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Abstract

Three-point bending experiments were performed on as-cast and annealed samples of Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105) bulk metallic
glasses over a wide range of temperatures varying from room temperature (293 K) to liquid nitrogen temperature (77 K). The results
demonstrated that the free volume decrease due to annealing and/or cryogenic temperature can reduce the propensity for the formation
of multiple shear bands and hence deteriorate plastic deformation ability. We clearly observed a sharp ductile-to-brittle transition (DBT),
across which microscopic fracture feature transfers from micro-scale vein patterns to nano-scale periodic corrugations. Macroscopically,
the corresponding fracture mode changes from ductile shear fracture to brittle tensile fracture. The shear transformation zone volume,
taking into account free volume, temperature and strain rate, is proposed to quantitatively characterize the DBT behavior in fracture of
metallic glasses.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMGs) represent a relatively
young class of materials envisaged for many functional
and structural applications [1–5]. Crystalline alloys usually
have the ductile-to-brittle transition (DBT) temperature
that is determined by the dislocation movements. Owing
to the lack of long-range order, BMGs are free of disloca-
tions and other crystalline defects. It is therefore expected
that these materials should not undergo DBT process.
However, the DBT phenomena, as first reported by Wu
and Spaepen [6], have been widely observed in metallic
glasses [7–16]. Due to the practical and scientific signifi-
cance of this behavior, it has attracted much attention. Pos-
sible factors such as free volume [6], strain rate sensitivity
[8], Poisson’s ratio [14,15] and structural relaxation
[11,13] have been thought to be responsible for it. For
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example, Lewandowski et al. [14,15] correlated the fracture
energy of a number of different glasses with Poisson’s ratio
m and reported a sharp DBT at the critical m = 0.31–0.32.
Kumar et al. [13] argued that the embrittlement of BMGs
subjected to annealing below and above the glass transition
temperature was due to structural relaxation and crystalli-
zation, respectively. Very recently, the Ramamurty group
[16] performed a series of impact toughness tests on as-cast
and structurally relaxed Zr-based BMGs at various tem-
peratures. They demonstrated a sharp DBT temperature
that was sensitive to the free-volume concentration in
BMGs. In particular, they speculated that such DBT could
be understood as the change in the nature of the transfor-
mation zones from shear transformation zones (STZs) to
tension transformation zones (TTZs), which was proposed
by one of the authors as given in Ref. [17]. Their findings
provide a general physical picture of the DBT behavior
in metallic glasses. However, the more quantitative analy-
ses about this aspect and the underlying precise nature
deserve to be studied.
rights reserved.
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In this work, we chose a Zr-based BMG as a model
material, focusing on the inhomogeneous flow and the
DBT behaviors in the fracture of BMGs. Three-point
bending tests were conducted on the as-cast and annealed
samples at temperatures ranging from 293 K down to
77 K. We found that either the structural annealing or
the temperature decreasing could reduce the number den-
sity of shear bands and the resultant plastic deformation.
A significant DBT behavior in fracture from STZ-mediated
micro-scale vein pattern to TTZ-dominated nano-scale
periodic corrugation was observed in the annealed samples
bent at the cryogenic temperature. We argue that the STZ
volume is a key to determining the DBT behavior in the
fracture of BMGs based on the cooperative shearing model
(CSM) proposed by Johnson and Sawmer [18] as well as
the physical picture of STZ vs. TTZ in fracture of BMGs
[16,17].

2. Experimental methods

The master ingots of Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105)
were produced by arc-melting Zr of 99.8% purity and
Cu, Ni, Al and Ti of 99.99% purity in a Ti-gettered argon
atmosphere. Plates with dimensions of 50 � 20 � 1.5 mm
were prepared using the drop casting method. In order to
reduce the free volume content, some as-cast samples were
sealed in an evacuated quartz capsule and annealed for
15 min at temperatures of 503 K, 553 K, 593 K, 623 K
and 653 K below the glass transition temperature Tg

