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At low temperatures, monolithic bulk metallic glasses (BMGs) exhibit high strength and large elasticity

limits. On the other hand, BMGs lack overall ductility due to highly localized deformation mechanisms.

Recent experimental findings suggest that the problem of catastrophic failure by shear band propagation in

BMGs can be mitigated by tailoring microstructural features at different length scales to promote more

homogeneous plastic deformation.Herein, based on a continuumapproach,we present a quantitative analysis

of the effects of microstructure on the deformation behavior of monolithic BMGs and BMG composites. In

particular, simulations highlight the importance of short-ranged structural correlations on ductility in

monolithic BMGs and demonstrate that particle size controls the ductility of BMG composites. In broader

terms, our results provide new avenues for further improvements to the mechanical properties of BMGs.
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Monolithic bulk metallic glasses (BMGs) appear macro-
scopically homogeneous, yet contain structural and chemi-
cal heterogeneities at the atomic scale [1–5]. They are
characterized by their near theoretical strength and large
elasticity limit [6,7]. However, BMGs exhibit a limited
amount of global plasticity. Plastic flow in such featureless
structures typically becomes highly localized in shear
bands, and catastrophic failure subsequently occurs by
shear softening on one band [7,8].

In general, the overall ductility of BMG systems can be
improved by either fine-tuning the alloy composition of
monolithic BMGs or by introducing ductile particles into
the glassy matrix, thus forming a BMG composite. In the
former case, variations in the critical shear stress were
proposed to correlate with the degree of short- (SRO) and
medium-range order [4,5]. Experimental and computa-
tional analysis of model BMGs revealed that SRO is asso-
ciated with solute-centered polyhedra with varying atomic
coordination numbers and resistance to slip; these polyhe-
dra subsequently pack together to fill three-dimensional
space, giving rise to medium-range order [9–11].
Atomistic simulations of monolithic BMGs have shown
that deformation changes from homogeneous flow, with
improved ductility, to a more localized state as the fraction
of atoms exhibiting SRO increases [12,13].

In the latter case, enhanced overall ductility in several
BMG systems has been achieved by introducing ductile
crystalline dendrites with size scales 1–100 �m, resulting
in BMG composites [14–19]. Ductile dendrites can act both
as shear band initiation sites and as arrest barriers to shear
band extension [14,15]. Shear band branching leads to a
more uniformdistribution of plastic strain, and the result is a
BMG composite whose properties can be optimized with

respect to morphology and volume fraction of the ductile
phase [14]. For example, it was shown in Ref. [19] that the
ultimate strain �tot � wSB=�, where wSB and � denote
shear band thickness and spacing, respectively, while �
was found to correlate with the dendritic secondary arm
spacing. These observations thus suggest that overall duc-
tility can be improved by decreasing shear band spacing by
appropriately tailoring the microstructure.
Given that both of the aforementioned routes to improv-

ing ductility of BMGs are associated with tailoring micro-
structural features, albeit at different length scales, it would
be highly advantageous to have a computationally trac-
table, multiscale description of deformation phenomena in
BMG systems. Existing theoretical approaches focus on
either atomistic properties of BMG composites [20–22],
which are computationally difficult to scale up to the meso-
and macroscales, or mesoscale properties of monolithic
BMGs; the latter approach usually incorporates coarse-
grained shear transformation zones as the main carriers
of plasticity [23–30]. In this Letter, we present a diffuse-
interface model, which phenomenologically incorporates
the spatial heterogeneity of metallic glasses at the atomic
scale and captures the formation and propagation of shear
bands and their interaction with ductile particles at larger
length scales. By using this approach, we demonstrate that
the connectivity of rigid SRO regions plays a key role
in the deformation behavior of monolithic BMGs, while
in the BMG composite case, we quantify the effects of
ductile particle size and area fraction on ductility.
The theory may be developed as follows. As in conven-

tional shear transformation zone approaches, we assume
that every volume element in the BMG is susceptible to a
localized slip event in a direction dictated by the (unit)
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vector n̂ðrÞ; the spatial variation in n̂ reflects the structural
heterogeneity in the glass. In the subsequent analysis, we
focus on 2D systems; extension to 3D is straightforward.
Next, we write down a local nonlinear deformation energy
density, which is multivalued in the shear strain along n̂ ¼
½cos�ðrÞ; sin�ðrÞ� (and thus allows for slip events [31]), in
terms of the displacement field uðr; tÞ:

