the
stored elastic energy during fracture [14,44]. For the sample “c”, the
fracture surface presents fine dimples and voids as shown in
Fig. 4(f). The advent of the fine dimples and voids indicates a brittle
fracture that is dominated by the cavitation ahead of the crack tip
Fig. 3. Macroscopic fracture modes of samples “a”, “b”, “c” and “d”: (a, c
[20,45], which is consistent with the large fracture angle of about
71� (Fig. 3(f)). Nanoscale periodic corrugations with the nature of
cavitation become the dominate morphologies on the fracture
surface of the sample “d” (Fig. 4(h)), which agrees well with the
macroscopic tension-fracture mode (Fig. 3(h)). It is worth noting
that the increase of the applied strain rate can change the fracture
mode of the samples “c” and “d” from shear- to tension-dominated
and the fracture surface morphologies from microscopic vein-
patterns to fine dimples or nanoscale periodic corrugations,
respectively. This provides solid evidence that increasing strain rate
can incur a DBT behavior of metallic glasses, although it is difficult
for the samples with a relatively high free volume (for example, the
samples “a” and “b”).

Furthermore, the observed average sizes w of local nucleation
sites of the cracks was used to estimate the fracture toughness KC
with the Dugdale approximation [6,12,46]:

KC ¼ sYð6pwÞ1=2 (1)

wheresY is the yield stress, here close to fracture strength. Based on
Figs. 2 and 4, it is easy to find that the estimated KC under the quasi-
static cases is in the range from 22.2 MPa

ffiffiffiffiffi
m

p
of sample “a” to

13.7 MPa
ffiffiffiffiffi
m

p
of sample “d”, which is close to the fracture toughness

of the typical ductile Zr-basedmetallic glasses [47]. With increasing
strain rate to the dynamic level, the KC of samples “a” and “b” is
nearly the same as those of the quasi-static one. However, the KC of
samples “c” and “d” decreases to 5.2 MPa

ffiffiffiffiffi
m

p
and

1.2 MPa
ffiffiffiffiffi
m

p
,respectively, which is close to the typical toughness

values of very brittle silicon glasses or Mg-based metallic glasses
[48]. This result further confirms that the increase of stain rate can
induce a DBT in metallic glasses, especially for these heavily
annealed samples (for example, the samples “c” and “d”).

Combining the experimental observations with the estimated
fracture toughness, it is obviously found that the increase of strain
rate and/or the decrease of excess free volume can lead to a DBT
behavior of metallic glasses. The free volume effect on the DBT
behavior of metallic glasses was investigated previously [18,19,21].
Here, a careful analysis will be made only on the effect of applied
strain rate.
4. Discussion

The present experiments clearly demonstrate that, under the
uniaxial tensile loading, a metallic glass can show two typical
, e, g) the quasi-static tensions and (b, d, f, h) the dynamic tensions.



Fig. 4. Microscopic fracture morphologies of samples “a”, “b”, “c” and “d”: (a, c, e, g) the quasi-static tensions and (b, d, f, h) the dynamic tensions.
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fracture modes, i.e., shear- and tension-dominated. Which one will
take place depends on the relative magnitude of t0 and s0 [20,49],
which are the critical fracture stresses in pure shear and in normal
tension, respectively. If t0 is smaller than s0, the shear fracture will
be preferentially achieved, otherwise the fracture occurs in the
normal tensionmode. Based on the above observations, both t0 and
s0 are free volume and strain rate dependent. The inherent
competition between shear and tension in determining the fracture
of metallic glasses can be well described by the Mohr-Coulomb
criterion [50e52], which is expressed as:
t0 ¼ tq þ asq (2)

where tq and sq are the shear and normal stresses on the fracture
plane, respectively, and can be derived from:

tq ¼ sF sinðqÞcosðqÞ (3)

sq ¼ sF sin2ðqÞ (4)

under the uniaxial tension condition, the normal stress sensitivity
coefficienta ¼ t0/s0 is directly related to the fracture angle q:
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a ¼ �cosð2qÞ
sinð2qÞ (5)

