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Abstract Significant progress in understanding the
mechanical behavior of metallic glasses (MGs) was
made over the past decade, particularly on mecha-
nisms of plastic deformation. However, recent research
thrust has been on exploring the mechanics and physics
of fracture. MGs can be very brittle with K I c values
similar to silicate glasses and ceramics or very tough
with K I c akin to high toughness crystalline metals.
Even the tough MGs can become brittle with structural
relaxation following annealing at temperatures close to
glass transition temperature (Tg). Detailed experimen-
tal studies coupled with complementary numerical sim-
ulations of the recent past have provided insights on the
micromechanisms of failure as well as nature of crack
tip fields, and established the governing fracture cri-
teria for ductile and brittle glasses. In this paper, the
above advances are reviewed and outstanding issues in
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the context of fracture of amorphous alloys that need
to be resolved are identified.

Keywords Metallic glasses · Crack tip fields · Vein
patterns · Shear bands · Nanocorrugations · Cavitation

1 Introduction

Mechanical behavior of metallic glasses (MGs) has
been one of the most active areas of research in
the structural materials arena over the past 15 years
although they were first synthesized more than five
decades back (Klement et al. 1960). Three major rea-
sons can be attributed to this surge in the interest
on MGs. First is the discovery of multi-component
alloy compositions that do not crystallize even when
cooled relatively slowly which enabled MGs to be pro-
duced in ‘bulk’ form. The second reason is the real-
ization that these ‘bulk metallic glasses (BMGs)’ with
their attractive combinations of mechanical properties
(Schuh et al. 2007) are candidates as structural materi-
als in a number of frontier areas of technology. How-
ever, understanding plastic deformation and fracture
in these materials requires completely new thinking.
This is because dislocation mechanics, which forms
the basis for most of the theories on above topics in
crystalline metals and alloys, cannot be invoked since
MGs lack long range order. Consequently, there has
been considerable scientific curiosity in unraveling the
physics of deformation and fracture, which is the third
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reason for the significant volume of research on the
mechanical behavior of MGs.

The recent interest in MGs led to considerable
progress in understanding their deformation response.
By contrast, there is no such consensus on the fracture
mechanisms and the mechanics of fracture. This is in
spite of the fact that low fracture toughness and lack of
crack growth resistance coupled with poor ductility are
serious impediments for realizing the full potential of
these new structural materials. The paucity of system-
atic fracture experiments on BMGs can be attributed
to (a) the absence of a ‘microstructure’ in BMGs that
would otherwise enable identification of the relevant
material length scales and (b) extreme sensitivity of
the measured toughness to the alloy composition, struc-
tural state, and other parameters many of which are dif-
ficult to monitor. Consequently, many researchers have
interpreted the micromechanisms of fracture from frac-
tographic observations, which has led to several con-
tradictions. Nevertheless, some clarity due to combined
experimental and computational studies has emerged in
the recent past, which is summarized in this review. At
this juncture, it is important to note that the sole empha-
sis of this review is to summarize mechanics-based
approaches for understanding the fracture behavior of
BMGs. The reader is referred to the review by Schuh
et al. (2007) for a comprehensive overview of elastic
and plastic deformations in BMGs and to a review by
Xu et al. (2010) for a summary of the effect of composi-
tion and other structural aspects on the fracture tough-
ness of BMGs.

2 Plastic deformation

Although the emphasis of the current paper is on frac-
ture, some basic understanding of the mechanisms of
plastic deformation that occur in amorphous alloys is
essential. Hence, they are briefly discussed here (see
Schuh et al. 2007; Greer and Ma 2007 for detailed
reviews). While most MGs exhibit sufficient levels of
plastic deformation, the underlying mechanisms are
quite different from crystalline metals in which mobil-
ity of dislocations plays a vital role. Extensive computer
simulations have firmly established that plastic flow
units in MGs are shear transformation zones (STZs)
proposed first by Argon (1979), which are clusters of
atoms undergoing collective shear deformations under
the influence of the applied stress (Falk 1999; John-

son and Samwer 2005; Zink et al. 2006). STZs occur
preferably at locations where free volume, which is an
intrinsic state parameter that embodies the atomic pack-
ing efficiency in the glass, is more. The activation of
STZs is associated with considerable local dilatation,
which makes the macroscopic plastic flow pressure sen-
sitive (Lu and Ravichandran 2003; Patnaik et al. 2004).
Above the glass transition temperature, Tg , of the alloy
profuse activation of the STZs occurs and their stress
field relaxes instantaneously, leading to homogenous
flow of the glass (Schuh et al. 2007; Langer 2008).
On the other hand, well below Tg , plastic deforma-
tion at higher stresses manifests in the form of shear
bands (SBs), within which strain localization occurs.
The atomic structure within the SBs shows increase
in concentration of STZs and free volume (Sopu et al.
2009). Such localization of flow and concomitant flow
softening during deformation, in conjunction with the
fact that there are no intrinsic barriers such as grain
boundaries to the SBs, results in near-zero ductility of
MGs. In compression or in constrained deformation
conditions such as indentation, it is possible to induce
multiple shear banding (Lu and Ravichandran 2003;
Patnaik et al. 2004).

3 Ductile and brittle BMGs

Before describing the mechanisms and mechanics of
fracture, it is instructive to examine the range of K I c

values exhibited by BMGs and on that basis broadly
classify them as ‘ductile’ or ‘brittle’. In the follow-
ing, BMGs that exhibit SB mediated plastic flow are
referred to as ‘ductile,’ as they exhibit high levels of
K I c. However, two important points are to be noted.
(1) In spite of the high K I c values, these BMGs hardly
show any R-curve behavior owing to lack of micro-
structural features like grain boundaries which can offer
resistance to crack growth. (2) Unlike in crystalline
metals and alloys wherein a one-to-one correspon-
dence between ductility and toughness can typically be
observed, no such correlation exists in BMGs. In fact,
one can obtain high K I c in a BMG which exhibits zero
tensile ductility! For ductile BMGs, the measured K I c

values are comparable to crystalline counterparts. For
example, K I c of Vitreloy-1 or Vit-1, a Zr based BMG
that is widely studied due to its commercial availabil-
ity, is ∼55 MPa m1/2 (Conner et al. 1997; Gilbert et al.
1997) whereas a Pt-based BMG developed by Schroers
and Johnson (2004) has a K I c of about 80 MPa m1/2.
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In many BMGs however, SB mediated plasticity
does not occur at all. Consequently, they exhibit low
K I c values in the range of ∼0.5–15 MPa m1/2 (Pan
et al. 2007; Wang et al. 2009; Narayan et al. 2014) and
hence are termed as ‘brittle’. While some BMGs such
as Fe- and Mg-based ones are brittle in the as-processed
condition itself, some tough BMGs can be made brittle
through annealing at temperatures below Tg , a process
referred to as structural relaxation (Duine et al. 1992;
De Hey et al. 1998). Yet, some other glasses are also
brittle, but only under specific combinations of experi-
mental conditions (typically low temperatures and high
strain rates) (Jiang et al. 2008; Hasan et al. 2008).
Hasan et al. (2008) examined the effects of tempera-
ture and loading rate on fracture toughness and mecha-
nism in Vit-1. They found that as temperature changes
from 0.8Tg to Tg , there is a sharp increase in the frac-
ture toughness with the behavior changing from plane
strain (flat fracture) to plane stress (shear fracture).
In general, increasing the strain rate caused decrease
in the toughness, especially at high temperatures
(above 0.9Tg).

Alloy composition (Kawashima et al. 2005; Kim
et al. 2009), as well as several extrinsic parameters like
low cooling rate (Gu et al. 2009; Tan et al. 2011), struc-
tural relaxation (Murali and Ramamurty 2005; Ragha-
van et al. 2006; Kumar et al. 2009), partial crystalliza-
tion (Nagendra et al. 2000), and presence of impurities
(Conner et al. 1997; Lowhaphandu and Lewandowski
1998; Keryvin et al. 2006) are known to be responsible
for this brittle behavior. Structural relaxation reduces
the free volume (De Hey et al. 1998; Murali and
Ramamurty 2005) and thereby limits the operation of
localized atomic shear transformations, which in turn
inhibits the formation of SBs. Since SBs contribute to
plasticity in BMGs at low temperatures (well below
Tg) and high stresses (Schuh et al. 2007), their absence
results in brittleness.

