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Monolithic metallic glass is a quasi-brittle material with little plasticity on a continuum 
scale, but tremendous local plasticity in nano- and micron scales. One way 
to enhance the macroscopic plasticity and toughness is to make composites 
with inclusions that can alter the local shear behavior. By far, however, the 
attempt still faces tremendous challenges. Here, we propose a new concept by 
introducing microstructures into the structureless glasses by spatially patterning 
the heterogeneities. One case study shown here is to form the stochastically 
distributed glass domains or “grains” and their boundaries that have different kinds 
of heterogeneities. We demonstrate that the granular metallic glass (GMG) can be 
toughened and even “hardened” by tuning the grain-boundary width, amount of 
free volumes, and grain size. The hardening mechanisms in the emerging GMG are 
intricately related to how shear banding is blocked or promoted by the spatially 
patterned heterogeneity if proper length scales of the heterogeneities are organized 
and function synchronously.

Impact statement 
Different from crystalline materials, glassy materials 
do not have ordered atomic structures. As a 
result, they all appear brittle macroscopically, which 
includes metallic glasses despite the well-known 
metallic bond-ing that supposedly gives rise to 
ductility. As a twist, different from other types of 
glasses such as oxide glasses, metallic glasses 
possess tremendous ductility in nanometer and 
micrometer scales. Therefore, how to manage the 
microscopic ductility and extend it to macroscopic 
scale becomes one of the most challeng-ing 
engineering as well as scientific problems facing 
materials scientists and engineers.

In this article, we present a “thought-experiment” 
to predict the possibility and viability of enhancing the 
plasticity of metallic glasses, and its strength as well. 
The main idea is to create a new design of the glassy 
materials, the granular glass, via spatially patterning 
heterogeneities. To prove this idea, we used finite ele-
ment modeling. The extensive work and analysis show 
that this new approach is not only possible but effec-
tive in “engineering” ductility in the materials that are 
known as “brittle.” We expect this work to stimulate 
experiments that can turn this idea into reality.

Introduction
Metallic glasses (MGs) inherit many superb 
mechanical properties known for crystalline 
metals, such as high strength and large ductil-
ity. However, the ductility is largely limited 
in nano and micron scales via the so-called 
shear localization.1–4 Shear banding renders 
the MGs brittle macroscopically because the 
deformation in the shear banding regions can 
become so localized and so large that the 
samples lose their load-bearing ability 
there at yielding and fracture abruptly as a 
result. Therefore, how to manage the large 
microscopic deformation and enhance the 
macroscopic ductility becomes a major open 
problem in scientific research and industrial 
development for the past decade.1,3–7

The first natural choice is either mixing 
or precipitating out some hard phases in MG 

forming liquids to obtain the composites with 
extensive plasticity that is otherwise absent 
in monolithic MGs.1,3–14 The hard inclusions 
in the MG matrix can change the local shear 
behavior by either blocking the propagating 
shear bands, altering their paths, or initiat-
ing new shear bands. For optimal outcome, 
a certain amount of hard phases need to be 
distributed uniformly with proper separation 
distances between them such that the local 
shear bands can be effectively blocked or 
altered. However, it is technically challeng-
ing to mix uniformly the solid particles or 
fibers with nano or micron sizes in the vis-
cous MG melts that have a narrow window 
of operating temperature and time before 
they turn into solid.7–10 Often, the inclusions 
become clumped or aggregated, which make 
the composites less effective, or even more 
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susceptive to abrupt fracture caused by local stress concentra-
tion in these areas. An alternative is by precipitating hard crys-
talline phases from the melt during cooling, such that a ductile 
MG composite can be obtained that has finely dispersed inclu-
sions such as tungsten dendrites.11–14 Obviously, this method 
is applicable only for certain metals with high melting point so 
they can crystallize in the MG forming liquids during cooling.

To maximize the effects, a large amount of inclusions 
need to be introduced in practice. Sometimes more than 60% 
volume fraction or more of particles, fibers or precipitated 
crystal dendrites were used.8–10 This, ironically, makes the 
MG a minority phase in the composites. In addition, some 
inclusions are costly and technically cumbersome in process-
ing. As a result, making MG composites with easy processing 
and better performance remains a challenge. The universal 
underlying issue is the incompatibility in the strength or strain 
limit between the inclusions and MG matrix that causes stress 
concentration and eventual interface debonding and internal 
cracking.