E ðrÞ ¼ KðrÞ
2

e21 þ
�ðrÞ
2

�
e22 þ

�2ðrÞ
2�2
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Here, uij � @ui=@xj, �ij � ð@ui=@xj þ @uj=@xiÞ=2, e1 �
uxx þ uyy, e2 � ðuxx � uyyÞ cos2�þ ðuxy þ uyxÞ sin2�,
and e3 � ðuxy þ uyxÞ cos2�� ðuxx � uyyÞ sin2�, while

KðrÞ and �ðrÞ denote the bulk and shear moduli, respec-
tively, which generally vary within the microstructure and
are deformation history-dependent [32,33]. We note that
the expression in Eq. (1) reduces to the standard quadratic
elastic energy density [34] in the small strain limit.

Under simple shear, active shear transformation zones
are oriented such that � ¼ 0 or �=2, which implies that the
total deformation energy can be written as

F ¼
Z

dr

�
KðrÞ
2

ðuxx þ uyyÞ2 þ�ðrÞ
2

�
ðuxx � uyyÞ2

þ �2ðrÞ
2�2

�
1� cos

�
2�

�ðrÞ ðuxy þ uyxÞ
����

þW2

2

Z
dr½ðruxxÞ2 þ ðruyyÞ2 þ 4ðr�xyÞ2�: (2)

Here, �ðrÞ can be interpreted in two equivalent ways: It
sets the local shear strain that each element has to expe-
rience in order to undergo a phase transition between
unslipped and slipped states, and it also controls the
energy barrier associated with such a slip event. In the
crystalline phase �ðrÞ is constant [31], while in the glassy
phase structural heterogeneity can be incorporated
by assuming that �ðrÞ is a quenched, Gaussian random
variable with average h�ðrÞi ¼ �0 and a two-point
correlation function h½�ðrÞ � �0�½�ðr0Þ � �0�i ¼
�2 expð�jr� r0j=�Þ, where �2 and � denote the variance
of the distribution and a structural correlation length,
respectively. In monolithic BMGs, �ðrÞ is used as a
descriptor that distinguishes between domains of rigid
and soft SRO. Details of how �ðrÞ is used to characterize
regions of rigid or soft SRO are discussed below. We note
that in the limit � ¼ const, our model reduces to the
treatment of plasticity in monolithic BMGs at a mean-
field level by Johnson and Samwer [35] with a local strain
at the onset of shear banding of h�iBMG=4. As is custom-
ary in diffuse-interface approaches, the last term in
Eq. (2) contains higher order gradients in the displace-
ment field and is invoked to regularize strain gradients
on scales & W=

ffiffiffiffi
�

p
, where W represents an effective

interfacial energy. Finally, within the Ginzburg-Landau

formalism adopted here, the dynamics of the dimension-
less displacement field follow from [31]
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where �� ¼ t2rKr

�0l
2
r
and 	� ¼ 	tr

�0l
2
r
are dimensionless parame-

ters controlling the elastic wave speed and the damping
characteristics of the system, respectively. Here, 	 and �0

denote shear viscosity and mass density, respectively,
while tr, lr, and Kr are the reference units for time,
length, and stress, respectively. In this work, length scales
were measured in terms of the structural correlation
length �� 1 nm, while stress components were measured
in units of the bulk modulus of the ductile phase. BMG
systems were simulated under simple shear with a net
macroscopic strain of 18%. The dynamical equations for
the displacement field were integrated on a 512� 512
uniform lattice with �x ¼ �y ¼ 1 and a time step �t ¼
0:003. 	� ¼ 80 and �� ¼ 240 and were chosen such that
stresses relax effectively instantaneously relative to the
externally imposed (dimensionless) strain rate 2� 10�4