4 Ductile fracture

4.1 Mechanism

A characteristic feature of fracture surface in ductile
BMGs is the presence of “vein patterns”, which are
akin to those observed after separating two glass slides
with a thin viscous medium in-between them (see,
for example, Leamy et al. 1972; Pampillo 1975; Qu

et al. 2010). The occurrence of these patterns can be
attributed to reduction in viscosity during deformation
within the shear bands and consequent instability in the
fluid meniscus (Saffman and Taylor 1958; Argon and
Salama 1976). Some recent observations by Tandaiya
et al. (2013) on the mechanism of ductile fracture in
BMGs are presented below.

A low magnification scanning electron micrograph
obtained from the fracture surface of a ductile notched
BMG specimen, which was tested in four point bending
configuration, is shown in Fig. 1a. Three distinct mor-
phologies adjacent to the original notch front (extreme-
left white dashed line) can be seen from it. First, a
smooth region around 12 µm in width, which corre-
sponds to about half the notch opening displacement,
adjacent to the notch front is noticed. This is due to
blunting of the notch at the line of intersection of a
dominant shear band with the notch root. Next is the
Taylor or fluid meniscus instability (FMI) region, in
which vein or ridge patterns that run nominally perpen-
dicular to the notch front may be seen. A higher magni-
fication image of the FMI region (Fig. 1b) shows a set
of parallel veins emanating almost perpendicular to the
notch front. The third zone, which starts from the end of
FMI region, pertains to dynamic crack propagation and
is characterized by coarse dimple-like patterns super-
imposed on ridges and valleys. The fracture process
zone length, Lc involving the notch blunting and FMI
regions is about 65 µm in length. Similar fractographic
features were also reported by Suh et al. (2010) close
to the fatigue pre-crack front in Zr-based BMGs.

The above fracture features are rationalized by
recourse to Argon and Salama (1976)’s model, who
postulated that the convex notch front behaves as a fluid
meniscus which advances under the suction (or hydro-
static stress) gradient, dσh/dx , prevailing in front of
the notch root. By considering a perturbation in the
notch front in the specimen thickness direction with
wavelength λ, they argued that the perturbation will
grow unstably in the form of a parallel set of fingers if
dσh/dx exceeds that caused by surface tension. Thus,
they arrived at a preliminary estimate for the critical
wavelength as λc = 2π

√
χ/ (dσh/dx), where χ is

the surface tension. Next, by analyzing meniscus insta-
bility in channel flow, a more precise estimate for λc

was obtained as
√

3 times the above value. Using this
estimate along with the hydrostatic stress distribution
ahead of the notch tip computed from elastic–plastic
finite element analysis, Tandaiya et al. (2013) deter-
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Fig. 1 a Low magnification
scanning electron
micrograph of fracture
surface near a notch front in
Vit-1 and b higher
magnification image of the
FMI region shown in a.
Crack growth direction is
from left to right in a, b
(reprinted from Tandaiya
et al. 2013 with permission
from Elsevier)

(a) (b)

mined λc as 1.76 µm which matches well with the mean
ridge spacing measured from Fig. 1b.

Further, Argon and Salama (1976) considered the
fingers as hollow circular cylinders of a nonlinear vis-
cous solid with strain rate exponent n(0 < n < 1)

experiencing radial expansion. By equating the strain
rate at the tip and root of the fingers from this analysis
with that given by the notch root slip line field of Rice
and Johnson (1970), the steady-state length of the fin-
gers was determined. Finally, to relate to the channel
flow analysis, the channel height was taken as crack tip
opening displacement (δ). The expressions for the crit-
ical wavelength λc and CTOD δc thus obtained from
their analysis are given by:

λc = 12π2 A(n)
χ

τo

δc = 24π2 B(n)
χ

τo
(1)

Here, τo is shear yield strength and A(n), B(n) are
parameters that depend on the rate exponent n. A(n)

increases from about 1.2–9, while B(n) increases from
around 1.5 to more than 100 as n changes from 0
(rate independent limit) to 0.5 (highly rate sensitive
case).

Tandaiya et al. (2013) noted that crack grows within
a dominant SB as can be seen from Fig. 2 for the mode
I case. Here the crack propagates within the curved SB
denoted by ABC and thereafter extends straight ahead
of the notch tip. Similar crack growth in curved SBs had
been observed earlier by Flores and Dauskardt (1999)

crack

A

B

C

Fig. 2 Optical micrograph showing crack growing along a
curved shear band ABC under mode I loading in an as-cast Vit-1
specimen (reprinted from Tandaiya et al. 2013 with permission
from Elsevier)

for Vit-1. This contradicts the assumptions made in the
Argon–Salama (A–S) model that the fingers develop
ahead of the blunting crack tip and they grow as hol-
low circular cylinders experiencing radial expansion.
Hence, Tandaiya et al. (2013) proposed a modified
FMI model which is shown schematically in Fig. 3.
Here, a dominant inclined SB first forms at the notch
root (Fig. 3a) within which viscosity is reduced due to
structural evolution and temperature rise. The convex
notch surface acting as a fluid meniscus breaks down
under the action of hydrostatic stress gradient prevail-
ing ahead of the notch tip into a set of parallel, flattened
fingers that penetrate the viscous fluid layer (Fig. 3b).
Thus, the SB contains collinear elliptical cavities that
grow under the action of normal stress σn and the liga-
ments connecting them eventually rupture (Fig. 3c, d)
leading to crack growth within the SBs. This model
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Fig. 3 Schematic of modified FMI model proposed by Tandaiya
et al. (2013). a Dominant inclined shear band, b plan view show-
ing perturbed meniscus, c edge view of shear band containing
collinear elliptical cavities that correspond to the cross-sections
of flattened cylindrical fingers and d growth of cavities under
normal stress σn leading to rupture of ligaments connecting them
(reprinted from Tandaiya et al. 2013 with permission from Else-
vier)

suggests that the energy release rate Jc at crack ini-
tiation should scale with the ridge heights H which
correspond to the critical opening displacements of the
collinear cavities (see Fig. 3d). This was confirmed by
Tandaiya et al. (2013). However, they did not find such
a correlation between Jc and the spacing λ between the
ridges or the fracture process zone length Lc. The latter
was shown to correspond with the distance ahead of the
tip over which dσh/dx > 0 at crack initiation.

4.2 Mechanics of crack tip fields and fracture criterion

In order to fully understand the fracture behavior of
BMGs, it is necessary to characterize the stress and
deformation fields present near a crack tip. Further,
such an analysis can pinpoint the governing fracture cri-

terion when combined with experimental observations.
With this motivation, Tandaiya et al. (2007, 2009) stud-
ied stationary crack tip fields in BMGs under plane
strain, small scale yielding conditions pertaining to
mode I and mixed-mode loading using finite element
simulations. This was complemented by experiments
on Vit-1 (Tandaiya et al. 2009). The numerical sim-
ulations performed in the above studies made use of
the Mohr–Coulomb based finite deformation consti-
tutive model for BMGs proposed by Anand and Su
(2005). This model incorporates several key features
that are unique to plasticity in BMGs such as sensi-
tivity of yielding to hydrostatic stress and normal as
well as shear stress on the slip plane, shear induced
dilatation and softening triggered by free volume evo-
lution (Argon 1979; Spaepen 1977; Donovan 1989;
Bhowmick et al. 2006; Lu and Ravichandran 2003; Pat-
naik et al. 2004; Lund and Schuh 2003).

In Fig. 4a, b, the angular distribution of normalized
tangential stress σθθ/co, where co is the initial value of
cohesion, and maximum principal logarithmic plastic
strain log(λ

p
1 ) around the notch tip for mode I are dis-

played at a normalized radial distance r/(J/co) = 1.5
from the notch tip for three different values of internal
friction parameter μ. It can be observed from Fig. 4a
that there is a dramatic decrease in σθθ at θ = 0◦ with
increase in μ which diminishes with θ . Figure 4b shows
that at angles θ ≤ 90◦, the plastic strain level enhances
strongly with increase in μ. Also, as μ increases, many
serrations in the near-tip angular distribution of plastic
strain can be observed, which suggests a tendency for
plastic strains to localize into discrete shear bands, as
observed in experiments (see Fig. 2).