(683 K at the heating rate of 0.33 K s�1), respectively. In
addition, some as-cast samples were annealed for a longer
time of 48 h at 653 K to remove the free volume content as
far as possible. The microstructure of these samples was
identified through high resolution transmission electron
microscope (HRTEM; JEOL Ltd. JEM-2100F). The free
volume changes were indirectly measured using the differ-
ential scanning calorimetry (DSC) method [19,20]. The
DSC tests were conducted using a Setaram DSC 2000 with
a 800 �C rod at a heating rate of 0.33 K s�1 in a flow of
argon, and a second run under identical conditions was
used to determine the base line after each measurement.
All three-point bending samples have the same dimensions
of 20 � 4 � 0.8 mm through symmetric milling from two
surface sides to center. The bending test was conducted
on a computer-controlled SANS testing machine at a dis-
placement rate of 0.02 mm min�1. The span was 10 mm.
During testing, the load–deflection (P–d) curves were
recorded. Four group bending tests were undertaken to
evaluate the plastic deformation ability of these samples:

1. as-cast and 15 min annealed samples were tested at
room temperature (293 K);

2. as-cast samples were tested at different cryogenic tem-
peratures (273 K, 252 K, 218 K, 159 K and 77 K);

3. some 15 min annealed samples were tested at 77 K; and
4. 653 K longer-time-annealed samples were tested at

room temperature (293 K).
During the cryogenic temperature test, the sample,
together with pushrod and supports, was immersed in a
cryogenic liquid tank. We adjusted the cooling mixtures
with ethanol and liquid nitrogen or dry ice (CO2) within
the tank to achieve the desired temperature between 77 K
(liquid nitrogen) and 273 K. The tensile surface under
bending was previously polished in order to observe the
shear band with scanning electron microscopes (SEM;
JEOL Ltd. JSM-6700F and Hitachi S-2700) after test.

3. Results

Fig. 1 shows the HRTEM images and corresponding
selected area electron diffraction patterns of as-cast sample
and relaxed Vit105 samples. For the as-cast sample, neither
nanocrystallization nor nanometer-sized phase separation
was detected within the experimental uncertainty of the
techniques used, as shown in Fig. 1a, indicating its homo-
geneous amorphous structure. Fig. 1b shows the HRTEM
results of the sample with 653 K annealing for 48 h (the
highest annealing temperature plus the longest time among
all samples in studied), which confirms that the present
annealing regime, which was below the Tg, did not change
the amorphous nature of the sample. It is well known that
nanocrystallization in the as-cast sample does not readily
take place when it is subjected to the electron beam radical-
ization during the HRTEM experiment. However, for the
annealed sample, there is a tendency that nanocrystalliza-
tion will be more prone to take place with the increase of
annealing temperature or annealing time during HRTEM
experiment. For instance, when radicalization time lasted
for about several seconds, nanocrystallization in the sam-
ple with 653 K annealing for 48 h was detected.

Fig. 2 displays the DSC curves of the as-cast samples
and the annealed samples. All samples exhibit very similar
thermal behavior with a distinct glass transition and a wide
supercooled liquid region before crystallization. However,
the exothermic signals before glass transition in DSC
curves are quite different among these samples, as indicated
in the inset to Fig. 2. It is well known that prior to Tg, the
exothermic event (i.e. the heat release during relaxation) is
indicative of the existence of free volume in BMGs [20].
The as-cast sample shows the largest exothermic enthalpy
(DH), suggesting the existence of a fairly large amount of
free volume Dvf, where (DH)fv = b

0 � Dvf with a constant
b
0
. For the annealed samples, their exothermic enthalpy

values decrease with the increase of the annealing temper-
ature. In particular, the DSC curves of the two 653 K
annealed samples (for 15 min and 48 h), in contrast, do
not display exothermic signals any more in the same tem-
perature region; this implies that the free volume in the
samples were almost annealed out.

Considering the HRTEM and DSC results together, we
suggest that the present annealing below Tg has reduced
free volume content less or more but has not introduced
crystallization yet. Among all the samples, the sample with
653 K annealing for 48 h has the least free volume left and



Fig. 1. Bright-field TEM images and corresponding SAED patterns of Vit105 samples (a) as-cast, (b) 653 K annealed for 48 h.

Fig. 2. DSC curves of Vit105 samples at a heating rate of 0.33 K s�1; the
inset shows the different exothermic signals before glass transition in DSC
curves among these samples.
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is very close to its crystalline counterpart for the energy
landscape viewpoint [21]. It is noted that the free volume
decrease due to annealing really corresponds to the struc-
tural relaxation to a lower energy level and more stable
state. According to the free volume theory [22], the micro-
structure change due to relaxation can be described in
terms of the free volume.

