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Introducing heterogeneities into the structure is an effective way to enhance the plasticity in metallic glasses (MGs). As natural 
heterogeneity, the original randomly distributed free volume in MGs has been found to be in favor of plasticity. However, the 
exact correlation between the free volume distribution and mechanical response is still unclear. In this paper, we investigate the 
shear banding in MGs with different structural disorders, characterized by both the free volume concentration (FVC) and the 
free volume dispersion (FVD). It is found that, either high FVC or wide FVD leads to low activation stress of shear band; wide 
FVD promotes the multiplication of shear bands but high FVC restricts it. It reveals that the yield strength in MGs is dependent 
on the amount of free volume while the plasticity mainly relies on the distribution. An optimum combination of the two aspects 
probably helps to design a MG of both good plasticity and high strength. 
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1  Introduction 

Metallic glasses (MGs) have exhibited potential as structur-
al materials due to their outstanding range of mechanical 
properties [1–4] although structural applications are cur-
rently impeded by the limited plasticity at room temperature. 
Due to the absence of long-range order or dislocation-like 
defects as in crystalline alloys, MGs fail by forming intense 
shear bands which propagate catastrophically without work 
hardening [5–13]. In recent years, several effective ways to 
improve the plasticity of MGs have been developed, such as 
the introduction of the residual stress [14], the optimum 
design of material composites [15–18] and the presence of 
heterogeneities by nano- or micro-particles and/or phases 
separation [19–21]. These methods produce heterogeneous 
structures within MGs which act as initiation sites for the 

formation of shear bands and also a barrier to the rapid 
propagation of shear bands. Therefore, instead of several 
dominant shear bands, the multiplication of shear bands is 
observed in the modified MGs of good plasticity. Indeed, 
MGs are inherently heterogeneous because of the randomly 
distributed free volume, which can be the potential sites of 
shear process. We may expect that by controlling the free 
volume, large plasticity can be achieved in MGs. Recently, 
Chen et al. [18,22] reported the enhancement of plasticity in 
monolithic MGs attributed to a large amount of randomly 
distributed free volume induced by minor alloying or a high 
cooling rate. Jiang and Dai [23] also found that the atomic 
structure with large packing dispersion within a MG leads 
to a bigger bulk–shear modulus ratio in favor of its global 
plasticity. However, a clear relation between the initial free 
volume and the mechanical response is still unknown. In 
this paper, based on the widely accepted free volume model 
[5,10,24–26], we investigate the shear banding behavior in 
MG samples with different disordered structures by numer-



 Chen Y, et al.   Sci China Phys Mech Astron   August (2011)  Vol. 54  No. 8 1489 

ical simulations. Not only the free volume concentration 
(FVC) but also the free volume dispersion (FVD) is found 
to exert a critical influence on the global plasticity and yield 
resistance. The underlying correlations revealed here would 
provide clues to designing ductile MGs. 

2  Theoretical framework 

The free volume dynamics has been found to be critical to 
the plastic flow in MGs, and the rearrangement of atoms 
accompanying the creation and annihilation of free volume 
contributes to local shearing deformation [27–30]. In 1977, 
Spaepen developed a steady-state inhomogeneous flow 
model based on a competition between stress-driven crea-
tion and diffusion annihilation of free volume for MGs [5]. 
In Spaepen’s model, both the plastic flow equation and the 
free-volume evolution are driven by shear stress. This 
framework can be extended to the generalized multiaxial 
stress state using the J2 invariant of the stress tensor [24,25, 
28], and the flow equation is expressed as: 
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as the measure of disorder, free volume is created by the 
applied stress squeezing an atom into a hole smaller than 
itself and is annihilated by a series of atomic jumps. In the 
multiaxial stress state, the free-volume evolution equation is 
given by 
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where * ~ 1,β υ Ω=  the Eshelby factor ( )3 1S E v= −  
with the Young’s modulus E and Poisson ratio v, and nd is 
the number of diffusive jumps necessary to annihilate a free 
volume equal to *υ , ranging between eqs. (3)–(10). 

