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h i g h l i g h t s

• Cooperative shearing of shear transformation zones (STZs) is assisted by free volume.
• STZ dilatational strain is introduced to understand the ductile-to-brittle transition (DBT) of metallic glasses.
• The DBT of metallic glasses is underpinned by the transition of STZs to tension transformation zones (TTZs).
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a b s t r a c t

A theoretical model that takes into account the free-volume aided cooperative shearing of shear
transformation zones (STZs) is developed to quantitatively understand the ductile-to-brittle transition
(DBT) of metallic glasses. The STZ dilatational strain is defined as the ratio of STZ-activated free volume
to STZ volume itself. The model demonstrates that the STZ dilatational strain will increase drastically
and exceed the characteristic shear strain of STZ as temperature decreases below a critical value. This
critical temperature is in good agreement with the experimentally measured DBT temperature. Our
results suggest that the DBT ofmetallic glasses is underpinned by the transition of atomic-clustermotions
from STZ-type rearrangements to dilatational processes (termed tension transformation zones (TTZs)).

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
c

At temperatures well below the glass transition temperature,
metallic glasses usually share an avenue to mechanical failure by
shear-induced dilatation or free volume generation [1–5] resulting
from a cascade of inelastic rearrangements of local atomic clusters,
commonly called shear transformation zones (STZs) [6–8]. Macro-
scopically, such a shear-softening process appears as a runaway
of shear bands of about 10 nm in thickness into crack propaga-
tion through the Saffman–Taylor flow instability [9], leaving mi-
croscale vein-like fracture patterns. However, recent experiments
[10–13] and simulations [14,15] have revealed that the dilatation
itself, whether induced by shear or hydrostatic tension, can dom-
inate brittle fracture of metallic glasses. In this case, the crack tip
propagates via cavitating events that involve a series of nanovoids
nucleation and coalescence with very limited plastic growth
[11,14], which retains the tip atomically sharp during propaga-
tion [16,17]. The dilatation-mediated brittle fracture is strongly
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supported by the resulting fracture morphologies [10–12,18–21]:
very-fine dimples and nanoscale periodic corrugations. At the
atomic scale, such a brittle cavitating event has been originally de-
fined by Jiang et al. [11,22] as a tension transformation zone (TTZ)
that describes the atomic cluster motion undergoing significant
dilatation. For convenience of understanding, the TTZ can be re-
garded as a dilatation-dominated STZ, but the later is usually shear-
dominated [6,7,23].

It is therefore expected that the ductile-to-brittle transition
(DBT) of metallic glasses will take place if the STZs at the crack
tip are restrained, whereas the TTZs are activated simultaneously.
More specifically, the DBT is trigged by the change in the nature
of the ‘‘transformation zones’’ from STZ-type to TTZ-type [11,19,
21,24–26]. Nevertheless, why and how an STZ could convert into
a TTZ remains to be further clarified. Very recently, we performed
systematic experiments on the fracture behavior of a typical Zr-
based (Vitreloy 1) bulk metallic glass at decreasing temperature
from room temperature (300 K) to liquid helium temperature
(4.2 K) [27]. It was observed that the cryogenic temperature can
incur a sharp DBT at about 20 K, which motivates us to explore
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the critical condition for the STZ-to-TTZ transition. In the present
letter, we propose a STZ dilatational strain to quantitatively
characterize the STZ-to-TTZ transition by taking free volume into
the cooperative shearing of STZs. This model is supported by the
good agreement between the predicted DBT temperature and that
determined experimentally [27].

It has been recognized that plastic flow of metallic glasses
occurs as a result of a series of STZ operations [2,6,7,28]. However,
unlike the unit glide of a dislocation in a crystalline material that
is only driven by the deviatoric stress, the potential STZs require
local dilatation or free volume for the shear transformations to
take place [2,29]. In fact, the STZs initiate easier in regions where
the free volume is higher [8], although the STZ operation is shear-
dominated [2,23]. We could thus envision an extreme situation
in which an STZ experiences a remarkable dilatation rather than
shearing, so that the STZ actually becomes a cavitation event,
i.e., the TTZ operation per se defined previously [11]. The TTZs
ahead the crack tip are widely believed to be responsible for
the brittle fracture of metallic glasses [11,19,24,25,27]. Hence,
how to characterize the dilatation degree of STZ holds a key to
the microscopic STZ-to-TTZ transition or the macroscopic DBT in
metallic glasses.