Fig. 3a displays the flexural stress–deflection curves of
as-cast and 15 min annealed samples (Group 1) under
three-point bending tests at room temperature. The plastic
deflection values were used to reflect their plastic deforma-
tion ability [19,23]. The plastic deflection decreased
(Fig. 3b) and the flexural yield stress increased with the
increase of annealing temperature, i.e. decrease of free vol-
ume content. In particular, the 653 K annealed samples
with almost free volume annealed out exhibited no plastic
deformation before failure. Fig. 3c shows the flexural
stress–deflection curves of the as-cast samples tested at
room temperature down to liquid nitrogen temperature
(77 K) (Group 2). The plastic deflection decreased
(Fig. 3d) and the flexural yield stress increased with the
decrease of test temperature.

In order to evaluate the different ability to plastic defor-
mation owing to either annealing or cryogenic temperature,
we further performed SEM observations for shear band
morphology on low tensile side surfaces and fracture pattern
on resultant fracture planes. Fig. 4a–f correspond to the
as-cast, 503 K annealed and 653 K annealed samples tested
at room temperature, respectively. Fig. 5a–d correspond to
as-cast sample tested at 159 K and 77 K, respectively. Since
the plastic strain of BMGs mainly concentrates on shear
bands, the shear band density will also well reflect the plastic
deformation ability. Moreover, the tensile fracture surface of
the sample usually consists of a smooth region caused by slid-
ing shear and a micron-scaled vein-like pattern region caused
by subsequent catastrophic failure [24]. The smooth region
corresponds to the critical shear displacement for crack
nucleation occurring in shear bands [25–27]. This shear dis-
placement is, to some extent, proportional to the plastic
deflection [19,23].

It can be found from Fig. 4 that both the shear band den-
sity on the low tensile side surfaces and the critical shear dis-
placement on the fracture surfaces at the tension end
decreased with an increase in the annealing temperature, or
decreasing free volume. This degrades the macroscopic plas-
tic deformation, which is in agreement with the plastic deflec-
tion results (see Fig. 3a and b). For example, the as-cast
sample with the highest free volume content shows the dens-
est shear bands (Fig. 4a) and the largest critical shear dis-
placement of �40.5 lm (Fig. 4b), corresponding to the best
plasticity with the plastic deflection of �0.76 mm (Fig. 3b).
Comparing with the as-cast samples, the 503 K annealed
sample with less free volume content exhibits reduced num-
ber of shear bands (Fig. 4c) and a smaller critical shear dis-
placement of 21.3 lm (Fig. 4d), corresponding to an
inferior plastic deformation of �0.53 mm (Fig. 3b). The
653 K annealed sample with almost no free volume displays
only one dominated shear band (Fig. 4e) and the smallest



Fig. 3. Flexural stress vs. deflection curves of (a) samples subjected different annealing temperature and (c) as-cast samples tested at different temperatures;
variations of plastic deflection with (b) enthalpy release, i.e. free volume and (d) test temperature.
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critical shear displacement of 7.3 lm (Fig. 4f); the resultant
macroscopic deformation shows only the elastic region with-
out any ductility, as indicated in Fig. 3a. Moreover, it is
noted that some striations with average spacing of about sev-
eral hundred nanometers exist at the beginning portion of
the smooth region of the as-cast samples. See the inset to
Fig. 4b. However, as for the other relaxed samples, striations
can gradually reduce and even disappear on the smooth
regions, as shown in the insets to Fig. 4d and f, respectively.
It is suggested that the striations are the result of the compe-
tition between initiating new shear bands at other sites near
the main shear band and reactivating new shear banding
events on previously formed shear bands [19,28]. The grad-
ual disappearance of serrations implies that the shear band
forms with more difficulty and samples were prone to shear
fracture rather than shear slide due to the decrease of free
volume content.

Similarly, for the samples in Group 2, with the decrease
of the test temperature, both the shear band density on the
low tensile side surface and the critical shear displacement
on the resultant fracture surface also gradually decreased.
Compared with the as-cast sample tested at room temper-
ature (Fig. 4a and b), the 159 K tested sample has fewer
shear bands (Fig. 5a) and smaller critical shear displace-
ment of 17.5 lm (Fig. 5b). The 77 K tested sample shows
no other shear bands besides the main shear band
(Fig. 5c) and has critical shear displacement of 10.8 lm
(Fig. 5d). In addition, serrations also gradually reduce
and even disappear on the smooth regions in the samples
tested at low temperatures (see the insets to Fig. 5b and d).