To overcome these limitations, different strategies are 
devised. Rather than using the (crystalline) phases that have 
the sharp change at the interfaces, which cause the incompat-
ibility, “inclusions” made of various heterogeneities are intro-
duced, which still maintain the amorphous structure, but with 
gradual change in mechanical properties across the interface. 
For example, by chemical segregation, finely dispersed inclu-
sions in the form of chemical concentration variations can be 
obtained.15–17 Our early theoretical work reveals that indeed, 
these chemical heterogeneities have different densities or free 
volumes (FVs) that can greatly improve macroscopic ductil-
ity, and at the same time, even enhance the strength if proper 
choice of statistical distributions for the FVs could be man-
aged.18–21 In addition, we found that the spatial distribution of 
these FVs can also play a significant role. Because the local 
shear deformation occurs in the directions around the maxi-
mum resolved shear stress (MRSS), the spatial distribution, or 
how the patterns of the heterogeneous FV regions are oriented, 
is critical to the formation and propagation of shear bands.20 
For example, if the different FV regions are stripes as in the 
chemical spinodal decomposed MGs, when they are aligned in 
the direction within the proximity of the MRSS, the orientation 
of these stripe regions can become effective in initiating shear 
bands and promote shear propagation as well.20 If the orienta-
tion is made perpendicular to the direction of the MRSS, the 
tendency can be greatly reduced, thus, enhancing the strength. 
Therefore, by simply changing the shape and orientation of the 
heterogeneities, one can effectively improve the plasticity as 
well as strength of the MGs.

The chemical segregation or precipitation of new phases 
is a natural process where the orientations and shapes of the 
heterogeneous regions are not often optimized automati-
cally as desired. In addition, there are other factors that we 
can exploit in patterning heterogeneities but are not accus-
tomed to think about for MGs. These include the size of the 
domains, the interfaces between two adjacent MG domains, 

and the FV densities in different regions. These factors are 
widely known and used in engineering polycrystals, but lit-
tle in MGs because of the lack of any structure per se. The 
challenges in making MG composites and taking the potential 
advantages in patterning heterogeneities motivate us to think 
of a new strategy by artificially patterning the heterogeneities 
in desired shape and size, as well as orientation to improve the 
plasticity in MGs.

In analogy to polycrystals, we introduce “microstructures” 
into the structureless glassy materials. The polycrystal-like 
microstructure is also called stochastic pattern, which consists 
of grains and boundaries. It can be made in experiment either 
through synthesis or by 3D printing. Inert gas condensation 
(IGC) or vapor deposition (VD) have been used to form MG 
particles that are assembled randomly into “polycrystal,” or 
granular patterns such as in synthesis of nanocrystal and nano-
glass (NG).22–26 The traditional sintering methods in powder 
metallurgy can also produce the pattern. Besides this simple 
stochastic microstructure, there are many other microstruc-
ture patterns. In Figure 1, we show some of these patterns. 
Despite the difference, they all consist of domains of hetero-
geneities and the boundaries between the domains. The differ-
ently colored domains, for example, represent regions of dif-
ferent FV densities used as a convenient parameter to represent 
heterogeneity in MGs. Except in Figure 1a, which is a tradi-
tional composite with isolated particles or fibers mixed in the 
continuous MG matrix, the others have connected domains, 
including the spinodal decomposed bicontinuous MG regions 
(Figure 1b), honeycomb lattice (Figure 1c), as well as poly-
crystalline or Voronoi microstructure previously discussed 
(Figure 1d). Each domain has a certain shape (i.e., stripe or 
polygon), and certain orientation. In addition, the boundary 
regions between the adjacent domains form complicated topo-
logical networks.

In any of the samples in Figure 1b–d, the interconnected 
boundary and domain regions may have two dual functions 
in altering the local shear behavior for MGs: One is to block 
the propagating shear band, which may be optimized if the 
domains or the interface boundaries are stronger and made 
perpendicular to the shear direction. This mechanism is known 
already as the guiding principle in making MG composites.7–14 
Another, less thought about, is to distribute some weak 
domains or boundaries such that one can deliberately guide the 
formation and propagation of the local deformation in specific 
directions and regions (see below). By doing so, one can divert 
and control the local shear to gain plasticity and at the same 
time, avoid disastrous brittle fracture caused by unmanaged 
shear banding. By spatially patterning the weak and strong het-
erogeneous domains and boundaries, therefore, we expect to 
let the two function synchronously so we can achieve the goal 
of enhancing plasticity as well as strength through optimizing 
the geometry and topology of the heterogeneities.

In this article, we will focus on the pattern with polycrys-
talline microstructures shown in Figure 1d as an example to 
demonstrate the ideas and reveal the underlying mechanisms 



for improving plasticity and strength. We expect that the basic 
mechanisms discovered here should still operate for other pat-
terns although certain variations may occur due to differences 
in the topology of the patterns. These results will be reported 
in separate publications. In the following, we aim to prove our 
hypothesis by using numerical modeling.