In light of the measured fracture strength sF (Fig. 2) and fracture
angleq (Fig. 3), it is easy to calculate a, t0, and s0 of all the samples
under the two strain rates. Fig. 5 presents the variation of t0 and s0,
where the dashed lines are just guide for the eye. It can be seen that,
under the quasi-static tensions, the values of t0 are always below
these of s0 for all samples. This implies that the shear-induced
fracture will preferentially occur. Furthermore, the difference be-
tween t0 and s0 decreases with decreasing free volume, demon-
strating the enhancement of the normal stress effect. This agrees
well with the observation that the fracture angles deviate from the
maximum shear stress direction (45�) more significantly at the
lower free volume (Fig. 3). However, the dynamic tensions display a
very different trend. As for the samples “a” and “b” with the rela-
tively high free volume, their t0 values are smaller than the cor-
responding s0 values, confirming the shear fracture. However, to
the samples “c” and “d”with the relatively low free volume, their t0
values become larger than the corresponding s0 values, denoting
the occurrence of the normal tension fracture. In fact, only when
t0 >

ffiffiffi
2

p
s0=2 [37,38], the tension fracture takes place. Obviously, the

increase of strain rates reduces the critical normal stress, on the
other hand, increases the critical shear stress. Such a trend becomes
much more remarkable as the excess free volume decreases. Below
a critical free volume, the increased critical shear stress will exceed
the reduced critical normal stress or precisely t0 >

ffiffiffi
2

p
s0=2. Thus,

the tension fracture dominates the failure of metallic glasses. The
above analysis further confirms that increasing strain rate can
change the relative competition between critical shear and tension
stresses of fracture, inducing the DBT of metallic glasses with
relatively low free volume.

Microscopically, the observed DBTof metallic glasses induced by
high strain rates can be understood as the transition of atomic-
cluster motions at the crack tip from STZ-type to TTZ-type. Dur-
ing such a transition, the characteristic volume of STZ is a key
parameter that depends on the applied strain rates. The STZ, as the
fundamental deformation unit of metallic glasses, describes a col-
lective motion around a high free volume site to accommodate the
local shear strain [32e35]. The cooperative shear model developed
by Johnson and Samwer [53,54]relates the onset of plastic flow of
metallic glasses to the activation of STZs in the framework of po-
tential energy landscape. By considering free-volume-assisted STZs,
Jiang et al. [18] previously derived the characteristic volume of an
Fig. 5. Variation of the critical shear and normal stresses of the material with
decreasing excess free volume under the two strain rates.
STZ in a metallic glass with the excess free volume vf sheared at the
ambient temperature T under the strain rate _g:

U ¼ FðTÞ
 
ln

u0

C _g
� Dv*

vf

!
(6)

where FðTÞ ¼ kBT

4RzmTg
2
T ð1�2mTgT=ðpm0g0ÞÞ

3 =

2
.U is the actual STZ volume. u0

is the frequency of shear phonon of nm wavelength (~1013 Hz) and
C is a dimensionless constant of order unity. Constant R is the “fold
ratio” z1/4 and z ¼ 3 is a correction factor. kB is the Boltzmann's
constant and g0 ¼ 0.036 is the critical yielding strain. mT is the
temperature-dependent shear modulus, expressed by
mT ¼ m0 � dm0T/dT � T (GPa/K) with the athermal shear modulus m0.
The yield elastic limit has the form gT ¼ 0.036 � 0.016(T/Tg)2/3.The
detailed definitions or values of u0, Dv*, R, z, mT, gT, m0, g0, C, kB, can
be found in Refs. [18,53].

Eq. (6) indicates that the STZ volume decreases with increasing
applied strain rate. This prediction can be rationalized by consid-
ering two extreme conditions at a fixed temperature: (i) the strain
rate is high enough, and thus the STZ volume will be extremely
small or close to zero because the time is too short to activate the
STZs; instead, the dilatation-dominated motions of atomic cluster,
i.e., TTZs, will take place; (ii) the strain rate is very slow, in which
case the rearrangements of atoms and associated free volume will
be sufficient to activate the STZs, finally contributing to the plastic
flow. As a consequence, it is reasonable to conclude that there is a
critical value of the applied strain rate corresponding to the critical
volume of STZ, Ucritical, which could be 0.17 nm3 or smaller [18], at a
fixed temperature.