Under mixed mode loading, an increase in the mode
II component of loading was found to dramatically
enhance the plastic zone size normalized by (|K |/co)

2,
lower the stresses but significantly elevate the plas-
tic strain levels near the notch tip (Tandaiya et al.
2009). Higher internal friction reduces the peak tangen-
tial stress but increases the plastic strain and stretch-
ing near the blunted part of the notch. In Fig. 5,
the radial variation of σθθ/co for μ = 0.15 is plot-
ted for different remote elastic mode mixities Me =
2/π tan−1 (K I /K I I ). The stresses are extracted cor-
responding to angles at which σθθ/co is maximum at
r/(J/co) = 2 for the respective mixed mode loading
cases. It can be seen from the figure that the peak mag-
nitude of σθθ is highest for Me = 1 (pure mode I) and
lowest for Me = 0 (pure mode II).
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Fig. 4 Angular variation of
a tangential stress
normalized by initial value
of cohesion co and, b
maximum principal
logarithmic plastic strain
around the notch tip at
normalized radius of
r/(J/co) = 1.5 for different
values of friction parameter
(reprinted from Tandaiya
et al. 2007 with permission
from Elsevier)
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Fig. 5 Radial variation of normalized tangential stress showing
the effect of mode mixity for μ = 0.15 (reprinted from Tandaiya
et al. 2009 with permission from Elsevier)

By statistically distributing the initial cohesion
among the elements of the mesh, Tandaiya et al. (2007,
2009) simulated discrete shear bands near the notch
tip. In Fig. 6, the shear band patterns near the notch
tip predicted from finite element simulations are com-
pared with those observed in the experiments for the
pure mode II loading. The coordinate axes are normal-
ized by the initial notch diameter bo. Figure 6a displays
contour plots of log(λ

p
1 ) showing the simulated shear

bands near the notch root for μ = 0.05 in the deformed
configuration at J/(cobo) = 0.2. In this figure, the low-
est contour of log(λ

p
1 ) = 0.001 gives a representation

of the elastic–plastic boundary. Figure 6b shows the
optical micrographs of the near-tip region at the same
level of J/(cobo) as in Fig. 6a. In this figure, a dashed
curve is drawn to roughly indicate the boundary of the
shear banded region. It can be seen from Fig. 6a that
the plastic zone predicted from finite element simula-

tion consists of several straight SBs emanating from the
notch (unlike mode I case) and is similar to the optical
micrograph (Fig. 6b). Also, Fig. 6a shows that a domi-
nant SB occurs at about θ ∼ −10◦ with respect to the
notch line and extends to a distance of 8bo ahead of
the notch tip which is in accord with the experiment.
Indeed, crack growth occurs along this SB as observed
in the experiments of Tandaiya et al. (2009, 2013) and
also the mode II experiments of Flores and Dauskardt
(2006) on a Zr-based BMG.

Tandaiya et al. (2009) employed a critical plastic
strain criterion which postulates that crack initiation
would take place when log(λ

p
1 ) at some angle θ with

respect to the notch line exceeds a critical value εc over
a critical radial distance (fracture process zone length)
rε

c from the notch tip in order to predict the variation of
notched fracture toughness Jc versus Me. This criterion
is appropriate for the as-cast Vit-1 tested by Tandaiya
et al. (2009) since crack propagation occurred within
a dominant SB in all mixed-mode cases following the
modified FMI mechanism discussed in Sect. 4.1, which
is expected to be strain-controlled. The examination
of SEM fractograph of the fractured specimens (see,
for example, Fig. 1a) leads to the identification of the
fracture process zone length to be about 60 µm (which
in this case is equal to bo = 2ro, where ro is the initial
notch root radius). In Fig. 7, variations of Jc/Jo versus
Me predicted from the simulation results corresponding
to different εc and rε

c /ro are plotted along with the
experimental data for Vit-1. Here, a reference value Jo

obtained for the case Me = 0 by employing the fracture
criterion with εc = 0.1 and rε

c /ro = 2 is used for the
purpose of normalization.

It can be seen from Fig. 7 that the critical strain cri-
terion predicts a monotonically decreasing toughness
from mode I to mode II, owing to strong increase in
plastic strain at the same level of J as mentioned ear-
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Fig. 6 Comparison of shear band patterns near the notch tip
obtained from simulations and experiments for mode II loading
(Me = 0) at J/(cobo) = 0.2. a Contour plots of maximum prin-

cipal logarithmic plastic strain for μ = 0.05 and b optical micro-
graph of the near-tip region obtained from experiments (reprinted
from Tandaiya et al. 2009 with permission from Elsevier)
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Fig. 7 Predicted variation of normalized fracture toughness with
mode mixity for μ = 0.15 assuming a strain controlled fracture
criterion along with data obtained from mixed mode fracture
experiments for as-cast Vit-1 (reprinted from Tandaiya et al. 2009
with permission from Elsevier)

lier (Tandaiya et al. 2009). The results shown in Fig. 7
suggest that if a ductile fracture mechanism is oper-
ative for all Me cases, the predicted ratio of mode I
to mode II toughness could range from 1.75 to 4. It
can also be seen from Fig. 7 that the experimental data
for the notched Vit-1 specimens validates the predicted
Jc versus Me variation for μ = 0.05 and a process
zone size rε

c /ro = 2, which is identified from the frac-

tographs and εc = 0.1. Another interesting observa-
tion is that the scatter reduces as Me → 0. Thus, the
mixed-mode experimental data are highly repeatable
as opposed to the pure mode I case. Tandaiya et al.
(2009) also made predictions of Jc versus Me based
on a critical tangential stress criterion to mimic brittle
fracture processes. They postulated that possible transi-
tions from brittle to ductile mode of fracture may occur
as Me decreases from 1 (at some intermediate value of
Me). They also showed that different trends in Jc versus
Me are possible based on the operative fracture mech-
anism and level of critical stress and strain as well as
the process zone lengths.

Varadarajan et al. (2010) reported from mixed-mode
fracture experiments on Zr-based BMGs that the frac-
ture energy increases as the loading changes from mode
I. Further, nominal addition in mode II component
(Me ∼ 0.83) showed strong kinking of the crack (see
Figs. 2 and 11 of their paper). It is not clear if the
fracture paths observed in their experiments were dic-
tated by shear bands as in the experiments of Flores
and Dauskardt (2006) and Tandaiya et al. (2009, 2013).
The mode II fracture toughness K I I c was measured by
Flores and Dauskardt (2006) for Vit-1 as 75 MPa m1/2,
whereas their mode I tests (Flores and Dauskardt 1999)
had indicated that K I c ∼ 130 MPa m1/2. However, the
mode I stress intensity factors at the tips of branched
cracks estimated by them were around 15 MPa m1/2.
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Fig. 8 Effect of Poisson’s
ratio on a the plastic zone
(plotted in normalized
coordinates) and b near-tip
angular distribution of
maximum principal
logarithmic plastic strain at
a normalized radial distance
of r/(J/σot ) = 3.3 from the
notch tip (reprinted from
Tandaiya et al. 2008 with
permission from Elsevier)
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Schroers and Johnson (2004) suggested that the high
K I c of a Pt-rich BMG is due to its large Poisson’s
ratio, ν = 0.42 (or, equivalently low shear modulus,
G, to bulk modulus, κ , ratio). It was suggested that a
low G/κ ratio promotes shear deformation and inhibits
crack opening due to dilational flow. Taking cue from
this, Lewandowski et al. (2005) reported a correlation
between fracture energy and ν of various MGs similar
to that pointed out first by Pugh (1954) for polycrys-
talline metals. It was noted that MGs with higher ν

tend to be tougher. The critical value of ν that demar-
cates brittle and ductile behavior is around 0.32. The
observed strong correlation between toughness and ν

in MGs is intriguing because they are isotropic and do
not exhibit dislocation mediated plasticity (Rice and
Thomson 1974). Further, ν is a parameter that cap-
tures the coupling of longitudinal and transverse elastic
deformations, which are small in the context of metal-
lic materials, whereas the fracture energy pertains to
ultimate material failure and involves large deforma-
tions at least locally. If the Poisson’s ratio coupling
influences the development of plasticity, then this effect
would depend significantly on specimen thickness and
should still only influence the amount of plastic work,
and not the fracture work. Nevertheless, the correlation
postulated by Lewandowski et al. (2005) has led many
researchers working in the field to pursue developing
BMGs with high ν, while the micro-mechanical origins
of this correlation are not clearly understood.