From a mechanistic point of view, the STZ dilatation should
involve two characteristic scales: one is the absolute scale of
dilatation and the other is the STZ volume itself,Ω . It has beenwell
accepted that the generation of free volume stems from dilatation
of STZs under applied shear stress [2,8,29]. Therefore, we introduce
the concept of active free volume, va

f , to measure the absolute
dilatation of an STZ. Here we address that the active free volume is
different from the static free volume defined commonly. The latter
is determined at the glass transition temperature, Tg, and frozen at
temperatures T < Tg [30]. However, the active free volume can
be mobile via stress-driven STZs even at T < Tg. Reasonably, we
may define the STZ dilatational strain, ϑ , as the ratio of the two
characteristic volumes:

ϑ =
va
f

Ω
. (1)

This definition means that if the active free volume or the absolute
dilatation of an STZ is comparable to the STZ volume itself, the STZ
will be prone to undergo a significant dilatation. When the STZ
dilatational strain exceeds a threshold, the STZ becomes a TTZ-
type cavitation operation. It should be pointed out that the STZ
dilatational strain defined here is somewhat different from the
cavitational strain defined by Guan et al. [15]. The former mainly
addresses the nucleation of a void due to shear (STZ)-induced
dilatation,while the latter describes the void nucleation and plastic
growth under a direct hydrostatic tension.

The cooperative shearing model (CSM) of STZs points out that
the plastic flowoccurs inmetallic glasseswhen the barrier crossing
rate of STZs reaches a critical value comparable to the applied strain
rate [31]. Considering that the STZ activation is usually assisted
by free volume [2,6,29], we generalize this onset condition to
involve the configurational (or free volume) probability, Fξ , of the
activation of STZs that is statistically related to the free volume
by [8,32]

Fξ = exp (−1/ξ) , (2)

where the free volume concentration ξ is defined as the active
free volume, va

f , normalized by the critical volume χv̄0 for flow,
here χ is a material-specific constant, and v̄0 is the average
atomic volume. Thus,metallic glasseswill flowwhen the following
condition is satisfied [19,33]:

γ0ω0 exp


−
Wτ

kBT


Fξ = C γ̇ , (3)
where γ0 is the characteristic shear strain of an STZ, ω0 is an
attempt frequency, Wτ is the activation energy for an STZ at finite
shear stress, kB is the Boltzmann constant, C is a dimensionless
constant of order unity, and γ̇ is the applied shear strain rate.
Following Johnson and Samwer [31], the activation energy for an
STZ to flow in a stressed metallic glass can be written as

Wτ = 4RζGTγ
2
CT


1 −

τCT

τC0

3/2

Ω. (4)

In this equation, R is the ‘‘fold ratio’’, ζ is a correction factor arising
from the matrix confinement. GT is the temperature-dependent
shear modulus that can be obtained by [34]

GT = G0 −
s

exp (θD/T ) − 1
, (5)

where G0 is the athermal shear modulus, θD is the Debye
temperature, s is a fitting parameter that can be determined as s =

0.15G0

exp


θD/Tg


− 1


for metallic glasses. The temperature-

dependent yield strain γCT = γC0 − γC1

T/Tg

2/3, amounts here
to γC0 = 0.036 and γC1 = 0.016 [31]. The applied shear stress at
yielding τCT = 2GTγCT/π where the nonlinear elastic response of
an STZ is considered as τCT increases from 0 to τC0 = G0γC0. Using
Eqs. (2)–(5), the STZ volume can be derived as [19–21]:

Ω =
kBT

4RζΦ (T )


ln

ω0

C γ̇
−

1
ξ


, (6)

where Φ(T ) = GT


γC0 − γC1


T/Tg

2/32 
1 −


2GT/ (πG0)



1−


γC1/γC0


T/Tg

2/33/2
. It can be found fromEq. (6) that the

STZ volumemainly depends on three factors: (i) the environmental
temperature, (ii) the applied loading rate, and (iii) the active free
volume within material. In the following, we only focus on the
effect of the environmental temperature.

As for the temperature dependence of active free volume, we
borrow from a result of the simulation by Starr et al. [35]. It is
suggested that the evolution of the active free volume with STZ
operations at T < Tg can be well approximated by a power law

va
f (T ) = Λ


T
T0

η

, (7)

where the fitting parameters are chosen as Λ = χv̄0, T0 =

2.73 × 105 K and η = 0.338. Eq. (7) then indicates that the active
free volume is about 0.1χv̄0 at room temperature, a typical value
for metallic glasses [7,36]. Additionally, Eq. (7) predicts that the
active free volumewill remain larger than zero at all temperatures
and only vanishes at absolute zero temperature. This behavior
agrees with the extended model of the free volume by Cohen and
Grest [37] and the Adam–Gibbs entropy model for viscosity that
is well defined for all temperatures [38]. Combining Eq. (6) with
Eq. (7) indicates that the STZ dilatational strain (1) is also a function
of the environmental temperature.