up until the propagation of incipient shear bands.
Let us first examine the effects of rigid or soft SRO

distributions on the mechanical behavior of monolithic
BMGs, modeled as two-phase microstructures with an
area fraction � corresponding to the rigid SRO popula-
tions. Regions with full icosahedra are rigid and have
higher shear transition barriers [9]; thus, they are assigned
larger �0 values than soft SRO domains. In order to assess
the role of structural heterogeneities in the deformation
behavior of BMGs, �0 values for rigid or soft SRO do-
mains were varied such that the average �ðrÞ for the whole
BMG system is fixed at h�ðrÞiBMG ¼ 0:6; in mean-field
theory, the total strain at failure is 0.15. The spatial varia-
tions in � were implemented as follows. First, two repre-
sentative distributions of rigid and soft SRO, �rðrÞ and
�sðrÞ, respectively, were generated with �2 ¼ 0:0125 but
differing in�0 as discussed above. Next, a fraction� of the
lattice sites were independently labeled as rigid SROs.
Once a given lattice site was labeled rigid (soft), its� value
was set equal to the local �r (�s) value. KðrÞ ¼ �ðrÞ ¼ 2
[36], while � ¼ 2 and W ¼ 1. Results were averaged over
5 runs to account for sample-to-sample variations.
Several monolithic BMGs were examined, denoted

BMG1, BMG2, and BMG3, with � ¼ 0:9, 0.6, and 0.4,
respectively. For these cases, �0 ¼ 0:65, 0.82, and 1.1
(�0 ¼ 0:21, 0.27, and 0.27) in the rigid (soft) regions. In
BMG1 and BMG2, rigid SRO regions percolate, while in
BMG3, rigid SRO sites form spatially disconnected re-
gions. A representative microstructure and shear strain
contours at 8% and 9% nominal strain for BMG1 are
shown in Figs. 1(a)–1(c). The nonuniform strain distribu-
tion seen in Fig. 2(b) arises from the structural heteroge-
neity associated with the rigid or soft SRO regions. Above
8.5% nominal strain, the deformation in BMG1 becomes
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highly localized in a single shear band. Shear stress-strain
curves for the three monolithic BMGs are depicted in
Fig. 2(a). Ductility is enhanced, while strength is reduced,
as � decreases. This trend is in agreement with atomistic
simulations of BMGs [9,12]. Note the dramatic deviations
of the global strain at the onset of shear banding from the
mean-field theory prediction h�iBMG=4 ¼ 0:15.

Next we examine the role of ductile domains on the
mechanical properties of BMG composites. To this end,
composite microstructures were generated by randomly
placing circular ductile particles in the glassy matrix. Two
BMG composites, each with 40% area fraction of crystal-
line phase but differing in the particle size R (R ¼ 36:5 and
R ¼ 10:5, respectively), were examined. Figure 1(d)

shows a representative BMG composite with particle size
R ¼ 36:5. The glassy phase was assumed to be rich in rigid
SROwith h�ðrÞi ¼ �0 ¼ 0:6,� ¼ 1, and�2 ¼ 0:08, while
for the ductile phase, �ðrÞ ¼ 0:2. KðrÞ ¼ �ðrÞ ¼ 2 in the
glassy phase and were assumed to be twice as large as the
moduli for the ductile phase. To account for sample-to-
sample variations, results were averaged over 10 runs.
Figures 1(e) and 1(f) show shear strain contours for the