In order to gain a mechanics perspective, Tandaiya
et al. (2008) conducted a parametric study of the effect
of ν on the stationary mode I crack tip fields in metallic
glasses using the BMG constitutive model mentioned
earlier. In Fig. 8a, the plastic zones obtained from the

finite element simulations corresponding to different ν

(in the range from 0.3 to 0.48) are presented in normal-
ized coordinates. It can be seen that increasing ν from
0.3 to 0.42 causes a dramatic reduction in the plastic
zone extent ahead of the notch tip (by more than 50 %).
Figure 8b presents the effect of ν on the near-tip angu-
lar distribution of log(λ

p
1 ). Again, a strong decrease in

plastic strain with enhancement in ν can be perceived.
Further, Tandaiya et al. (2008) simulated SB forma-
tion near the notch root (using statistical distributions
of cohesion) and showed that the plastic strains within
individual SBs also reduce with increase in ν. While
this may retard crack propagation along SBs to some
extent, if a strain controlled mechanism is operative
and in turn enhance the fracture toughness, the analy-
sis performed by Tandaiya et al. (2008) shows that the
correlation reported by Lewandowski et al. (2005) lacks
a strong mechanics based rationale.

5 Brittle fracture

5.1 Crack initiation

All brittle BMGs exhibit similar and distinct fracture
features irrespective of the composition, thermal his-
tory or the testing conditions employed (see, for exam-
ple, Wang et al. 2007, 2008; Narayan et al. 2014). Frac-
tographs of brittle BMG specimens tested in mode I
fracture configuration show the typical mirror, mist and
hackle regions that are commonly observed in brittle
ceramics and non-metallic glasses (Hull 1995, 1999).
Thus, in the low resolution SEM image correspond-
ing to embrittled Vit-1 (Narayan et al. 2014) shown in
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Fig. 9 Low magnification SEM image of the fracture surface
from a pre-notched 4-point bending test of structurally relaxed
Vit-1 showing macroscopic fracture features. ‘A’ denotes the mist
region and ‘B’ is the mirror region (reprinted from Narayan et al.
2014 with permission from Elsevier)

Fig. 10 HRSEM image of the featureless crack initiation zone
near the notch front in annealed Vit-1 specimen. Small dim-
ples/corrugations are visible beyond this semi-circular zone
(reprinted from Narayan et al. 2014 with permission from Else-
vier)

Fig. 9, the mist and mirror regions are labeled as A and
B, respectively. The mist region A originates from the
center of the notch edge forming a wide ‘V-shaped’
region surrounded by hackle. It also consists of river
patterns that extend radially outward from the centre
of the notch front.

Crack initiation occurs from the notch front at the
mid-thickness of the specimen, which appears as a
semi-circular featureless zone. This may be seen from
Fig. 10 which is a high magnification image near
the vertex of the V-shaped region marked as A in
Fig. 9. It must be noted that the hydrostatic stress
σh would be maximum ahead of the notch front at

the mid-thickness owing to near-plane strain condi-
tions caused by thickness constraint (Narasimhan and
Rosakis 1990). Hence, Narayan et al. (2014) proposed
that incipient cavitation occurs leading to the forma-
tion of the featureless half penny-shaped zone seen in
Fig. 10. However, this is intriguing because the maxi-
mum σh attained in front of a blunting crack tip in an
elastic–plastic solid is much lower than that required
for a cavity to nucleate (Varias et al. 1991). For exam-
ple, Huang et al. (1991) have shown that for a non-
hardening solid with tensile yield strain of 0.003, the
critical hydrostatic stress for cavitation is 4.3 times
the tensile yield strength σo. By contrast, the maxi-
mum value of hydrostatic stress attained in front of
a blunting tip in such a material is only about 2.4σo

(McMeeking 1977).
Henann and Anand (2009) implicitly assumed that

the cavitation strength scales with the bulk modulus of
the material and also chose very low values for ratio
of cavitation strength to yield strength (e.g., 0.8 for
ν = 0.36). With these assumptions, they showed that
the fracture toughness correlates with ν and the square
root of the notch root radius in BMGs as observed in
the experiments of Lewandowski et al. (2006). It is
however not clear why the cavitation strength should
scale with the bulk modulus and also why the value of
cavitation stress chosen is so low in comparison to that
of elastic–plastic models as mentioned above (Huang
et al. 1991).

Some important insights on the above discrepancy
were obtained from the work of Murali et al. (2011)
who conducted molecular dynamics simulations on a
brittle FeP glass, and concluded that a cavitation mech-
anism is possible since critical hydrostatic stress at
cavitation to yield strength ratio is only around 1.4.
Murali et al. (2011) traced the origin of this behavior to
the presence of strong nanoscale atomic density fluc-
tuations in FeP glass with cavities always nucleating
in regions of low density (or reduced yield strength).
Motivated by this observation, Singh et al. (2013) con-
ducted continuum analysis of cavitation in heteroge-
neous plastic solids with distributed weak zones and
showed that cavitation stress is significantly reduced
in relation to the yield strength (see Sect. 6). Thus,
while crack initiation in ductile BMGs is controlled
by a critical strain criterion as discussed in Sect. 4.2,
a critical (hydrostatic) stress needs to be exceeded for
crack initiation in brittle BMGs. Further evidence for
this assertion is provided by the simulations results of
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Rycroft and Bouchbinder (2012). Using a low temper-
ature STZ model and Eulerian level set formulations
to solve complex free boundary problems in a model
BMG, they observed that with an increasing degree of
embrittlement, crack initiation occurs at some distance
ahead of the crack tip where σh reaches a maximum.

5.2 Crack propagation

Once the crack initiates in the brittle MG, it propagates
dynamically as there are no microstructural features
in the material to hinder its growth. The formation of
river patterns seen in the mist region A in Fig. 9 has
been attributed to the twisting of the crack front in the
presence of local heterogeneities (Hull 1995; Narayan
et al. 2014). To accommodate this twisting, the crack
front breaks up into several segments. Each segment
thereafter propagates at different levels and is separated
by ridges that appear as river patterns on the fracture
surface (Sommer 1969; Hull 1999). While the mirror
region (marked as B in Fig. 9) appears macroscopi-
cally smooth, shiny and featureless, higher magnifica-
tion imaging reveals the presence of highly regular and
parallel nano-corrugations (NCs) perpendicular to the
crack propagation direction (see Fig. 11). From atomic
force microscope (AFM) section profiles taken along
the crack propagation direction, Narayan et al. (2014)
showed that NCs exhibit a distinct periodicity in their
spacing. In the dynamic crack growth regime of brittle
BMGs, NCs are the most ubiquitous features on the
fracture surface and Table 1 lists the reported peak to
peak separation s between successive NCs. As can be
seen, s ranges from ∼30 to 150 nm for different BMGs
and sometimes within the same specimen (Shen et al.
2006; Wang et al. 2006, 2007; Pan et al. 2007; Zhao
et al. 2009; Jiang et al. 2011). Specifically, s ∼ 70 nm
in the case of annealed Vit-1 tested by Narayan et al.
(2014).