Methods
To establish the relation between the microstructure patterns 
and the mechanical properties in the GMGs on relatively large 
scales so that comparison can be made to experiment, we use a 
continuum approach, finite element modeling (FEM), to model 
the mechanical behaviors of the model GMGs. The samples 
consist of a number of discrete material elements, each of 
which is governed by the proper constitutive equations for 
mechanical behavior as described next. For a cubic element 
in three dimensions or square element in two dimensions, its 
side length is designated as d. The FEM can handle the length 
as well as time scales comparable to experiment ranging from 
hundreds of nanometers to microns, and nanoseconds to sec-
onds, which is unapproachable by other modeling approaches 
such as molecular dynamics (MD) methods that can only deal 
with the sample size and the time typically within the range 
of tens of nanometers and nanoseconds. As discussed in the 
“Discussions” section, the small size not only makes it diffi-
cult to compare to experiment for such highly heterogeneous 
samples, but also does not warrant reliable statistics in micro-
structure properties, which is crucial to investigating GMGs.20

The microstructure pattern shown in Figure 1d is generated 
from the Voronoi tessellation,27,28 or using the digitized SEM 
micrograph of vapor-deposited MGs.29 Once the microstruc-
ture pattern is created, we can divide the entire sample into 
meshes of finite elements and associate each finite element to 
either a grain or a grain-boundary according to the geometric 
and topological properties of the underlying pattern.30 In other 
words, the elements are sorted into two groups: one is tagged 
as grain and the other boundary.

smallest unit deforms. Figure 2 shows some typical samples 
with different sets of parameters in N and W.

In addition to the microstructure parameters, D or N and W, 
the corresponding free volume density ρ and ρB can be assigned 
to each element in the grains and on the grain boundaries. A 
region with a smaller free volume density is harder or stronger 
mechanically and vice versa.18,30 Therefore, by distributing 
different ρ and ρB in grains and grain boundaries, we can 
make a GMG heterogeneous in the mechanical properties in 
the spatial patterns. Therefore, the local regions with varying 
FVs have different thermomechanical properties, which are 
the function of the internal variable of the FVs. In addition 
to the spatial distribution, there are various ways to generate 
free volume densities from different statistical distributions, 
which are known to impact the mechanical properties.18 In this 
article, we will use the random distribution,18 which is close to 
that in monolithic MGs made by rapid cooling in experiment.

The mechanical properties of the GMG samples are 
obtained by using an elastoplastic constitutive model that con-
siders FV variation under applied stress or deformation 
strain.18–20, 30–32 The deformation strain in this model consists 
of elastic and plastic parts, ǫij = ǫ
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where vf  is the mean-free volume, α a geometrical factor that 
is close to 1, v∗ the hard-sphere volume of an atom, kB the 
Boltzmann constant, � the atomic volume, τ the equivalent 
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m the activation energy, f  the frequency of 
atomic vibration, T  temperature, nD the number of atomic 
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 , where E
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Because the total volume of a sample is fixed, once the 
number of grains N is chosen, the (mean) grain size D is fixed, 
which is measured as the number of elements in each grain. 
Under the plane strain condition with a given sample area, the 
mean grain size D is inversely related to the number of grains 
N, that is,D ∝ 1/N 1/2 . Therefore, the larger a grain size is,
the smaller the number of grains N is, and vice versa. Grain-
boundary width W can be measured by the number of elements 
across the boundary, so W can be expressed as a multiple of d. 
The narrowest boundary has the width with only one element 
(i.e., W = 1). In FEM, the smallest deformation unit is also the 
element; therefore, the local shear can be identified when the 



Zr41.25Ti13.75Ni10Cu12.5Be22.5 MG, or Vitrelloy I (Vit 1), at 
300 K here for our modeling.30–32 Plane strain tension load 
is applied to the samples with the strain rate of 0.1/s. The 
samples have 30,000 regular square mesh elements with the 
periodic boundary conditions (PBCs) implemented.

The detailed modeling and sample parameters used in this 
work are briefly described here: (1) The four parameters, N 
or D, W, ρ and ρB are chosen with the following values: the 
mean FV density ρ for the grains is 0.05 from the monolithic 
MG,18 ρB from 0.01 to 0.11 so we can see how the boundaries 
affect the overall mechanical properties with the boundary FV 
change from small ρB(= 0.01) , or “hard” boundaries, to larger
ρB(= 0.11), or “soft” boundaries. (2) N is chosen as 25, 50,
100, 150, and 200. (3) W is taken as 1, 2, to 3. As mentioned 
before, the grain size D is directly related to N. Figure 2 shows 
the GMG samples with N = 50 (a and d), 100 (b and e), and 
200 (c and f) grains, and different boundary thickness W = 1 
(a, b, and c) and 3 (d, e, f). As shown next, the choice of these 
parameters allows us to carry out a systematic investigation 
of the microstructure–property relations in the GMGs that has 
not been done before.

Results
Synopsis of mechanical properties of GMGs
Compared to the monolithic MGs and the random MG com-
posites (Figure 1a), the GMG samples with polycrystal-like 
microstructure shown in Figure 1d are defined by a wide range 
of microstructural parameters (i.e., the domain or grain size, 
D , the boundary width between adjacent grains, W  , as well as 
the FV densities within the grains, ρ , and on the boundaries, 
ρB ). These four parameters quantify the spatially patterned FV 
heterogeneities. The geometric and topological structures, in 
addition to the FVs, are sufficiently complex to allow us to 
examine the general principles or mechanisms of how spatially 
patterned heterogeneities affect the ductility and strength of 
GMGs. From these results, we may get valuable insights about 
the structure–property relations for other patterns, including 
those in Figure 1b–c.