Fig. 4. Appearance of tensile lower surface (left column) and tensile side fracture surfaces (right column) in plates with different thermal treatment states
tested at room temperature (Group 1): (a and b) for as-cast samples, (c and d) for 503 K 15 min annealed samples and (e and f) for 653 K 15 min annealed
samples.
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Furthermore, it is worth noting that the micro-scale vein
pattern dominates all fracture surfaces of Groups 1 and 2
regardless of whether there is good plastic deflection or not
(as shown in Figs. 4b, d and f and 5b and d). Here, the ridge
spacing (w) found on the fracture surface was used to
calculate the fracture toughness (Kc) with the Dugdale
approximation [29,30]

w ¼ 1

6p
Kc

ry

� �2

ð1Þ
where ry is yield strength and can be estimated through
Vickers hardness HV with a relation of ry = HV/3. HV of
the as-cast and 653 K annealed samples are �4.77 GPa
and 5.15 GPa, respectively. Since both annealing process
and low temperature will enhance the yield strength of
the samples, all involved other samples will have larger
yield strength than that of the as-cast sample. Then we
can obtain that the above samples have fracture toughness
(Kc) of �18 MPa

ffiffiffiffi
m
p

at least, where w is �7 lm and yield
strength ry is taken �1590 MPa. It implies that, for



Fig. 5. Appearance of tensile lower surface (left column) and tensile side fracture surfaces (right column) of as-cast samples tested at different
temperatures: (a and b) for 159 K, (c and d) for 77 K.

Fig. 6. Flexural stress vs. deflection curves of some 15 min annealed
samples tested at 77 K and the sample annealed at 653 K for 48 h tested at
room temperature (293 K).

2062 F. Jiang et al. / Acta Materialia 59 (2011) 2057–2068
Groups 1 and 2, either annealing process or cryogenic tem-
perature has reduced plasticity (in terms of formation of
multiple shear bands) but not thoroughly deteriorated frac-
ture toughness yet.

We further performed the bending tests for Group 3 (the
15 min annealed samples at cryogenic temperature 77 K) to
investigate the coupling effect of annealing and cryogenic
temperature. All tested samples failed without plastic
deflection as shown in Fig. 6. Even the strength at fracture
has also decreased. There are few shear bands on the low
tensile surfaces of all samples (as shown in Fig. 7a, c and
e) and the critical shear displacements (marked in
Fig. 7b, d and f) decrease with the increase of annealing
temperature, i.e. free volume decrease. In general, the frac-
ture surfaces still consist of micron-scaled smooth region
and micro-scale vein pattern region as shown in Fig. 7b
and d (for 503 K, 593 K annealed samples tested at
77 K). However, for the 653 K annealed sample tested at
77 K, the smooth region decreases to only �190 nm and
nano-scale periodic corrugations, rather than the micro-
scale vein patterns, appeared on the fracture surface as
indicated in Fig. 7f. Similar nano-scale periodic corruga-
tions have also been found on the fracture surfaces of
high-velocity plate impact tests of Vit1 [17], the brittle
Mg-based BMGs [31,32] and the impact test samples of
relaxed Zr-based BMG [9,10,16,33]. The fracture tough-
ness Kc of this 653 K annealed sample at 77 K was calcu-
lated to be �1.3 MPa

ffiffiffiffi
m
p

through Eq. (1), where ridge
spacing w � 50 nm (see Fig. 7f) and yield strength ry is
taken to be 1700 MPa (see Fig. 6). Such low fracture
toughness is comparable to those of brittle Mg-based



Fig. 7. Appearance of tensile lower surface (left column) and tensile side fracture surfaces (right column): (a and b) for 503 K 15 min annealed sample
tested at 77 K, (c and d) for 593 K 15 min annealed sample tested at 77 K, (e and f) for 653 K 15 min annealed sample tested at 77 K, and (g and h) for
653 K, 48 h annealed sample tested at 293 K.
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BMGs and silicate glasses (1–2MPa
ffiffiffiffi
m
p

). Jiang et al. [17]
has proposed that the nano-scale periodic corrugation is
a typical feature of “quasi-cleavage” fracture that is a result
of rupturing of tension transformation zones (TTZs) with
STZs in the background ahead of the crack tip. The TTZ
is essentially a local atomic cluster similar in size to an
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STZ but with smaller relaxation timescales and less visco-
plasticity. It therefore means that the TTZs are more ame-
nable to fracture than flow when subjected to stress [16,17].