Next, we examine the effect of the environmental temperature
on STZ volume (6), active free volume (7), and STZ dilatational
strain (1), by using Vitreloy 1 as amodelmaterial. The relevantme-
chanical and physical parameters of Vitreloy 1 are derived from the
recent literature [3,8,29,31,39–41] and listed in Table 1. By com-
bining Eqs. (6) and (7), the evolution of active free volume and STZ
volumewith temperature is calculated in Fig. 1. The calculated free
volume and STZ volume are, respectively, comparable to the ex-
perimentally determined values [39,42,43]. It can be seen that both
STZ volume and STZ-activated free volumedecreasemonotonously
and approach zero with decreasing temperature. This result im-
plies that low temperatures render plastic flow more difficult. It is
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Table 1
Mechanical and physical parameters for Vitreloy 1 metallic glass.

Parameters Notation Value

Characteristic shear strain of an STZ γ0 ∼0.1
Attempt frequency ω0 ∼1013 s−1

Boltzmann constant kB 1.38 × 10−23 J · K−1

Athermal shear modulusa G0 37.3 GPa
Average atomic volume v̄0 6.75 Å3

Debye temperature θD 326.8 K
Glass transition temperature Tg 625 K
The ‘‘fold ratio’’ R 0.25
Correct factor ζ 3
Competition of barrier crossing rate of STZs and applied strain rate ln ω0

C γ̇
30

A material-specific constant in free volume model χ ∼0.105
a Calculated from the data at room temperature.
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Fig. 1. Evolution of shear transformation zone volume (Eq. (6)) and active free
volume (Eq. (7)) with temperature.

because that the STZ volume becomes smaller at lower temper-
atures, so that flow requires a relatively larger number of STZs,
which, however, are difficult to synchronously cooperate during
shearing [23]. Furthermore, the active free volume becomes more
insufficient with decreasing temperature, which in turn delays
the activation of STZ and increases its activation stress [29]. This
is consistent with the common observation of low-temperature
strengthening of shear failure of metallic glasses [27,44–46]. The
physical rationality of Fig. 1 can be understood if we compare the
STZ for flow of glassy solids to the cooperatively rearranging re-
gions (CRRs) for relaxation of glassy liquids. Recently, Stevenson
et al. [47] have found that with the temperature decreasing from
the mode coupling critical temperature to the Kauzmann temper-
ature, the CRR shape will change from a loose configuration to a
compact one, and the characteristic size of CRR decreases corre-
spondingly. It is expected that themore compact CRRswith smaller
size have smaller free volume. However, we note that either the ac-
tive free volume or the STZ volume alone cannot naturally predict
the occurrence of the DBT.

Consequently, we further examine the STZ dilatational strain
defined by Eq. (1). A plot of the STZ dilatational strain as a function
of temperature is shown in Fig. 2, where the fracture strengths
of Vitreloy 1 are also denoted at different temperatures [27]. An
obvious DBT temperature of about 20 K can be experimentally
identified, based on the observation that the fracture strengths
change from constant to discrete at a fixed temperature. Very
interestingly and surprisingly, we find that, when the temperature
decreases below 20 K, the STZ dilatational strain shows a sudden
jump and its value can even reach up to 100%. This result implies
an emergence of a TTZ-type atomic cluster motion that can be
considered as a transient activation from a STZ with significant
dilatation at very low temperatures. It is well known that the
0.0
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Fig. 2. STZ dilatational strain (Eq. (1)) and fracture strength [27] as a function of
temperature. At temperatures above 20 K, the temperature-dependent strength
follows the Johnson–Samwer T 2/3 law expressed by Eq. (8).

characteristic shear strain of a STZ is about 10% [6,8]. If we roughly
adopt the STZ dilatational strain of 10% as the threshold for the TTZ
activation, a critical transition temperature can be predicted to be
about 15 K. The predicted value is very close to the experimentally
measured DBT temperature (about 20 K). Recently, a simulation
work performed by Murali et al. [14] also provides an important
information about the critical volumetric strain for nanoscale
cavitation. It can be found that, in a brittle Fe80P20 glass, the peak
hydrostatic stress that just achieves the critical cavitation stress is
insensitive to the initial void volume fraction; more importantly,
the corresponding critical cavitational strain is also almost
universal (about 12%). This critical cavitational strain is very close
to our predicted STZ dilatational strain (10%) for the occurrence of
the STZ-to-TTZ at the DBT temperature. Furthermore, the present
picture regarding the STZ-to-TTZ transition (Fig. 2) rules out the
possibility that the active free volume or the STZ volume will
decrease to zero in the zero temperature limit (Fig. 1).