The constitutive law for MGs is described by eqs. (1)–(3). 
We know that the distribution of initial free volume affects 
significantly the deformation of MGs [10,24,27]. The in-

homogeneous deformation is caused by the non-uniform 
distribution of free volume, which may result from quench-
ing processes or from thermal fluctuation. It is reasonable to 
assume that the inhomogeneous part of free volume follows 
a Gaussian distribution [24,27], and then a finite amplitude 
disturbance in the form of a two-dimensional Gaussian 
function is added to the initial homogeneous distribution of 
free volume, i.e. 
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where 0υ  is a constant; δ is the amplitude of the disturb-

ance, measuring the FVC; (x0, y0) is a random location 
within the sample; Δx and Δy are the characteristic half width, 
representing the FVD. The bigger Δx or Δy is, the more dis-
persedly or homogeneously the free volume is distributed. 
Based on the above theoretical framework, a numerical 
analysis can be carried out on the deformation of MGs for 
different initial free volume distributions. 

3  Simulation 

MGs show a topological disorder, and the inhomogeneous 
flow is found to have resulted from a dynamic competition 
between creation and annihilation of structural disorder or 
free volume [5,24,25,27–30]. To investigate quantitatively 
the correlation between the original structural disorder and 
the mechanical response of MGs, we developed MG sam-
ples with different concentrations and dispersions of the 
initial free volume distribution. A rectangular sample with 
the height a and width b is considered here. As shown in 
Table 1, all the samples have the initial homogeneous free 
volume 0 0.07;υ =  Samples a1–a5 show the same ampli-

tude of free volume disturbance δ =0.005 but different 
FVDs, i.e., Δx/a and Δy/b; Samples b1–b5 have the same 
FVD, but different magnitudes of FVC.  

The free volume model is found effective in modeling 
the processes of shear bands that contribute to the macro-
scopic plasticity behavior [24,25]. We implemented the 
above constitutive in the finite-element computer program 
ABAQUS by writing a VUMAT subroutine. Plane-strain 
compression of Zr41.2Ti13.8Ni10Cu12.5Be22.5 MG (Vitreloy 1) 
is simulated. A rectangular sample of a height-to-width ratio 
of 3:1 was modelled using 4800 ABAQUS-CPE4R plain- 
strain elements. Just because the free volume constitutive is  

Table 1  MG samples with different initial free volume distributions  

Samples (δ=0.005) a1 a2 a3 a4 a5 

Δx/a=Δy/b 1/20 3/40 1/10 1/8 1/5 

Samples (Δx/a=Δy/b =1/10) b1 b2 b3 b4 b5 

δ 0.001 0.003 0.005 0.007 0.009 
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length independent and the boundary condition is a constant 
remote strain rate, the length scale in the following contour 
plots of simulation results is of arbitrary unit. The mechani-
cal and material constants are obtained as [25,31]: the 
Young’s modulus E=96 GPa, Poisson ratio v=0.36, kB=1.38
×10−23 J/K, Ω=2.34×10−29 m3, T=300 K, nd=3, α=0.15 and 
β=1. 

4  Results and discussion 

The initial free volume distributions of Samples a1–a5 are 
illustrated in Figure 1. Since the five samples have the same 
amplitude of free volume disturbance δ, the obvious differ-
ence of structural disorder is due to the change of dispersion 
width. With the increase of Δx or Δy, the free volume is dis-
tributed more randomly. Under applied compressive load, 
the free volume within the sample evolves greatly and coa-
lesces into localized bands. Figure 2 shows the free volume

distributions of Samples a1–a5 at the compressive strain 
ε=0.1. We see that in the samples with original dispersed 
free volume, such as in Samples a3–a5, a large quantity of 
free-volume-induced bands are formed, they intersect to 
each other and assemble as a web. In those bands, the high 
free volume concentration would lead to a significant de-
crease of viscosity, facilitating shear deformation.  