Accounting for the results of 653 K 15 min annealed
samples at the room temperature and 77 K together, we
found that the cryogenic temperature has accelerated the
ductile-fracture to brittle-fracture transition (see Figs. 4e
and f and 7e and f). Next, we prolonged the annealing time
from 15 min to 48 h at 653 K in order to remove the free
volume content as far as possible. When the long-time-
annealed sample was tested under bending at room temper-
ature (293 K), it failed catastrophically before reaching its
yield point with fracture strength only �1000 MPa, which
is more inferior to that of other samples (above
2000 MPa) as shown in Fig. 6. SEM observation demon-
strated that there is no shear band instead of a tension
crack on the low tensile side surface as shown in Fig. 7g.
The resulting facture surface was very smooth and nano-
scale periodic corrugations were also found as shown in
Fig. 8h, which is similar to that of the 653 K 15 min
annealed sample tested at 77 K (see Fig. 7e and f).

Finally, we revisit the macro-fracture modes of these
samples, which are presented in Fig. 8. The as-cast sample
tested at room temperature (Fig. 8a) and the 653 K 15 min
annealed sample tested at room temperature (Fig. 8b) both
showed the ductile shear fracture mode with a typical ten-
sile fracture angle of �51–53� [34]. However, for the 653 K
15 min annealed sample tested at 77 K (Fig. 8c) and the
Fig. 8. The macro-fracture modes of (a) as-cast sample tested at room tempe
653 K 15 min annealed sample tested at 77 K and (d) 653 K 48 h annealed sa
Failed in a shear fracture mode in ductile and (c and d) failed in a tensile frac
653 K 48 h annealed sample (with free volume completely
annealed out) tested at room temperature (Fig. 8d), they
both failed in a brittle tensile fracture mode with fracture
angles �90�, clearly indicating a cleavage cracking [35].
Thus we can conclude that either the structural annealing
or the temperature decrease can reduce the propensity for
the formation of multiple shear bands and hence degrade
plastic deformation ability, and even induce a significant
DBT in BMGs. It is should be noted that in the present
work, we defined the DTB as follows: microscopic fracture
feature transfers from micro-scale vein patterns to nano-
scale periodic corrugations. Macroscopically, the corre-
sponding fracture mode changes from shear fracture to
brittle tensile fracture. This definition is more intrinsic than
that based on the macroscopic plastic strain. Therefore,
some samples show no permanent plastic strain under
bending test (as shown in Figs. 3a and c and 6); however,
the micro-scale vein patterns are dominant on the fracture
surfaces of these samples (as shown in Figs. 4b, d and f, 5b
and d and 7b and d). This implies that although they suffer
a macroscopically brittle failure, there is clear evidence that
they are capable of legitimate plastic shear flow at the
micro-scale. Such macro–micro inconsistency results from
the strong tendency for shear flow localization in these
samples during tests. The shear localization in BMGs usu-
ally occurs at �10 nm scale [36], which cannot lead to
appreciable plastic flow at macroscopic scale. Based on
the definition of DTB presented above, we suggest that
rature, (b) 653 K 15 min annealed sample tested at room temperature, (c)
mple with free volume completely removed out tested at 293 K. (a and b)
ture mode in brittle.
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these samples still failed in a ductile shear mode rather than
a brittle tensile mode, even though they show no macro-
scopic plastic strain in their bending curves.

4. Discussion

In this section, we shall identify the underlying mecha-
nism of such DBT behavior described previously. It has been
recognized that macroscopic flow of metallic glasses occurs
as a result of a series of STZ operations. In other words,
yielding occurs when the applied activation energy causes a
critical density of STZs to become unstable [18]. According
to cooperative shear model (CSM) proposed by Johnson
et al. [18,37], only when the barrier crossing rate of STZs
reaches a critical value comparable to applied strain rate, _c,
does the plastic deformation takes place. This yields

C _c ¼ x0 exp �W s

kT

� �
ð2Þ

where Ws is the barrier energy for an STZ at finite stress,
x0 is an attempt frequency, C is a dimensionless constant
of order unity, k is the Boltzmann constant and T is the
temperature.