On the basis of Wallner lines (Hull 1996; Rabi-
novitch et al. 2006; Ravi-Chandar 2004) observed on
the fracture surfaces, Narayan et al. (2014) deduced
that the maximum velocity with which the crack prop-
agates, Vc, is about 780 m/s (i.e., 0.33Vs or 0.35VR ,
where Vs and VR are shear and Rayleigh wave speeds
in the material). This, in turn, was utilized to infer
the timescale of formation of NCs to be about 10−10s.
Further, using the expression given by Rice and Levy
(1969) for the temperature rise ahead of the growing

Fig. 11 SEM image in mirror region showing nano-corrugations
or NCs in annealed Vit-1 specimen (reprinted from Narayan et al.
2014 with permission from Elsevier)

crack tip, along with the above Vc value, Narayan et al.
(2014) estimated that the temperature near the tip may
attain values close to Tg , which can lead to pronounced
softening. These inferences were utilized to discuss
possible mechanisms of crack growth in brittle BMGs,
a topic that has been intensely debated in the literature.

Many brittle materials exhibit wavy crack growth
and micro-branching when the crack propagates above
a critical velocity (Gao 1993; Ravi-Chandar and Yang
1997; Sharon et al. 2002; Ravi-Chandar 2004). Gao
(1993) concluded on the basis of a perturbation analy-
sis that at high speeds cracks tend to propagate along
a wavy crack path so that the apparent crack velocity
can be maintained at 0.5VR . Since the maximum crack
velocity measured by Narayan et al. (2014) is only
about 0.35VR , macroscopic instability in the dynamic
crack front is unlikely. Also, unlike in silicate glasses,
wherein wavy crack growth with perfect matching of
the two fracture surfaces has been observed (Guin and
Widerhorn 2004), fracture surfaces in brittle BMGs
have been shown to exhibit peak-to-peak matching
(Wang et al. 2007).

Since Tmax ∼ Tg , several authors (Pan et al. 2007;
Wang et al. 2007, 2008, 2009; Jiang et al. 2008, 2010;
Zhao et al. 2009) postulated that the formation of NCs is
due to the FMI mechanism (see Sect. 4.1). A schematic
of the FMI mechanism in brittle BMGs as suggested
by Wang et al. (2008) is shown in Fig. 12. Since the
material ahead of the crack tip is liquid-like at temper-
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Table 1 Characteristic spacings of nano-corrugations (NCs) observed in different MGs

MG Composition Specimen/loading conditions NC spacing, s (nm) References

Zr41.2Ti13.8Cu10Ni12.5Be22.5 As-cast/high velocity impact 80 Jiang et al. (2008)

Zr41.2Ti13.8Cu12.5Ni10Be22.5 Annealed/bending 71–80 Narayan et al. (2014)

Zr55Al22.5Co22.5 As-cast/tension 83 Xia and Wang (2012)

(Zr50.7Cu28Ni9Al12.3)99Gd1 As-cast/compression 74 Yajuan et al. (2009)

Cu46Zr42A17Y5 As-cast/bending 79 Xia and Wang (2012)

Cu49Hf42Al9 As-cast/compression 74 Madge et al. (2009)

Ni42Cu5Ti20Zr21.5Al8Si3.5 As-cast/compression 60 Shen et al. (2006)

Fe56Mn5Cr7Mo12Er2C12B6 As-cast/bending 36 Xia and Wang (2012)

Fe65.5Cr4Mo4Ga4P12C5B5.5 As-cast/compression 15–52 Zhang et al. (2006)

Fe66.7Cr2.3Mo4.5P8.7C7B5.5Si3.3Al2 As-cast/compression 43 Li et al. (2007)

Fe48Cr15Mo14Er2C15B6 As-cast/compression 30 Ma et al. (2008)

Fe73.5Cu1Nb3Si13.5B9 As-cast/tension 60 Wang et al. (2007)

Fe78Si9B13 As-cast/tension 150 Kai-feng et al. (2007)

Mg65Cu20Ni5Gd10 As-cast/bending 50 Wang et al. (2007)

Mg65Cu25Gd10 As-cast/bending 67 Pan et al. (2007)

Mg65Cu25Tb10 As-cast/bending 83 Xia and Wang (2012)

Tb36Y20Al24Co20 As-cast/bending 90 Xia and Wang (2012)

La62Al14Cu11.7Ag2.3Ni5Co5 As-cast/bending 147 Xia and Wang (2012)

La55Al25Ni10Cu5Co5 Annealed/charpy impact 120 Nagendra et al. (2000)

Co43Fe20Ta5.5B31.5 As-cast/compression 15–50 Zhang et al. (2006)

Dy40Y16Al24Co20 As-cast/bending 65 Wang et al. (2007)

Pd40Ni40Si4P16 As-cast/compression 50–200 Chen et al. (2009)

atures close to Tg , the crack tip is expected to act as
a meniscus. When an infinitesimal perturbation of this
meniscus reaches a critical wavelength (see Sect. 4.1),
it grows and advances the crack front into the material.
The plastic boundary within which the meniscus can
grow is defined by the crack tip opening displacement
(CTOD). When the meniscus finally extends till this
boundary, a new blunt crack tip is produced along with
a fluid zone ahead of it. The repetition of this process
eventually results in the formation of NCs with a length
scale corresponding to that of the CTOD.

Figure 13 highlights how an equiaxed dimpled struc-
ture formed near the crack tip evolves into a more con-
tinuous pattern (Xia and Wang 2012). A clear reduction
in the waviness of the corrugations along their lengths
with increasing distance from the crack tip can also be
noted. To justify this reduction in the waviness, Xia
and Wang (2012) suggested that FMI as well as stress-
driven cavitation are competing crack growth mecha-
nisms. However, it must be realized that the FMI model
proposed by Argon and Salama (1976) predicts the for-

mation of ridges/fingers that emanate perpendicular to
the crack front (see Sect. 4.1; Fig. 1). Thus, the appli-
cation of FMI mechanism to explain NCs that run par-
allel to the crack front might be inappropriate. Also,
operation of FMI requires a positive hydrostatic stress
gradient dσh/dx , whereas all studies that advocate this
mechanism for brittle BMGs (Pan et al. 2007; Wang
et al. 2007, 2008; Xia and Wang 2012) employ the
stress field ahead of a sharp crack wherein this gradi-
ent is negative. Ignoring this fact, these studies use the
absolute value of dσh/dx.

Dynamic cavitation ahead of the growing crack is
another widely suggested mechanism for NC formation
(Xi et al. 2005, 2006; Jiang et al. 2008, 2011). As will
be discussed in Sect. 6, Singh et al. (2013, 2014a) have
studied the mechanics of cavitation in brittle BMGs by
taking into account fluctuation in strength. They have
shown that for such a heterogeneous plastic solid, snap
cavitation (i.e., sudden appearance of a void of finite
size) is possible (see Sect. 6). A schematic of the proba-
ble cavitation mechanism is shown in Fig. 14. As can be
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Fig. 12 Schematic of the crack propagation process assisted by
the FMI mechanism. a Crack tip acting as the meniscus expe-
riencing perturbations. b Growth of the perturbation under the
hydrostatic stress gradient. c In-plane coalescence of voids lead-
ing to formation of NCs (reprinted from Wang et al. 2008 with
permission from Elsevier)

seen from this illustration, repeated cavity nucleation in
the softened region ahead of the crack tip followed by
coalescence with it leads to the generation of a uniform
NC pattern (Narayan et al. 2014).

Experimental observations of Wang et al. (2007)
who showed peak-to-peak matching of the NCs across

the two fracture surfaces and atomistic simulation
results of Murali et al. (2011) support such a sequen-
tial cavitation–coalescence process. However, there are
some issues that need to be resolved through further
studies. First, the time scales of operation of STZs and
atomic diffusion are much larger than that associated
with formation of NCs. Thus, the fundamental plastic-
ity mechanism behind dynamic cavitation needs to be
addressed. Further, one expects the stochastic nature of
atomic structure in BMGs to be reflected in the wave-
length s of the NCs, whereas they are found to be highly
periodic (Narayan et al. 2014). Singh et al. (2013) argue
that the dominant wavelength in the strength fluctua-
tions noted by Murali et al. (2011) may dictate the value
of s. However, intriguingly, periodicity is not observed
along the corrugations (Narayan et al. 2014).