It is well known that the microstructure plays important roles 
in mechanical properties of polycrystals.27 When the grain size 
decreases to submicron or nanometer scales, the yield strength 
increases via the Hall–Petch relation. Approaching below about 

a b c d

Figure 1.   The patterns formed by the regions of heterogeneity in (a) the conventional metallic glass (MG) composites formed 
by mixing inclusions made of particles or fibers (filled blue circles) into the MG matrix, (b) by chemical spinodal decomposition 
which forms bicontinuous MG regions (red and blue stripes), (c) artificial honeycomb lattice (filled hexagons), and (d) the poly-
crystalline or granular pattern with stochastically distributed domains, or grains, and interconnected grain boundaries. Here, we 
use free volume density to represent heterogeneity. The different colors represent different free volume densities.



100 nm, the polycrystals exhibit weakening in strength, or the 
inverse Hall–Petch effect. In comparison, MGs do not natu-
rally possess microstructures in rapid cooling of the liquids. 
As seen next, in the artificially patterned GMGs with the poly-
crystal microstructures, we expect to see far more complicated 
variations in both the plasticity and the strength as a function of 
these microstructure parameters.

Figure 3 shows the stress–strain curves for the GMG sam-
ples subject to tension. From these relations, we can obtain 
various mechanical properties with different microstructures. 
For comparison, we plot the stress–strain curve for the mono-
lithic MG with a mean FV density at 0.05.20 In all cases, we 
see that there is a linear elastic regime within about 1% strain 
followed by a nonlinear elastic regime. Following the conven-
tion, we determine the yield stress by the 0.2% offset strain 
method. The peak stress, the highest stress in the stress–strain 
curves, is at about 2% strain. After reaching the peak stress, 
the stress plunges and is followed by a “flow” regime with a 
leveled flow stress at larger deformation strain. Note that due 
to the PBCs used in the FEM, the samples do not fracture 
abruptly when the stress drop occurs. Instead, it continues to 
deform, which allows us to observe the formation and propa-
gation of shear bands confined by the microstructures (see 
next). Therefore, we can treat the peak stress, the stress drop, 
and the associated sample strains as an indication of the limit 
of the plasticity in our analysis. With the large deformation 
strain passing the value corresponding to the peak stress, we 
can see that there emerges a second peak of stress at larger 
strains that resembles the “ultimate strength” during work 
hardening in ductile crystalline materials such as steels. This 
is a unique result from the GMGs. As seen next, because the 
change of the plasticity is also reflected in the subsequent 
“flow stress” after the stress drop and the rise of the second 

stress peak, we will also utilize this quantity as another indica-
tion for plasticity.

In polycrystalline materials, the strength as well as plas-
ticity increase with the decreasing grain size described in the 
Hall–Petch relation, and at much smaller grain size in nanom-
eter regime, softening occurs, which is described as the inverse 
Hall–Petch effect. The GMGs exhibit much complicated behav-
ior. Figure 3a–c shows that the overall strength in the GMGs can 
either increase or decrease with the same grain size that depends 
sensitively on other microstructure parameters, namely, W and 
ρB . For instance, if the boundaries are harder, or have lower 
FV density ρB, the decreasing grain size induces hardening. In 
addition, this trend becomes more dramatic when the boundary 
width W is wider as shown by the thicker lines in each case with 
the increasing W in Figure 3a–c. In comparison, we seldom 
observe this phenomenon in polycrystals.

Besides the unique variation of the yield and peak stress, 
the flow stress after the stress drops no longer remains flat as 
shown in Figure 3c; it rises up at larger applied strains when N 
gets larger, or the grain size decreases, or the grain boundaries 
are wider (Figure 3b–c). The rise of the flow stress appearing 
at larger deformation strains signals an emergence of some 
kind of work hardening in the GMG with the harder bound- 
aries. In a sharp contrast, if soft boundaries with larger ρB 
values are introduced, the strengthening and work-hardening 
effects diminish all together, and even worse, softening pre-
vails. This trend becomes more pronounced when the bound-
ary width W increases and the grain size D becomes smaller.

Microstructure–property relations
The general trend of the change of the strength and plasticity 
versus the variation of the four microstructure parameters can be 
extracted from the data in Figure 3. The results are summarized 

a b c d e f

Figure 2.   The spatially patterned granular metallic glass samples with N = 50 (a and d), 100 (b and e), and 200 (c and f) 
grains, and different boundary thickness W = 1 (a, b, and c) and 3 (d, e, f). The length scale is in the unit of d.



in Figure 4a–c for yielding stress, peak stress, and flow stress. 
One can see quantitatively the trend of the hardening and soften-
ing of the GMGs versus the grain size, and other microstructure 
parameters. And more importantly, one can see the precedence 
of the influence of these parameters: The most influential is the 
grain-boundary FV density ρB or the hardness or softness of the 
grain boundaries. It sets the trend for changing strengthening 
and plasticity when other parameters are introduced: Once ρB 
is set, the influence of other parameters, the grain size D and 
the grain-boundary thickness W, on the mechanical properties 
exhibits systematic variation.