Based on Eq. (6), it is easy to calculated the STZ volume as a
function of the strain rates from 10�5 to 105 s�1 for the different free
volume values vf/Dv* corresponding to the samples “a”, “b”, “c” and
“d”, as shown in Fig. 6. It is apparent that the STZ volume will
decrease monotonously with the increase of the applied strain rate.
For the samples “a” and “b”, the calculated values of STZ volume are
positive and larger than the critical one under the two strain rates
adopted in this study (the points circled by dashed ellipses in
Fig. 6). This means the STZs can be activated and the final fracture
will be dominated by STZ-mediated shear banding, resulting in the
mode II fracture (Fig. 3). As to the samples “c” and “d” under the
quasi-static tensions, their STZ volumes are also larger than the
critical value, denoting a shear fracture. With increasing strain rate
Fig. 6. The dependence of STZ volume on applied strain rate for all the samples. The
points circled by dashed ellipses correspond to the strain rates adopted in this work.
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to the dynamic level, the calculated U values of the samples “c” and
“d” come to negative. As the STZ volume must be physically posi-
tive, the appearance of negative STZ volume means that Eq. (6) has
reached its predictive limit and the calculated values are mean-
ingless, which corresponds to the hollow points and the dashed
lines in Fig. 6 (these meaningless points presented here are just to
exhibit the trend of the variation). In other words, this implies the
STZs cannot be activated. As a result, the TTZ-dominated brittle
fracture will take place [32], instead of the ductile fracture domi-
nated by STZ-mediated shear banding. This is in good agreement
with the macroscopic fracture modes (Fig. 3(f) and (h)) and the
microscopic fracture surface morphologies (Fig. 4(f) and (h)).

It is interesting to note that, with further increasing strain rate to
105 s�1 or higher level, the STZ volume of the samples “a” and “b”
will also become negative (Fig. 6). This demonstrates that the
samples with a relative high free volume concentration could also
fracture in a normal tensile mode at room temperature, if the
applied strain rate increase to a suitable level. It is reasonable to
conclude that the DBT behavior of metallic glasses might be
attributed to the competition between STZs and TTZs. The lower of
the applied strain rate, the larger of the STZ volumewill be, then the
fracture of the metallic glasses will be dominated by STZ-mediated
shear banding, finally showing a ductile fracture mode. On the
contrary, the fracture will be dominated by TTZ-mediated-
cavitation, resulting in a brittle tension mode. In general, STZ is
aided by the free volume available in the material and initiates at
the site where is abound of free volume. In the pioneering work of
Wu and Spaepen [3], they suggested that a critical free volume is
required for the amorphous alloy to exhibit good toughness.
Therefore, it is reasonable to further speculate that a minimum
available free volume is needed to aid to activate a STZ. If there is
enough available (or mobile) free volume [55], STZ can be activated
and ductile fracture will occur, otherwise, TTZ instead of STZ will be
dominant to induce brittle fracture, i.e., DBT. In other words, no SZT
activated means that the volume of STZ is extreme small or even
equal to zero which is the DBT indicator in the present work. Many
literatures [56e58] demonstrated that there would be larger free
volume concentration at a higher strain rate. However, there is
nearly no time for the movement and rearrangement of the atoms
and associated free volume under a super-high strain rate, i.e., a
higher strain rate will result in a less available free volume to assist
in initiating STZ, indicating a TTZ dominant fracture will take place.
Similarly, cryogenic temperature will also decrease the mobility of
free volume and annealing will reduce the free volume concen-
tration. Then, these three main factors (cryogenic temperature,
annealing and high strain rate) will all reduce the available or
mobile free volume. At a critical temperature, critical strain rate or
critical free volume state due to annealing, there will be not enough
available ormobile free volume to help to initiate STZ, then DBTwill
occur.

It must be addressed that there are many researchers dedicated
to investigate the dependence of the applied strain rate on the
mechanical properties of metallic glasses. However, the DBT
behavior caused by the increasing of strain rate has been rarely
reported so far. This derives in large part from that most of the
works were carried out by compression test [58e63], which is very
difficult to observe the transition of the fracture modes. Never-
theless, the results acquired from tensile tests also showed no DBT
behavior [64,65]. According to the above analysis, the underlying
reason for the absence of DBT behavior under tensile tests is that
the applied strain rate is not high enough for the transition, which
needs a suitable coordination of excess free volume and applied
strain rate at a suitable temperature [21]. It is reasonable to pred-
icate that with further increasing strain rate, samples with a rela-
tive large amount of excess free volume will suffer a DBT behavior.
5. Conclusion

In summary, quasi-static and dynamic tensile experiments were
performed on the Vit105 metallic glass. A typical ductile-to-brittle
transition was observed due to the increase of applied strain rates.
Macroscopically, this transition can be well described by the Mohr-
Coulomb criterion when the attention is paid to the ratio of the
critical shear stress to the critical normal stress of the material
under different strain rates. It is suggested that the increase of the
applied strain rate will result in the decrease of the critical normal
stress and the increase of the critical shear stress. Microscopically,
the underlying mechanism of this transition can be revealed by the
competition between the STZ-mediated shear banding and the
TTZ-mediated cavitation. The present results are useful for under-
standing the deformation and fracture mechanism of metallic
glasses and providing amethod to guide the application of this type
of disordered alloys.
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