In general, STZ is aided by the free volume available in
the material and initiates at the site where free volume

abounds. An activation factor exp � DV �

V f

� �
, which is statis-

tically related to free-volume concentration [4,22,38], could
be added into Eq. (2). We then have

C _c ¼ x0 exp �W s

kT

� �
exp �DV �

V f

� �
ð3Þ

where DV� is required excess free volume to transition and
should be at least larger than atom volume, and Vf is the
average free volume per particle and is dependent on the
historic state. For example, higher cooling rate will induce
a larger Vf, whereas annealing process will decrease it.

It is noted that Eq. (3) has similar form to the general
flow equation proposed by Spaepen [22] within the free vol-
ume formulism. In our present analysis, the hyperbolic sine

form sinh sV
kT

� �
was omitted because the initiation of an

operating shear band is a non-steady-state event that is
generally not accompanied by a back-flux of shear events.
Ws is the barrier energy for an STZ operation rather than
an individual atom motion. At the same time, the term

exp � DV �

V f

� �
is the configurational probability for an STZ

zone, not just for a single atom [38]. A similar equation
relating STZ with free volume has also been put forward
by Schuh et al. [4] and Jiang et al. [39]. Following Johnson
and Samwer [18], the activation energy for an STZ is given
by

W s ¼ 4RlT c2
T ð1� s=sCÞ3=2fX ð4Þ

In this equation, lT is the temperature-dependent shear
modulus, expressed by lT = l0 � dl0T/dT � T (GPa/K)
with the athermal shear modulus l0. The yield elastic limit
has the form cT ¼ 0:036� 0:016 ðT=T gÞ2=3. s = 2lTcT/p is
the applied shear stress at yielding where the nonlinear
elastic response of an STZ is considered as s increases from
0 to sC, where sC = l0c0 = 0.036 l0 is the threshold shear
resistance at 0 K. Constant R is the “fold ratio” � 1/4
and f = 3 is a correction factor. X is the actual STZ vol-
ume. Using Eqs. (3) and (4), the STZ volume can now be
determined

X ¼ k

4RflT c2
T ð1� 2lT cT=ðpl0c0ÞÞ

3=2
T ln

x0

C _c
� DV �

V f

� �
ð5Þ

For a specific BMG, we can find that X is mainly depen-
dent on three factors: (i) ln x0

C _c, which measures the compe-
tition between external applied loading rate and internal
activation rate of STZs, (ii) the ambient temperature T,
and (iii) the free volume DV �

V f
within materials. It is impor-

tant to point out that we set the shear strain rate to be
equal to the applied strain rate _c in determining the STZ
size (Eq. (5)), which is derived from the CSM (Eq. (2))
[18]. It is worth noting that the CSM deals only with the
onset of (inhomogeneous) plastic yielding rather than the
post-yielding behavior, namely, the shear-banding process,
when BMGs are subjected to macroscopic strain rate _c. In
fact, recent works [40–42] have demonstrated that the local
shear strain rates within the band can significantly exceed
the applied strain rate.

As pointed by Pan et al. [43], a large STZ volume X,
when compared with a small one, enables a fewer number
of STZs to be activated for the nucleation of a shear band.
Moreover, the large-size flow units in plastic deformation
can produce large internal concentrations of the applied
stress where thermally activated production of new flow
becomes easy [44]. When the STZ volume X is extremely
small or close to zero, it will need a large number of STZs
and it might be hard to synchronously cooperate shearing
to generate a shear band, whereas brittle TTZ mode will
occur instead of the STZ mode. Therefore, the STZ volume
X could be a key factor to generate shear bands and thus
the shear deformation. In the following, we shall discuss
the effects of the three factors just mentioned above on
the STZ volume in detail.

Jiang et al. [17] have performed the high-velocity plate
impact tests of as-cast Vit1 BMG at room temperature
and found the transition of STZ mode to TTZ mode at a
higher strain rate of 106 s�1. Once TTZ operations occur,
we can consider that X ? 0. According to Eq. (5), this
results in a critical condition for DBT

ln
x0

C _c
� DV �

V f
! 0 ð6Þ

In the quasi-static strain rate range (10�4–10�2 s�1),
ln x0

C _c � 30 [18]. As the dynamic strain rate of 106 s�1, it is

�108–1010 times higher than the strain rate of 10�4–10

�2 s�1. In such a case, ln x0

C _c � 10. Therefore, we can obtain

DV �

V f
� 10 for the as-cast Vit1. This predicted value is very
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close to that DV �

V f
� 14 in the numerical simulation of Falk

and Langer [38]. As for the present Vit105 BMGs, we
roughly consider that its as-cast state has free volume the

same as the as-cast Vit1, that is, ln x0

C _c � DV �

V f
¼ 20. If we

choose the shear modulus at room temperature for Vit
105 l0(TR) = 31.8 GPa, and dl0T/dT 4 � 10�3 (GPa/K),
we can obtain l0 = 33 GPa. Thus, we have the STZ volume
X for the as-cast Vit105 that depends only on the temper-
ature T
Fig. 9. Variation of volume of STZ with temperature T for different free
volume states.