Figure 4d shows the plastic strain versus the grain size 
under different ρB and W. Here, we measure the plasticity by 
the strain limit corresponding to the peak stress. In each case, 
one can see that for a given N, which is inversely related to D, 
the corresponding strain at the maximum stresses increases 

with the decreasing ρB and the increasing W, and vice versa. 
This trend follows exactly that of the maximum stress as 
seen above in Figure 4b but in the opposite trend, except for 
the samples with soft boundaries with larger boundary FVs: 
When ρB = 0.11, the plastic strain increases with decreasing 
grain size. The softening is clearly caused by the softer MG 
on the boundaries. In addition, the enhancement of the plas-
ticity can also be seen in the appearance of the flow stress at 
larger strains in the cases shown in Figure 3b and c when the 
number of the grains increases. Note that we did not use the 
yield strain here to measure plasticity because the enhanced 
strength causes the increase in the Young’s modulus too, which 
effectively lowers the yield strain by shifting the yield point 
to the smaller strains, or causing the yield strain to decrease.

Accompanied with the change of plasticity is the change 
of the toughness. By integrating the stress–strain curves in 

2.0

1.5

1.0

0.5

0.0
0.00 0.02

�
B
0.01W1 �

B
0.06W1

�
B
0.06W2

�
B
0.06W3

�
B
0.11W1

�
B
0.11W2

Matrix

�
B
0.11W3

�
B
0.01W2

�
B
0.01W3

�
B
0.055W1

�
B
0.055W2

�
B
0.055W3

�
B
0.01W1 �

B
0.06W1

�
B
0.06W2

�
B
0.06W3

�
B
0.11W1

�
B
0.11W2

Matrix

�
B
0.11W3

�
B
0.01W2

�
B
0.01W3

�
B
0.055W1

�
B
0.055W2

�
B
0.055W3

�
B
0.01W1 �

B
0.06W1

�
B
0.06W2

�
B
0.06W3

�
B
0.11W1

�
B
0.11W2

Matrix

�
B
0.11W3

�
B
0.01W2

�
B
0.01W3

�
B
0.055W1

�
B
0.055W2

�
B
0.055W3

0.04

Strain

St
re

ss
 (

G
Pa

)

2.0

1.5

1.0

0.5

0.0

St
re

ss
 (

G
Pa

)

2.0

1.5

1.0

0.5

0.0

St
re

ss
 (

G
Pa

)

0.06 0.08 0.10

0.00 0.02 0.04

Strain

0.06 0.08 0.10

0.00 0.02 0.04

Strain
0.06 0.08 0.10

a b

c

Figure 3.   The tensile stress–strain relations in the patterned granular metallic glasses with free volume (FV) heterogeneities that have different 
numbers of grains, (a) N = 50, (b) 100, and (c) 200. In each case, the grain-boundary FV density ( ρB) and the boundary width (W) are labeled in the 
legend. For comparison, the stress–strain relations for the monolithic MG matrix with ρ = 0.05 are plotted with a black-dashed line. In each figure, 
the line thickness represents the boundary width W and the line color denotes different boundary free volume density, or hardness/softness. Due 
to numerical instability at large applied deformation strains (>50%) in the finite element modeling, we only plotted the stress–strain curves up to 
10% strain.



Figure 3, we have the mechanical energy per unit volume 
shown in Figure 4e that is plotted against the variation of the 
grain diameter D under different boundary FV density ρB and 
thickness W. One can see the same trend as in the strength 
(Figure 4a–c) as well as plasticity (Figure 4d), that is, the 
improvement in the strength as well as the plasticity by pat-
terning the FV heterogeneity can simultaneously enhance the 
toughness.

Underlying deformation mechanisms
The dependence of the strength, plasticity, and toughness 
on the grain size and other microstructure parameters in 
the GMGs is closely related to the underlying deformation 
mechanisms of local deformation (i.e., the formation and 
propagation of the local shear bands, which are the narrow 
regions with a higher local deformation strain than the rest 
of the samples). When the applied external stress approaches 
the yield stress, the regions with loosely packed atomic den-
sity, or higher FV density, start to deform more and eventually 
form the local shear bands. The newly formed shear bands 
have certain size or thickness depending on the applied stress 
and local confinement of the sample,33–35 usually around tens 
of nanometers to microns. Upon further loading, these shear 
regions propagate and grow, and as a result, become larger or 
thicker, and eventuall become mature shear bands, which are 
the major strain carrier for the MGs. Some of these local shear 
regions can become so large locally that they eventually cause 
fracture. From this general mechanism, we can understand 
how and why patterning heterogeneity in the GMGs can be 
so effective to enhance the ductility, or toughness, as well as 
strength of MGs that are otherwise brittle macroscopically.