6 Continuum analysis of cavitation in brittle
metallic glasses

It is evident from Sect. 5 that a possible fracture mech-
anism in brittle BMGs is cavitation ahead of a crack
tip. Also, as mentioned earlier, the results of Murali
et al. (2011) have shown that the origin of cavitation in
a brittle FeP glass is the presence of nanoscale fluctua-
tions in atomic density giving rise to regions of reduced
strength. Such nanoscale strength fluctuations in BMGs
have been reported from nanoindentation experiments
(Packard et al. 2010). This has provided motivation
for examining the cavitation behavior of heterogeneous
plastic solids with distributed weak zones (Singh et al.
2013, 2014a).

Several continuum studies of cavitation have been
conducted in the context of homogeneous nonlinear
elastic solids (Horgan and Abeyaratne 1986; Horgan
and Pence 1989) and elastic–plastic solids (Huang et al.
1991; Hou and Abeyaratne 1992) using mean field the-
ory. Horgan and Abeyaratne (1986) first demonstrated
that the phenomenon of internal rupture is equivalent
to the sudden rapid expansion of an infinitesimal void
in a finite size body. Huang et al. (1991) and Hou and
Abeyaratne (1992) noted that cavitation can be charac-
terized in terms of attainment of a critical value of the
hydrostatic stress if the remotely applied stress state is
below yield. On the other hand, if the applied stress state
is yielded prior to cavitation, then this critical stress
may be significantly lower.
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Fig. 13 a–c Evolution of the nanoscale features along the crack
path (marked by arrows). Sequential SEM and AFM images
show the transitioning of dimples into more continuous and par-

allel periodic stripes. Note that undulations along NCs vanish
away from the crack tip in C2 (reprinted from Xia and Wang
2012 with permission from John Wiley and Sons)

6.1 Cavitation in heterogeneous elastic–plastic solids
under equibiaxial stretching

Singh et al. (2013) modeled brittle BMGs as heteroge-
neous elastic–plastic solids containing a doubly peri-
odic distribution of weak zones with yield strength, σow

lower than the strength σo of the background material.
Finite element simulations of such solids were con-
ducted by subjecting a square unit cell containing a
circular weak zone at its center to equibiaxial stretch-
ing under plane strain conditions. A tiny void (with a
very small volume fraction fo) was placed at the center
of the weak zone. The sudden rapid expansion of this
void signifies cavitation (Hou and Abeyaratne 1992)
and the corresponding macroscopic hydrostatic stress
in the heterogeneous aggregate1 Σha is called as the

1 Here, Σ and σ represent macroscopic stress in the aggregate
and microscopic stress, respectively.

cavitation stress Σc. Both the weak zone and back-
ground material were assumed to follow J2 flow theory
of plasticity with very low strain hardening. The val-
ues of σow/σo and volume fraction fow of the weak
zone were systematically varied to study their effect on
cavitation behavior.

It was observed that in the presence of weak zones,
a void nucleates in them at a hydrostatic level which
can be considerably lower than that in a homoge-
neous plastic solid with no weak zones. Also, cavi-
tation may occur before hydrostatic stress in the het-
erogeneous aggregate attains a peak at a value which
is always close to that pertaining to the weak zone.
Thus, the cavitation stress Σc is governed by the local
properties of the weak zone, but does not depend
on its volume fraction. This is clearly illustrated in
Fig. 15 which shows a 3D plot of normalized cav-
itation stress Σc/σo as a function of yield strength
ratio σow/σo and fow. Also the simulations revealed
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Fig. 14 Schematic of the
cavitation mechanism: a–c
remote loading on a sharp
crack causing nanovoid
nucleation by cavitation
followed by growth and
crack tip blunting; d–e
rupture of ligament between
the nanovoid and crack tip
forming a nanocorrugation;
f blunting of resharpened
crack tip; g repeated
operation of above
processes leading to
generation of NC patterns
(reprinted from Narayan
et al. 2014 with permission
from Elsevier)

that even in the presence of a pre-existing void, a cav-
ity nucleated in the weak zone will grow much faster
than the former. These findings corroborate with the
observations of Murali et al. (2011) pertaining to FeP
glass.

Further, Singh et al. (2013) obtained analytical solu-
tions for sudden expansion of an infinitesimal cylin-
drical void at the center of a composite cylinder with
weak inner core and subjected to uniform radial trac-
tion under plane strain conditions. They reported differ-
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Fig. 15 Surface plot of normalized cavitation stress Σc/σo ver-
sus volume fraction fow and normalized yield strength σow/σo of
the weak zone (reprinted from Singh et al. 2013 with permission
from Elsevier)

ent types of cavitation bifurcation patterns depending
on the values of fow and σow/σo of the core mater-
ial. Figure 16a displays the variation of current vol-
ume fraction f of the infinitesimal void with respect
to normalized macroscopic hydrostatic stress Σha/σo

in the composite cylinder for σow/σo = 0.2 and fow

= 0.3. Here, point ‘c’ refers to the onset of cavitation
and Σha associated with it is the cavitation stress Σc

in the heterogeneous solid. Also, ‘p’ and ‘q’ are turn-
ing points where the nature of void growth may change
from stable to unstable or vice versa. It can be seen
from Fig. 16a that a finite sized void with volume frac-
tion fc′ would abruptly form when Σha increases to
Σc′ such that Σq < Σc′ < Σc, where Σc′ and Σq

are macroscopic hydrostatic stresses associated with
the points ‘c′’ and ‘q’, respectively. It would expand
stably till Σha reaches Σp beyond which its growth
becomes unstable. This situation is referred to as snap
cavitation followed by smooth expansion of the void.
Snap cavitation has also been predicted in composite
nonlinear elastic spheres (see, for example, Horgan and
Pence 1989). By contrast, Fig. 16b shows that for a large
value of fow = 0.9, no snap cavitation occurs and the
infinitesimal void expands unstably immediately after
it nucleates.

6.2 Effect of stress state on cavitation response of
heterogeneous plastic solids

Singh et al. (2014a) examined the effect of stress state
on cavitation behavior of heterogeneous elastic–plastic

solids. The finite element model and material proper-
ties used in this work are similar to Singh et al. (2013)
except that the unit cell is subjected to biaxial stretch-
ing corresponding to different stress ratiosρ = Σ1/Σ2,
where Σ1 and Σ2 are macroscopic stresses along X1

and X2 directions, respectively. For example, the ρ

value prevailing ahead of a crack tip in a low hardening
elastic–plastic solid is around 0.65. In order to char-
acterize the stress state prevailing in the weak zone,
a dimensionless parameter, ωw = σ̄ew/Σhw, where
σ̄ew and Σhw are the volume average of the von Mises
equivalent stress and macroscopic hydrostatic stress in
the weak zone, respectively, was introduced.2 Singh
et al. (2014a) observed substantial plastic yielding in
the form of a shear band in the weak zone before
onset of cavitation for low values of ρ, whereas it
was insignificant corresponding to high ρ. Also, Σhw

attains its peak value at onset of cavitation and drops
rapidly thereafter.

Figure 17a plots variations of Σc/σo with ρ for dif-
ferent σow/σo but with a fixed fow = 0.1. This fig-
ure shows that unlike in a homogeneous plastic solid
(Huang et al. 1991; Hou and Abeyaratne 1992), only a
marginal drop in Σc with reduction in ρ from 1 occurs
for heterogeneous plastic solids when σow/σo is low,
whereas it becomes more pronounced with increase
in σow/σo. The above behavior can be rationalized by
examining the variation of the critical value of stress
state parameter ωwc (value of ωw at cavitation) with ρ

for different values of σow/σo shown in Fig. 17b. It can
be observed that ωwc increases marginally as ρ drops
from 1 for low value of σow/σo, whereas it enhances
strongly for the same change in ρ for higher σow/σo.
Thus, in a heterogeneous plastic solid with low σow/σo,
the cavitation stress does not reduce much whenρ drops
from 1 owing to marginal enhancement in ωwc with
reduction in ρ.