X ¼ 6:667kT

ð33� 0:004T Þð0:036� 2:063� 10�4T 2=3Þ2ð1� 0:5359� ð33� 0:004T Þð0:036� 2:063� 10�4T 2=3ÞÞ3=2
ð7Þ
According to Eq. (7), we calculated X � 2.94 nm3 for the
as-cast Vit105 at room temperature (293 K). This value is
very close to the experimental results of Pan et al. [43].
Moreover, it indicates that an STZ for as-cast sample at
room temperature contains �158 atoms, when using an
average Goldschmidt radius of 0.16 nm [45]. The value is
well consistent with other experimental measurements
and simulations [4,18,38–39,43–48], where typical values
between a few and roughly 100 atoms have been reported.

Current experimental results show that when the sample
was subjected to annealing to remove free volume as far as
possible, the macro-fracture mode at room temperature has
changed from shear fracture mode to tensile fracture mode
(see Fig. 8d). At the same time, micro-fracture feature has
also changed from STZ-mediated vein patterns to TTZ-
dominated nano-scale periodic corrugations (see Fig. 7h).
Such DBT also requires the critical condition, that is,
X ? 0. Due to ln x0

C _c � 30 for the quasi-static strain rates,
the critical condition leads to DV �

V f
� 30 that free volume is

almost completely annealed out. It is reasonable to specu-
late that 10 6 DV �

V f
6 30 should correspond to different free

volume state between the as-cast sample and the 653 K
48 h annealed sample that can be as a reference sample.

For the as-cast sample tested at 77 K, we obtain that the
STZ volume X is �0.73 nm3 based on Eq. (7), which con-
tains �39 atoms. Now we revisit the fracture features of
the as-cast sample at 77 K and the 503 K annealed sample
at 77 K. See Figs. 5d and 7b. We find that the shear offset
values of the former are only a little larger than that of the
latter, which is agreement with their difference between
their free volume (ðDHÞfv ¼ b0 � Dvf ). We assume that they
have the same difference of STZ volume as that of the free
volume. Considering the enhancement of shear modulus at
room temperature due to annealing, 503 K annealed sam-
ple will have �1.02 times of that of as-cast sample which
comes from the measured difference of flexural shear mod-
ulus according the flexural stress–deflection curves (see
Fig. 6a). X of the 503 K annealed sample at 77 K can be
obtained to be �0.7 nm3. Then we can obtain DV �

V f
� 10:6

for the 503 K annealed sample from Eq. (6).
We also notice that the fracture features of the 503 K
15 min annealed sample tested at 77 K (Fig. 7b) are very
similar with these of 653 K 15 min annealed sample tested
at room temperature (Fig. 4f). They have similar shear off-
set values (�7 lm) and vein-like patterns. Then it is reason-
able to think that the two samples roughly have the same
X. Similarly, we obtain DV �

V f
� 25:0 for the 653 K annealed

sample whose room temperature shear modulus is �1.05
times of that of as-cast sample. From the above, we have
the values of DV �

V f
for several free volume states at the strain

rate of 10�4 s�1, where ln x0

C _c � 30.
The variation of volume of STZ with temperature T for

different sample states can be plotted in Fig. 9. For the
653 K 15 min annealed sample at 77 K, X was calculated
to be �0.17 nm3 where there are only �9 atoms involved
in an STZ, which indicates the coupling of 653 K annealing
and 77 K cryogenic temperature has greatly reduced X to
be only �5% of that of as-cast sample at room temperature
(�158 atoms). It is indeed that the STZ mode has changed
into TTZ mode as shown in Fig. 7f, when the volume of
STZ is extremely small or close to zero as we have pre-
sumed above.