Figure 5 shows the contour plot of the local shear stress, 
strain, and the FV in the GMG samples undergoing ten-
sile deformation at various applied strains. For clear compari-
son, we took the samples with the largest change in strength, 
plasticity, and toughness with the change of grain diameter. 
One is the sample with N = 50 grains or larger mean grain 
size, the widest grain boundaries width W = 3, and the softer 
boundaries with a high FV density ρB = 0.11 (Figure 5a–e).
From this sample, one can see that deformation starts at the 
soft boundaries early on when the applied strains are even 
below the yield point (applied strain ε = 0.01 in Figure 5a1–3). 
The distribution of the largest local strains and stresses match 
exactly the pattern of the grain boundaries (Figure 5a2 and a3); 
the regions around the boundaries also show some deforma-
tion, albeit small. As the applied strain becomes larger, the 
local deformation (Figure 5a2–e2), primarily at the boundaries,  
becomes larger, and the FVs in the boundaries and the  
peripherals increase (Figure 5b1–e1). At larger applied strains 
(ε > 0.03), some local deformation diminishes and others 
become larger and more extended but still follow the pattern 
of the boundary networks. These consolidated local deforma-
tion zones eventually become (a few larger) shear bands with 
extended length and width (ε = 0.05 or Figure 5e1–2) Once 

the large shear bands form, the local stresses drop as a result 
in the corresponding locations (Figure 5e3). Due to the PBC 
used here, these shear bands continue deforming, which allows 
us to observe the entire evolution of the local deformation 
mechanisms.

As a contrast, the other sample has the lowest boundary 
FV density, ρB = 0.01 , or the boundaries are harder than the
interior of the grains (Figure 5f–j). As a result, it shows just 
the opposite trend to the previous case: The harder boundaries 
have higher local stress and as a result (Figure 5f3–j3), the 
deformation starts early on elsewhere outside of the bounda-
ries (ε = 0.01 in Figure 5f2). As the applied strain increases, the 
softer grain interior deforms with larger deformation strains 
while the boundaries have smaller deformation. In the mean-
time, the deformation in the interior of the grains starts also 
showing development of a vast number of small local shear 
zones, which can be observed clearly as fine stripes of shear 
strain zones with larger FVs at the applied strain ε from 0.01 
to 0.03 (Figure 5f1–i1 and Figure 5f2–i2). At higher strain (ε ≥ 
0.03), one can see from Figure 5j that some shear zones evolve 
into large shear bands, and at the same time, many subbands 
with smaller sizes emerge also. The larger shear bands are also 
fragmented as they are cut or blocked by the harder bound- 
aries (Figure 5f1–i1 and f2–i2), while the smaller subbands, 
mostly still made of smaller deformation zones, are confined 
inside the grains. At all deformation stages, the local stresses 
at the boundaries remain higher than these inside the grains 
(Figure 5f3–i3). Compared to the softer boundary case (Fig-
ure 5a–e), the local stress distribution, instead of local strains, 
remains high in value throughout the deformation process in 
the boundary regions and maintains the same pattern conform-
ing to that of the grain-boundary networks (Figure 5 i–j).

Discussions
Redistribution of local stress and strain by spatial 
patterning heterogeneities
The detailed mapping of local stress, strain, and free volume 
change in the GMGs during deformation reveals the defor-
mation mechanisms underlying the observed change in the 
strength, plasticity, and toughness. As previously mentioned, 
the dislocation-based strengthening mechanism in crystals is 
primarily through dislocation interactions with each other and 
with other microstructure entities such as grain boundaries 
and precipitates. The deformation induced by shear localiza-
tion in MGs is a softening phenomenon by nature. The local 
deformation or shear alters the atomic packing by introduc-
ing more FVs, and these regions become softer in subsequent 
deformation that leads to larger shear bands and consequently 
catastrophic failure. Obviously, one cannot follow the example 
in crystalline materials by simply creating more shear bands 
to strengthen and toughen the MGs.

However, through artificial patterning, we show that we 
can redesign and reengineer the local shear in the MGs to 
improve the mechanical performance of this class of metallic 



materials. Specifically, we learned that we can manipulate the 
local shear through introducing the boundaries. One way is 
to change the boundary FV density and the other the width, 
which as we show below, is closely related to the grain size 
also. The boundary FV density allows for redistribution of 
local strains in the softer boundaries and local stresses in the 
harder boundaries. The spatial patterning of FVs is essentially 

patterning the local stress and strain states that can set a new 
local deformation condition for selectively altering the shear 
deformation behavior.