Figure 3 plots the stress-strain curves of Samples a1–a5 
under compression. The five samples show the similar trend. 
The materials first deform linear-elastically until it reaches 
the yield point. At the yielding, they exhibit little plasticity. 
Instead of work hardening usually observed in crystalline 
alloys, a strain softening is observed right after the yielding. 
The yield strength-to-modulus ratio σy/E (~0.05) has a rea-
sonable order of magnitude as seen in the experimental 
work. We note that the five samples show a little difference 
on yield strengths (see the inset in Figure 3), which depends 
on the FVD width. With the increase of Δx or Δy, the yield 
strength is decreasing. It means that randomly distributed  

 

Figure 1  Initial free volume distributions of Samples a1–a5. 

 

Figure 2  Free volume distributions of Samples a1–a5 at the compressive strain ε=0.1.  
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free volume facilitates the nucleation of shear bands and 
then weakens the shear resistance of MGs. Moreover, we 
find that in the softening period, the stress of Sample a3 (see 
the blue curve) falls down more slowly than those of the 
other four samples. It may suggest that this sample can ex-
perience more plastic strain before the final failure and thus 
exhibit better plasticity.  

From Figure 2, the initial inhomogeneous distribution of 
free volume can be intensified by an applied load: in the 
locations with high FVC, the free volume grows fast and 
coalesces into narrow bands. Usually, shear deformation 
can be easily accommodated by those weak bands due to a 
low viscosity, forming localized shear bands. Figure 4 dis-
plays the shear band profiles by the contour plots of the 
effective plastic strain fields at the compressive strain ε=0.1. 
At this strain, the stress almost reaches a steady flow. We 
see that with varying coefficient Δx or

 
Δy, the number and 

distribution of shear bands change greatly. There are few 
minor shear bands formed in Sample a1 besides such a ma-
jor shear band that should lead to fracture. In Samples 
a2–a5, the dominant shear bands bifurcate and intersect 
with other bands, their propagation are then blocked and 
even completely suppressed (as in Sample a5), resulting in 
initiation and multiplication of new shear bands. It is indi-
cated that shear bands are inclined to form in the structure 
with a great amount of free volume randomly distributed. 
The locations with relatively high FVC usually act as sites 
for shear band initiation and branching. Obviously, Samples 
a2–a5 have more potential sites than Sample a1, and they 
therefore exhibit better ductility than the latter. An interest-
ing point is that the number of shear bands does not increase 
monotonously with the increase of Δx or Δy. There seems to 
be a critical Δx or Δy which leads to an optimum structure 
favorable for plasticity. Take for example Sample a3 with 
Δx/a=Δy/b=1/10. It displays more intersecting shear bands 
than Samples a4 and a5, but shows a lower softening speed 
than the latter (see Figure 3). This suggests that there should  

 

Figure 3  (Color online) Stress-strain curves of Samples a1–a5 under 
compression. 

be a characteristic spacing of shear-band nucleation sites in 
MGs, which greatly helps the intersection among shear 
bands but retards their coalescence or further propagation.  

Now if the initial VFD is fixed, i.e, Δx/a=Δy/b=1/10, what 
is the influence of the FVC amplitude on the mechanical 
response? Figure 5 shows the initial free volume distribu-
tions of Samples b1–b5. The five samples have the same 
free volume dispersion but different amplitudes of free 
volume disturbance δ. At the compressive strain ε=0.1, the 
free volume displays quite different distributions in the 
samples as shown by Figure 6. In Sample b1, the free vol-
ume is almost homogeneous while in other samples it coa-
lesces into localized bands. It is found that in the samples 
with original higher FVC, such as in Samples b4 and b5, the 
free-volume bands are more intense, indicating a stronger 
inhomogeneity of the structure. 