Assuming that 0.17 nm3 is a critical STZ volume of tran-
sition from STZ mode to TTZ mode for the Vit105 alloy, it
can predict a DBT temperature of �17 K for the as-cast
sample based on Eq. (6). Tabachnikova et al. [12] have
shown that with the temperature decrease to 77 K from
room temperature, both the compressive strength and plas-
ticity of Zr64.13Cu15.75Ni10.12Al10 BMG samples could be
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enhanced. When the experimental temperature was low-
ered to 4.2 K, the samples fractured catastrophically with
poor fracture strength. This result is in good agreement
with our above prediction. Moreover, the brittle failure
of Zr41.2Ti13.8Ni10Cu125Be225 at 77 K might also be
ascribed to the decrease of the STZ volume due to low tem-
perature, where nano-scaled “chevron” patterns rather
than vein patterns on the low temperature fracture surface
indicate an apparent decrease in the plasticity [7]. While for
other BMGs [49–55] with both enhancements of yield
strength and plasticity under compression when the test
temperatures decrease from room temperature to liquid
nitrogen temperature (77 K), a lower test temperature
might introduce a brittle failure, i.e. ductile-to-brittle tran-
sition. It should be addressed that, in a certain range of
cryogenic temperature, the inconsistency between the
enhanced compressive plasticity and the reduced bending
plasticity presented here might be associated with the
actual dynamics of shear bands under different stress states.
This deserves to be studied in our later work.

We further found that with the decrease of free volume,
the temperature of STZ to TTZ would move to a high
temperature, even room temperature with complete
annealing (e.g. Group 4). The Ramamurty group [16]
had systematically investigated the impact properties of
some Zr-based BMGs and their results unambiguously
show that the DBT temperature is a function of annealed
state and increases with the severity of annealing
(annealed at either high temperatures or for long dura-
tions). Here, both the annealing and test temperature
can reduce the STZ volume, for the sample with more free
volume, much lower temperature are needed to decrease
volume of STZ, thus introduce brittle fracture whereas
for the sample with less free volume, a mediated cryogenic
temperature is enough to reduce the STZ volume. Then,
the DBT temperature moves to a higher temperature with
the decrease of free volume. This prediction is consistent
with our experimental observations, that is, the 653 K
48 h annealed sample with almost no free volume shows
the DBT temperature of 293 K (see Figs. 7g and h and
8c and d). In a recent paper, Uhlenhaut et al. [56] have
found sharp DBT in Mg-based glasses, and the abrupt
change in bending ductility is found to result from disap-
pearing large free volume. Their results agree well with the
present prediction that the STZ volume will decrease with
the significant decrease of free volume to introduce the
transition from STZ mode to TTZ mode.

We tried to illustrate the physical mechanism of STZ
volume decrease due to annealing, cryogenic temperature
and strain rate. It is well known that free volume within
samples is reduced during structural annealing. The STZ
operation actually is a local motion of atoms around a free
volume site. Therefore, with the reduction of free volume,
there will be fewer atoms to be involved in an STZ. The
decrease of ambient temperature results in the enhanced
activation energy of an STZ. In other words, the STZ
requires the greater activation energy at lower tempera-
tures. If the activation energy is fixed with the decreasing
temperature, it can be speculated that fewer atoms can be
activated in an STZ operation. The STZ operation as the
unit process of plastic flow needs a certain time scale. Such
time scale allows atoms to nonlinearly or irreversibly rear-
range, and hence plastic flow event occurs. At higher load-
ing rates, the atoms in samples do not have enough time to
rearrange. Thus the number of the rearranged atoms is
smaller, which has been confirmed by recent atomistic sim-
ulations [57]. Therefore, annealing, cryogenic temperature
and higher strain rate can reduce the STZ volume via
decreasing the mobility of rearranged atoms. With the
decrease of STZ volume, the ability of shear band forma-
tion will decrease even to zero; in other words, STZ mode
can change into TTZ mode. If two or three factors can take
effect simultaneously, the transition of STZ to TTZ will be
much easier.

5. Conclusion

We have performed three-point bending tests for both
as-cast and as annealed Vit105 alloys at different ambient
temperatures. The results indicated that the free volume
decrease and/or cryogenic temperature will decrease the
propensity for the formation of multiple shear bands and
hence deteriorate macroscopic plasticity, and even intro-
duce a remarkable DBT, i.e. fracture mode from ductile
STZ to brittle TTZ mode. It is suggested that such DBT
in BMGs corresponds to a critical value of the STZ vol-
ume. Our findings are fundamentally useful for under-
standing the fracture mechanism in BMGs.
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