BMG composite with R ¼ 35:6 at 8% and 11% nominal
strains, respectively. The heterogeneous nature of BMG
composite microstructure leads to a nonuniform state of
deformation, as can be seen in Fig. 1(e). Plastic strain
accumulates in the ductile domains due to their low energy
barrier to slip. Shear bands develop in the BMG composite
at a later stage (11% nominal strain) than the monolithic
counterpart (8.5% nominal strain), implying that the
addition of ductile particles mitigates shear banding.
Figure 2(b) shows stress-strain curves for the BMG com-
posites, which exhibit strain-induced hardening and large
plastic strain values. At 40% area fraction of the ductile
phase, the BMG composite with smaller particle size
(R ¼ 10:5) exhibits more ductility and higher strength
values than the one with R ¼ 36:5. This is due to the
presence of glass-crystalline interfaces along with the elas-
tic mismatch, which enable plastic deformation to be glob-
ally distributed, thereby mitigating shear band nucleation.
Last, we examine the ultimate strength �UTS and total

strain to failure�f (peak point in the stress-strain curve) as a

function of morphology and area fraction � of the ductile
particles. As depicted in Fig. 3(a), �UTS of a composite
decreases monotonically as the content of the crystalline
phase increases. At a fixed �, composites with smaller
particles exhibit higher strength values. The trend observed
in Fig. 3(a) was experimentally observed in BMG compo-
sites, where the compressive or tensile yield strengths are
monotonically decreasing functions of the area fraction
[14]. Furthermore, Fig. 3(a) also shows the nonlinear be-
havior of �f as a function of �. Small area fractions are

FIG. 1 (color online). (a) Representative microstructure of
BMG1, 90% area fraction of rigid SRO. Dark domains represent
rigid SRO. Shear strain contours for BMG1 at (b) 8% and (c) 9%
nominal strain. A single shear band has formed and propagated
through the sample. (d) Representative microstructure of a BMG
composite with 40% area fraction of ductile phase and particle
size R ¼ 36:5. Dark (light) domains represent the glassy (duc-
tile) phases. Shear strain contours for the BMG composite at
(e) 8% and (f) 11% nominal strain. Plastic strain accumulates in
ductile particles prior to shear banding.
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FIG. 2 (color online). Shear stress �xy vs shear strain �xy

curves for (a) monolithic BMGs (BMG1, BMG2, and BMG3)
with area fractions of rigid SRO � ¼ 90%, 60%, and 40%,
respectively. (b) BMG composites with particle sizes R ¼ 36:5
and 10.5 (40% area fraction of ductile phase).
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FIG. 3 (color online). (a) Ultimate strength �UTS (filled sym-
bols) and total strain to failure �f (open symbols) for BMG

composites with particle sizes R ¼ 36:5 (dashed lines) and 10.5
(solid lines). Green symbols correspond to monolithic BMGs.
Notice the nonlinear dependence of �f on �. (b) Particle size

dependence of �f at � ¼ 35%.
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ineffective in improving ductility, while larger area frac-
tions lead to an increase in�f over the monolithic BMG. At

a fixed �, a large number of small crystalline domains is
more effective in obstructing the extension of shear bands
than a small number of large domains. At � values above
�40%, ductility increases rapidly for both BMG compo-
sites. The nonlinear dependence of�f on� can be related to

a percolation transition in theBMGcomposite [14]. Finally,
at a fixed �, the data in Fig. 3(b) suggest that �fðRÞ �
�0
f þ const=R, implying that ductility of BMG composites

can be improved by introducing fine-scale microstructural
features. These trends in the data can be explained by
assuming that the shear band spacing �� R and further
assuming that the plastic strain�f � wSB=�, in accordance

with Ref. [19]. Our findings suggest that, in addition to
the volume fraction of the ductile phase, the mechanical
properties of BMGsystems can be optimizedwith respect to
the characteristic particulate length scales and morphology.

In summary, we have introduced a mesoscale model for
BMG systems, which accounts for the structural heteroge-
neity of glass and captures the fundamental aspects of
plastic deformation in such systems. The effect of internal
structure, characterized by rigid or soft SRO, on the de-
formation behavior of monolithic BMGs was investigated,
while for BMG composites, we examined the roles of
ductile particle size and area fraction in enhancing overall
ductility. In the former case, we demonstrated that the
connectivity of the rigid SRO regions plays a key role in
the deformation behavior of monolithic BMGs, while in
the latter case, it was shown that (a) the ductility of the
composite is a nonlinear function of � and (b) ductility is
inversely proportional to the ductile particle size.
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