Figure 7 gives the stress-strain curves for Samples b1–b5. 
It is found that the yield strength is decreased with the in-
crease of δ (see the inset), implying that bigger FVC leads 
to an easier initiation of shear band. What’s more, from the 
shear band profiles illustrated by Figure 8, we can see that,  

 

Figure 4  Shear band profiles by the contour plots of the effective plastic strain fields at the compressive strain ε=0.1 for Samples a1–a5.  
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Figure 5  Initial free volume distributions of Samples b1–b5. 

under the same global strain, Sample b1 shows a uniform 
plastic deformation, indicating a good capability of plastic-
ity. With the increase of δ, the inhomogeneous deformation 
becomes significant (see Samples b2–b5), which is reflected 
by the shear banding. Major shear bands fully developed in 
Samples b4 and b5 probably cause an immediate failure 
with little further plastic deformation. It is revealed that the 
sample with smaller δ can accommodate more plastic de-
formation in a near-homogeneous manner through profuse 
and concurrent shear-band formation. From the above dis-
cussions, we note that a great amount of free volume does 
not always correspond to a good plasticity, since increasing 

the magnitudes of FVC and FVD shows distinct effects on 
multiple shear banding in MGs.  

It is found that the structural conditions for multiple 
shear banding or plasticity of MGs are low FVC and rela-
tively wide FVD. We know that the limited plasticity in 
MGs can be enhanced by introducing micrometer-or na-
nometer-sized heterogeneities such as crystallites, and phase 
separation [19–21]. These heterogeneities would initiate a 
great number of shear bands which suppress the propagation 
of each other. Free volume in fact is a kind of inherent het-
erogeneity in MGs. The randomly distributed free volume 
with a critical concentration can be the sites for shear band 
initiation and branching. A wider FVD means more poten-
tial sites. Concurrent nucleation of shear bands together 
with the high branching of the band then restricts the domi-
nant shearing process. However, as an extreme case, if the 
potential sites of shear banding are everywhere in a sample, 
small shear bands should easily nucleate and then immedi-
ately coalesce to failure. That is why a critical dispersion 
width is found in our simulation, in which shear bands are 
more inclined to intersect to each other than to coalesce. 
When the FVC within a MG varies largely from one posi-
tion to another (i.e., higher FVC and smaller FVD), the lo-
cation with higher FVC is prior to forming a dominant shear 
band which restrains other small shear processes. It would 
be adverse to the plasticity. Usually, MGs of good plasticity 
can be obtained by using a high cooling rate, because during 
the process more randomly distributed free volume or wider 
FVD is inherited from the liquid [15,16,22,32]. Through 
compositional changes, Liu et al. [17] designed super- plas-
tic bulk metallic glasses which are composed of hard re-
gions surrounded by soft regions. They also found that there 
are much more atomic-scale open volumes existing in the 
soft regions. This implies that the unique structure may ac-
tually result from a special non-uniform distribution of free 
volume. On the other hand, a large amount of free volume 
reduces the barrier to atomic movement, and a shear band 
can form easily at a low yielding point. Therefore, increas- 

 

 

Figure 6  Free volume distributions of Samples b1–b5 at the compressive strain ε=0.1.  
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Figure 7  (Color online) Stress-strain curves of Samples b1–b5 under compression.  

 

Figure 8  Shear band profiles by the contour plots of the effective plastic strain fields at the compressive strain ε=0.1 for Samples b1–b5. 

ing either the magnitude of FVC or the dispersion leads to a 
decrease of activation stress of shear band in MGs.  

5   Conclusions 

In this paper, we reveal that the plasticity in MGs is not 
merely determined by the amount of free volume but its 
distribution. The FVC and FVD, which determine the initial 
structural disorder in MGs, have a great effect on the shear 
band behavior. Both high FVC and wide FVD lead to low 
activation stress of shear band; wide FVD promotes the 
multiplication of shear bands but high FVC retards it. This 
implies that such a MG with good plasticity and high 
strength can be probably obtained by controlling small FVC 
and relatively wide FVD. Our findings shed an insight into 
the micro-scale mechanisms of macroscopic mechanical 
behavior for MGs, providing useful clues to the design of 
ductile-and-stronger MGs. 
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