Singh et al. (2014a) also reported negligible effect
of volume fraction of weak zone on the relationship
between Σc and ρ as well as ωwc and ρ. Figure 17c
shows the variation of normalized cavitation stress
Σc/σo for heterogeneous material (solid line curves)
and cavitation stress Σcw/σo in a homogeneous mate-
rial having the same properties as the weak zones
(dashed line curves) with ωwc for different values of
σow/σo. This figure pertains to fow = 0.1. It can be

2 Note σ̄ew is not equal to the Mises equivalent stress obtained
from the macroscopic stress components.
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Fig. 16 a Variations of current volume fraction f of pre-
existing infinitesimal void with normalized macroscopic hydro-
static stress Σha/σo for an incompressible elastic–plastic com-

posite cylinder pertaining to σow/σo = 0.2 for a fow = 0.3 and
b fow = 0.9 (reprinted from Singh et al. 2013 with permission
from Elsevier)
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Fig. 17 Variations of a normalized cavitation stress Σc/σo with
biaxiality ratio ρ and b critical value of stress state parameter
ωwc with ρ for fow = 0.1. c Variations of normalized cavitation
stress Σc/σo in heterogeneous material (solid lines) and Σcw/σo

in a homogeneous plastic solid (dashed lines) having the same
properties as the weak zone (reprinted from Singh et al. 2014a
with permission from Elsevier)

seen that Σc/σo drops with increase in ωwc for all val-
ues of σow/σo. Also, since ωwc varies over a narrow
range only a marginal drop in Σc/σo is noticed for
small values of σow/σo. Further, Σc/σo and Σcw/σo

are close to each other which establishes that cavita-
tion stress in a heterogeneous plastic solid is governed
by yield properties and stress state prevailing in the
weak zone as characterized by ωw. Further, Singh et al.
(2014a) showed that snap cavitation followed by stable
growth of the void may take place for sufficiently high
ρ, which transitions to smooth bifurcation at interme-
diate ρ and finally to unstable bifurcation to the left for
sufficiently low ρ.

The above continuum studies have established that
presence of weak zones in brittle BMGs will lower the
cavitation stress, thereby making cavitation a plausible
fracture mechanism in these materials as reported in
atomistic simulations and experiments.

7 Size effects on tensile deformation and notch
sensitivity in MGs

BMGs are considered quasi-brittle due to their negligi-
ble tensile ductility (Guo et al. 2007). Consequently,
methods of improving ductility by engineering the
BMG architecture (composites, nanoglasses, etc.) are
being widely researched (see Sect. 8). An alternate
avenue is to reduce the sample or feature size to
nanoscale dimensions (Magagnosc et al. 2013). In-situ
tension experiments conducted in electron microscopes
on nanometer size MG samples (Guo et al. 2007; Jang
and Greer 2010; Tian et al. 2012; Chen et al. 2013a;
Magagnosc et al. 2013) have shown that transition
in deformation behavior of MGs from quasi-brittle to
ductile occurs when sample size is reduced below a
critical value, which is of the order of 100 nm. Guo
et al. (2007) reported around 23–45 % tensile ductility
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including extensive necking or stable SB propagation in
Zr-based MG. Necking was also observed in the exper-
iments of Jang and Greer (2010) and Magagnosc et al.
(2013) in focussed ion beam (FIB) milled MG spec-
imens. While Jang and Greer (2010) noted that final
failure happened by shear banding, Magagnosc et al.
(2013) reported that the specimens failed by necking to
a point. An important observation made by Guo et al.
(2007) is that surface undulations in the form of shal-
low notches are present in 100 nm size samples and
necking happens at these locations.

Further, these specimens show much higher strength
compared to bulk samples and they display work hard-
ening (Jang and Greer 2010; Tian et al. 2012; Chen et al.
2013a). The mechanistic reasons for the above behav-
ior are not well understood although it is postulated
that (a) the critical size required for an embryonic SB
to grow unstably is not attained in nanometer size sam-
ples and (b) the stored elastic energy is not sufficient
to drive the unstable growth of a SB as the specimen
size is reduced to nanometer scale. This is because the
elastic energy scales with the volume of the sample,
whereas the energy required to create a SB scales with
the cross-sectional area (like surface energy in the case
of Griffith hypothesis).

An alternate viewpoint based on continuum analy-
sis was put forward by Thamburaja (2011). He con-
ducted finite element simulations using a non-local
BMG constitutive model that accounts for free vol-
ume creation by plastic shearing as well as hydrosta-
tic stress, diffusion and annihilation due to structural
relaxation. Moreover, it has an in-built material length
scale lc associated with the interaction stress between
flow defects such as STZs which controls the SB width
(Thamburaja 2011). He showed that this interaction
stress makes the deformation homogeneous when the
specimen size is reduced, whereas the larger specimens
fail by unstable growth of a shear band.

Molecular dynamics simulations on nanoscale MG
samples with pre-existing notches show that local
yielding at notch root relaxes the stress concentration
and makes normalized tensile strength insensitive to the
presence of the notch, while shear band nucleation sites
are sensitive (Sha et al. 2013). In order to understand the
notch sensitivity issue further, Singh and Narasimhan
(2014) have recently conducted plane strain finite ele-
ment simulations of tensile loading of rectangular spec-
imens (48 × 96 nm) containing a circular edge notch
with radius R = 12 nm and depth D = 24 nm using
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Fig. 18 Macroscopic stress Σ2 normalized by initial cohesion co
versus strain E2 obtained from plane strain tension simulations of
nanometer size notched MG samples by Singh and Narasimhan
(2014). Results pertaining to two values of the internal mater-
ial length scale lc in the BMG constitutive model used in the
simulations are shown

the BMG constitutive model of Thamburaja (2011).
Two values of lc = 3.25 and 12 nm were considered
to investigate its effect on deformation behavior of
MGs. Figure 18 shows the variation of the macroscopic
stress Σ2 (where X1 is along the notch line and X2 is
parallel to the loading direction) normalized by ini-
tial cohesion co, with respect to global strain, E2 for
lc = 3.25 and 12 nm. Rapid drop in stress suggesting
shear localization after attainment of the peak can be
seen at around E2 = 0.016 for lc = 3.25 nm. This
is indeed confirmed from Fig. 19a which shows that
the specimen will fail by unstable growth of a domi-
nant SB (see shear offset m-m). In contrast, for higher
lc = 12 nm, Fig. 18 indicates that the stress decreases
gradually after reaching a peak value. On examining
the plastic strain contours displayed in Fig. 19b for this
case, it can be noted that strain has accumulated almost
entirely over the uncracked ligament (although there
are two weak shear bands) and the specimen shows
necking. Thus, these continuum simulation results cor-
roborate with the experiments of Guo et al. (2007) and
Jang and Greer (2010) and in particular with the conclu-
sion made in the former that the presence of the notch
may promote necking. Singh and Narasimhan (2014)
have also made several other key observations about
hardening and the role of interaction stress between
flow defects in promoting this brittle–ductile transition
in notched nanoscale MG samples.
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Fig. 19 Contour plots of log λ
p
1 from plane strain tension sim-

ulations of nanometer size notched MG samples by Singh and
Narasimhan (2014) corresponding to a lc = 3.25 nm at 2 % strain
and b lc = 12 nm at 4.5 % strain

8 Toughness enhancement strategies

8.1 Compositional changes

The composition of BMGs can have a marked effect
on the fracture resistance and mechanism of BMGs.
Kim et al. (2009) noted that the addition of Ni and
Fe to Zr-based BMGs can reduce the fracture tough-
ness considerably. Lewandowski et al. (2008) system-
atically varied the chemical composition of Fe based
BMGs so that ν is modified. They found that the frac-
ture toughness increases from 5.7 to 46.7 MPa m1/2

with increase in Poissions ratio from 0.314 to 0.33.
There was also an increase in strain energy corre-
sponding to shear failure in uniaxial compression tests
of cylindrical specimens. The fracture surface of the
alloy with high Poisson’s ratio showed vein patterns
characteristic of viscous flow. Jia et al. (2009) con-
ducted experiments to measure the notched fracture
toughness of Cu-based BMGs corresponding to differ-
ent compositions. They found that the fracture tough-
ness decreases with increasing Glass Forming Ability
(GFA).