For the soft boundary case, shear initiates at the boundary first 
and can become more pronounced there. Therefore, the granular 
pattern allows for control of the deformation zones that form and 
move in specific locations. For the hard boundary case, shear 
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deformation initiates inside the 
grains, and once formed, is local-
ized and confined inside also. The 
boundaries not only partition the 
deformation zones, but also block 
the propagating shear zones or 
bands once formed inside the 
grains. Therefore, this sets an 
optimal condition to achieve both 
plasticity by initiating large shear 
deformation inside the grains and 
enhancing the strength by limit-
ing its spreading and forming of 
large and penetrating shear bands. 
In other words, the massive num-
ber of local shear zones and bands 
inside the grains contributes to 
the enhancement of plasticity; 
and at the same time, it is diffi-
cult for these small shear bands 
to merge into supersized ones that 
then propagate across the hard 
boundaries and the entire sample 
to cause failure is the origin for 
the increase in the strength.

Effects of microstructures
As compared to polycrystals, a 
GMG can achieve both strength-
ening and softening with a given 
grain size. This particular prop-
erty is connected to the unique 
deformation mechanisms  dis-
cussed above as well as the 
multiple microstructure param-
eters in the GMGs that one can 
control simultaneously. For 
instance, once the boundary FV 
density is given, the trend of the 
dependence of the strength and 
plasticity on grain size is deter-
mined: The harder boundaries 
always induce hardening and 
ductility, whereas the soft ones 
can lead to plasticity, either 
softening or strengthening, and 
brittleness as well.

On the other hand, changing 
the boundary width W affects the 
mechanical properties through 
two routes. One is the minimum 
shear band size. In monolithic 
MGs, when the yield point is 
approached, many small local 
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shear zones form in the regions with high FV densities. As 
applied strain increases, these small deformation zones 
eventually grow and consolidate to form large stripe-like 
bands (Figure 5) with the minimum thickness of about tens 
of nanometers to submicrons. When this happens, the bands 
propagate and broaden at the same time. If not stopped or 
diverted, these large softer banding regions become the major 
deformation strain carrier and cut through the sample, leading 
to fracture or brittleness. In GMGs, shear zones also form in 
the softer regions, either inside the grains if the boundaries 
are harder, or in the boundaries if the grain boundaries are 
softer. In the latter, if the grain boundaries are narrower than 
the minimum shear band size, shear banding would be dif-
ficult to form in the boundary regions even when it is softer. 
In our FEM, the minimum size that allows for local shear is 
the finite element size d. For the boundaries with the grain-
boundary width smaller than or equal to this size, or W ≤ d, 
shear band formation is either difficult to happen or delayed to 
larger applied strains. However, when W > d  , shear band for-
mation is relatively easier on the boundaries (Figure 5). This 
size dominated selective deformation on the softer bounda-
ries is vividly captured in the FEM model for the case with 
ρB = 0.11 and different width Ws (Figures 3, 4, 5): The sam-
ples with the wider boundaries become softened easily and 
the deformation occurs with high probability in the softer and 
wider boundary regions.

For the cases with harder boundaries, the shear zones occur 
inside the softer grains. Because our samples have grains 
always larger than the minimum shear band size, one can see 
that the shear deformation zones emerge inside the grains rela-
tively easily (Figure 5), and these zones eventually form larger 
shear bands also inside the grains. One can imagine though 
that when the grain size D is smaller than or equal to d, the 

local shear inside the grains would become difficult; 
even when the grains are softer.

Changing the boundary width W and the num-
ber of grains N amounts to changing the volume of 
the boundaries because the boundary volume is the 
product of the boundary area and the width. In other 
words, patterning the heterogeneity through varia-
tion of the microstructure parameters is equivalent 
effectively to making a MG composite albeit with 
precise control of the grain boundaries as the inclu-
sion and the grains as matrix. The overall mechanical 
response is, therefore, the weighted contribution from 
the boundaries and the grains. For all cases shown 
in this work, the corresponding volume fraction of 
the boundaries for W = 1, 2, and 3 is 5.06%, 9.99%, 
and 14.8% for N = 25, 6.6%, 13.1%, and 19.2% for 
N = 50, 9.7%, 18.9%, and 27.7% for N = 100, 12.0%, 
23.2%, and 33.9% for N = 150, and 13.5%, 25.9%, 
and 37.1% for N = 200, respectively. Figure 6 illus-
trates the strength and plasticity change versus 
the volume fractions for the GMGs with different 
boundary FV densities. One can see that when the 

boundaries are harder with smaller ρB , the strength shows an 
increasing trend with increasing volume fraction of the harder 
boundary phase; as ρB gets larger for the softer boundaries, 
the trend goes down, or the GMG becomes softer. The same 
is found for the plastic strains.