At temperatures above 20 K, the dilatational strain keeps a
very low level (about 10−4), much smaller than the characteristic
shear strain of STZs by three orders of magnitude, and is almost
insensitive to the temperature. The extremely small dilatation
confirms that the STZ operations are volume conserving events of
rearrangements [23] and still predominate the shear fracture of
materials at T > 20 K. Actually, in the temperature range (T >
20 K), the temperature-dependent strength can be well predicted
by the Johnson–Samwer T 2/3 law [31] that has the form:

σf = σf,0 − Γ · T 2/3, (8)

where σf,0 = 2.22 GPa is the athermal ductile fracture strength,
and Γ = 0.01 GPa · K−2/3 is the temperature softening coefficient.
Eq. (8) is shown in Fig. 2 as the dashed line. The agreement
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Fig. 3. Two-dimensional schematics of the transition of atomic clustermotion from
shear-dominated STZ to dilatation-dominated TTZ at a DBT temperature.

confirms that the cooperative shear motions of STZs at the crack
tip dominate the ductile fracture of metallic glasses [11,14,24].
However, the STZ model breaks down at very low temperatures
due to the DBT intervention below a critical temperature (here
about 20 K for as-cast Vitreloy 1 [27]).

Our theoretical results (Figs. 1 and 2), together with the
experimental observations [27], shed light on the cryogenic-
temperature-induced DBT mechanism in fracture of metallic
glasses, which is schematized in Fig. 3. At room temperature, the
STZ is shear-dominated, accompanying a very limited dilatation
(∼10−4). The activation of one STZ gives rise to an ‘‘Eshelby’’-type
localized shear distortion in the surrounding elastic medium [6],
and triggers an avalanche-like behavior of neighboring STZs to
form shear banding [28,48–50], leading to a macroscopic shear-
dominated fracture. With decreasing temperature, the character-
istic size of STZs (or the number of atoms participating in an STZ)
reduces rapidly, which implies that the fraction of the surround-
ing elastic medium will increase. A direct consequence is that the
activation of STZ needs to surmount a higher energy barrier and
thus requires a higher activation stress for operations. This is why
the fracture strength of metallic glasses will increase as temper-
ature lowers, showing the shear strengthening behavior at T >
20 K (Fig. 2). At the same time, the capability of STZ to create free
volume reduces due to the difficulty in activation of STZs, which
keeps the dilatation degree of STZs at a very low level. When tem-
perature decreases below a critical temperature, the dilatational
strain of STZ will drastically grow, corresponding to an essen-
tial change of the cluster motion from shear-dominated STZ into
dilatation-dominated TTZ. This critical transition originates from
the significant difference in the temperature dependence of the
STZ-activated free volume and the STZ volume (see Fig. 1). Macro-
scopically, the STZ-to-TTZ transition corresponds to the change of
the fracture modes from ductile (shear) to brittle (dilatational) in
metallic glasses [27], which is verified by the almost identical crit-
ical temperature of both transitions (see Fig. 2).

Based on the free-volume assisted cooperative shearing of STZs,
the concept of STZ dilatational strain is proposed to understand
the underlying mechanism for the DBT of metallic glasses in
fracture. It is predicted that the DBT will take place when the
dilatational strain of STZs increases dramatically, and exceeds
their characteristic shear strain, corresponding to an STZ-to-
TTZ transition. The predicted DBT temperature agrees well with
the experimentally observed [27]. Our work implies that the
relative contribution of shear to dilatation of STZs or the intrinsic
competition between STZ and TTZ is temperature-dependent,
and further substantiates the idea that very-low-temperature or
athermal STZs are inclined to undergo a dilatational TTZ mode.
In fact, our model shows that the STZ dilatational strain depends
not only on temperature, but also on composition/structure or
loading conditions. As predicted by Eq. (6), decreasing free volume
and/or increasing strain rate will also result in a smaller STZ size,
thus incurs a higher STZ dilatational strain or a brittle fracture.
Therefore, the picture of STZ (shear) versus TTZ (dilatation) leads
to an improved understanding of the DBT of metallic glasses, and
is also consistent with the well-known Poisson’s ratio criterion for
plasticity of amorphous solids [51–53].
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