8.2 BMG composites

By introducing a second phase in a glassy matrix, prop-
agating SBs and cracks can be arrested resulting in
higher ductility and fracture toughness. Such materials
are classified as BMG matrix composites (BMGCs) and

fall under different sub-classes depending on the type of
the second phase and the processing technique (Wang
2005; Trexler and Thadhani 2010). Following methods
where reinforcements in the form of particulates were
externally added (Choi-Yim and Johnson 1997; Choi-
Yim et al. 1999; Eckert et al. 1999), Hays et al. (2000),
and Szuecs et al. (2001) developed a process of precip-
itating an in situ ductile β phase (body centered cubic
phase) within the BMG matrix. The alloy, called as
LM2, developed by this process exhibited about 2.5
times the fracture toughness of the compositionally
similar monolithic glass, Vit-1 which is attributed to
the role of second phases in blocking/deflecting shear
bands during fracture. Also, these second phases act as
shear band initiation sites resulting in a large process
zone.

Further developments in processing techniques by
Hofmann et al. (2008a, b) resulted in BMGCs that
possess a value of fracture toughness of around 157
MPa m1/2 (Launey et al. 2009), which rivals the tough-
ness of most crystalline materials. Zachrisson et al.
(2011) observed that, higher toughness can be obtained
when the microstructural length scales such as the inter-
dendrite spacing and dendrite size are optimized with
respect to the plastic zone size. In this context, intro-
ducing particulate inter-connectivity and using higher
volume fractions are also expected to be beneficial
(Fu et al. 2007). It must be noted that a ductile sec-
ond phase gives better mechanical response than brit-
tle crystallites embedded in the BMG matrix. Also a
higher K I c of the BMG matrix adds to the propensity
of shear banding in the composite (Chu et al. 2014).

8.3 Nanoglasses

Nanoglass (NG) was synthesized for the first time by
Jing et al. (1989) via inert gas condensation followed
by sintering of nanometer-sized amorphous spheres at
high pressure. This gives rise to an architecture com-
prising of nanometer size glassy grains separated by
fine interfaces. In recent studies, NGs have been syn-
thesized using cold compaction and magnetron sputter-
ing (Fang et al. 2012; Chen et al. 2013b). Experimental
studies and atomistic simulations have shown that the
interfaces are characterized by excess free volume or
low density (Jing et al. 1989; Fang et al. 2012; Sopu
et al. 2009; Ritter et al. 2011) and higher concentra-
tion of flow defects (STZs). Atomistic simulations have
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Fig. 20 Contour plots of
maximum principal
logarithmic plastic strain at
macroscopic strain of 0.04
for a MG, b NG1 and c
NG2 with lc = 3.25 nm

also demonstrated that multiple SBs nucleate from soft
interfaces leading to enhanced global plasticity (Albe
et al. 2013; Sopu et al. 2011; Adibi et al. 2013, 2014).
Also, the newly nucleated SBs do not cut through the
grains at lower strain, whereas at larger strain they prop-
agate through grains forming a dominant SB. Conse-
quently, the ductility of NGs increases with decrease
in grain size which may eventually lead to superplastic
flow for average grain size below a threshold (Adibi
et al. 2013). Recent atomistic simulations of NG sam-
ples with pre-existing notches have revealed that they
fail through shear banding emanating from notch root
due to high stress concentration when notch size is
larger than the average grain size, whereas they exhibit
notch insensitivity for smaller notch size (Sha et al.
2014).

In a recent work, Singh et al. (2014b) conducted 2D
plane strain tension simulations of NGs using the non-
local BMG constitutive model of Thamburaja (2011) in
order to understand the physical origins of the length
scale associated with above noted ductility enhance-
ment. Singh et al. (2014b) assumed the NG architecture
to be comprised of hexagonal grains (Albe et al. 2013)
separated by 1 nm wide weak interfaces (Fang et al.
2012; Jing et al. 1989) with initial cohesion 20 % lower
than the grain interior. Also, the cohesion in the inter-
faces was randomly perturbed by 1 % to trigger SBs.
Two NGs with a large and small grain size, referred
to as NG1 and NG2, respectively, were modeled, in
addition to a BMG with no interfaces. The value of lc

in the BMG model (Thamburaja 2011) was varied to
ascertain the effect of grain size relative to lc on the
deformation response.

Figure 20a–c present contour plots of log(λ
p
1 )for the

BMG, NG1 and NG2 corresponding to macroscopic
strain of 0.04. It may be seen that plastic strain has
localized in shear bands in the BMG and NG1 samples
(Fig. 20a, b) leading to a strong shear offset marked
as ‘m–m’ and ‘n–n’. By contrast, NG2 continues to
deform homogenously (Fig. 20c). Singh et al. (2014b)
noted that the interaction stress between flow defects
(STZs) plays a central role in delaying strain localiza-
tion and this effect becomes stronger with reduction in
grain size. Further, they showed that by reducing the
ratio of grain size to the length scale lc associated with
the interaction stress, the tensile deformation behavior
changes from shear banding to diffuse necking. Also
they noted that moderate change in specimen size has
no effect on the mechanical response of NGs unlike
MGs (Thamburaja 2011).

9 Closing remarks

The present review has summarized the current under-
standing of mechanics and mechanisms of fracture in
BMGs and methods being pursued for improving the
fracture resistance and ductility of BMGs. Although
there has been considerable volume of research on frac-
ture of MGs, much work remains to be done. Some of
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the outstanding issues in this connection that need to
be resolved before MGs can be deployed into service
where high reliability is required are listed below.

• As demonstrated by Tandaiya et al. (2013), the
fracture process in a ductile BMG occurs within a
dominant SB. Careful numerical simulations (pos-
sibly using multi-scale formulations) are needed to
understand the failure processes that occur inside
SBs, in which the material’s response is like a liq-
uid. As highlighted by Suh et al. (2010), 3D nature
of shear banding needs to be studied through finite
element simulations to gain an understanding of SB
patterns and shear offsets within the bands.

• Contrasting trends on the variation of fracture
toughness with mode mixity have been reported
by Tandaiya et al. (2009) and Varadarajan et al.
(2010). Thus, more experiments and complemen-
tary numerical simulations are needed to gain a
clear understanding of mixed-mode fracture behav-
ior for BMGs pertaining to different structural
states and whether brittle–ductile transitions are
possible with addition of mode II component of
loading as predicted by Tandaiya et al. (2009). Like-
wise, more detailed studies on the effect of experi-
mental variables such as strain rate and temperature
on the fracture toughness are essential.

• In the context of brittle MGs, the mechanism of
dynamic crack growth that results in the ubiqui-
tous NCs, their origin and high periodicity requires
further investigations. None of the existing models
appear to satisfactorily explain the observed behav-
iors and there are gaps in understanding between
atomistic, continuum simulations and experiments
that need to be bridged. Cavitation studies need to
be refined by employing appropriate BMG con-
stitutive models that account for structural evolu-
tion (e.g., by Thamburaja 2011) and need to be
coupled with crack tip fields, although some work
in this direction has been performed by Henann
and Anand (2009) and Rycroft and Bouchbinder
(2012).

• Systematic experiments and simulations are needed
to shed further light on issues such as notch sensi-
tivity, toughness and ductility of BMGCs, NGs and
nanoscale MG samples. The fundamental mecha-
nism of plastic deformation such as STZ itself is
not well understood in the context of dynamic cav-
itation, NGs and nanoscale components. Physics

based theories backed by atomistic simulations are
needed in this regard.

• It is now well established that MGs exhibit a sharp
brittle-to-ductile transition (BDT) with temperature
(Rabinovitch et al. 2006). Further, this BDT tem-
perature is sensitive to the free volume content in
the glass. ‘What are the mechanistic reasons for
BMGs exhibiting a BDT?’ is a question that has not
been answered comprehensively and detailed frac-
ture experiments are needed to address this issue.

• Typically, the failure of components during service
is triggered by crack initiation and growth under
fatigue loading conditions. While it is now well
established that BMGs are susceptible to fatigue
just like their crystalline counterparts, precisely
what leads to crack nucleation under cyclic loading
conditions is not known. Likewise, there is a need
to identify the mechanisms responsible for fatigue
crack growth.

With improvement in their ductility and toughness
through above suggested research and given their high
strength, elastic strain and other attractive properties,
MGs may become alternatives to crystalline metals in
critical engineering applications.
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