From GMG to nanoglass: The challenge in overcoming 
size and time limitation
The FEM used in this work has the length scale on the 
order of submicron as determined by the gradient term and 
the material propertied in the constitutive model. The shear 
bands formed in the modeling are roughly tens of hundreds 
of nanometers or submicron in thickness (Figure 5), which is 
in line with the experimentally observed shear band size. In 
other words, our work provides the structure–property rela-
tions for the GMGs with the grain size on the micron scale. 
When the grain size reaches nanometer scale (<100 nm), the 
GMGs are called NG.22 Extensive work has been done in the 
past that show some new and improved mechanical properties 
in the NGs.36–46 Atomistic simulation, in particular molecu-
lar dynamics simulation, has been extensively performed to 
investigate deformation mechanisms and the effects of the 
microstructures.47–57 However, the sample size and also time 
duration in MD simulation are limited to about less than 10 nm 
and tens of nanoseconds in most cases. In other words, the 
typical grain size is about 8 nm, usually about less than 100 
grains are handled in the NG samples.47–57 In addition, due to 
the time limitation, the strain rate in a typical MD simulation is 
in the range between 109 or 1010 1/s, whereas the experimental 
strain rate is usually orders of magnitude smaller. Because the 
typical thickness of the shear bands observed experimentally is 
about tens of nanometers to submicrons and the applied strain 
rate is around 10–4 1/s, the shear deformation process obtained 
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in the MD modeling can only be considered as specific cases 
under these extreme conditions.

Small sample size can also pose other challenges, one of 
which is statistical reliability for heterogeneous systems. The 
limited number of grains used in modeling is known to produce 
poor statistics in acquisition of the structure–property relation. 
One of the consequences is the strong artificial dependence on 
grain-boundary orientation: In a sample with a total of about 
a few tens of grains, the number of grains across the sample 
is about five or less. If one or two grain boundaries between 
these grains are oriented along the approximate direction of 
the MRSS, in the event that a large shear band could initiate in 
the boundary, it can traverse the sample easily, causing brittle 
failure. This outcome is not intrinsic of the NGs but the lim-
ited sample size, or the limited number of grains. As we have 
shown here in the FEM, in a sample with a sufficiently large 
number of grains, the local deformation can be contained by 
the surrounding grains and grain boundaries.

On the other hand, although the FEM does not suffer from 
the same limitations unique for atomistic modeling, more 
detailed information is needed from the nanoscales in order 
to extend the FEM to modeling the NGs. This requires us to 
acquire some necessary length-related properties such as free 
volume gradients or thermal gradients, detailed interface prop-
erties, and thermomechanical properties in the NGs during 
deformation so we can calibrate the constitutive model. Unfor-
tunately, these essential parameters are not available yet. But 
with the progress in NG research, especially nanoscale probes, 
we expect a fully functional FEM model for NGs.

Conclusions
Monolithic metallic glass is a quasi-brittle material marked 
by the lack of macroscopic plasticity. This shortcoming is the 
major factor limiting the application of this class of metallic 
materials. In this article, we examined a new way to enhance 
its plasticity via patterning the amorphous phases into granular 
patterns with harder or softer grain or boundary regions. By 
introducing the microstructures in the structureless MG, we 
gain a larger parameter space that enables us to manipulate 
and control the local shear deformation behavior. Using FEM, 
we demonstrate that the mechanical properties of the MGs can 
be redesigned and reengineered effectively by simply dressing 
the boundaries with either harder or softer MGs or other phases 
with different (micro)structures. Desired plasticity and strength 
can be achieved by tuning the microstructure parameters.

It is well known that polycrystalline materials can be 
engineered to achieve remarkable properties with the natu-
rally present microstructures, including the nanocrystalline  
materials.22,27 Introducing microstructures to form the granu-
lar MG is a new concept. This article shows the possibility to 
change the mechanical properties of MGs with out-of-the-box 
thinking if the artificial microstructures are properly introduced 
and engineered. Our work provides the first systematic investi-
gation of how the four essential microstructure parameters con-
tribute quantitatively to the mechanical properties of the GMGs.

Recent experimental work in synthesis of nanoglass from 
the nanosized MG particles or domains formed during evapo-
ration and condensation in IGC or vapor deposition provides 
support for this idea. By compacting the loose nanosized pow-
ders, bulk NGs with grain boundaries can be produced. A simi-
lar approach has already been successfully applied in making 
nanocrystalline materials.22 The granular NGs exhibit some 
remarkable changes in their physical and mechanical proper-
ties.1, 36 Nevertheless, there are still many profound differences 
between the general GMG on micron or larger scales and the 
NG, especially for numerical modeling. Although the atomis-
tic modeling on the nanoscale and nanosecond scale needs to 
extend to larger spatial and time scales, the FEM could benefit 
the detailed atomic mechanisms in building constitutive rela-
tions that can handle deformation in smaller scales.

The mechanisms and relations between the microstructure 
and properties revealed in this work may help us to understand 
other types of GMGs (Figure 1). These patterned microstruc-
tures can be made either stochastic like the granular MGs or 
more regular through 3D printing.37 The boundaries can be 
made with more controlled geometry and microstructure prop-
erties, although making nanoscale microstructure remains a 
challenge. No matter what processing path we choose, we need 
to know more about the fundamental mechanisms and micro-
structure contributions to the structure–property relations for 
the GMGs for effective engineering and application of this 
remarkable class of materials. We hope that our work would 
stimulate more interests along this direction.
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