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ABSTRACT ARTICLE HISTORY

A strategy is proposed to enhance the mechanical properties of metallic glasses using Received 4 April 2025
multilayered composites with various initial free-volume gradient interfaces and Accepted T August 2025
validated by finite element modelling. We found that the ductility of the composites
improves significantly with the increasing number of layers. The main factors and the Mutti .

. . . . . . ultilayered metallic glass
unde.rllylng mechanisms are (a) the gradient mtgrface W|.th varying free volume composite; free volume
densities that can reduce the local stress concentration, (b) size effects imposed by the theory; shear band;
layer thickness that limits the local shear and shear bands to grow critically longer toughness
and thicker to cause catastrophic failure, (c) the presence of interface barriers to
increase the probability of blocking and retarding the shear banding, and (d) the
heterogeneity introduced by the statistical distribution of free volumes. The results
demonstrate that the multilayered composites are promising in solving the strength-
ductility tradeoff in metallic glasses.

KEYWORDS

1. Introduction

Since their invention, metallic glasses (MGs) [1] have attracted tremendous research interest due to their
unique properties, such as high specific strength, good corrosion resistance, soft magnetic properties and
net-shape formability [2-5]. However, the plastic deformation of MGs is highly localized within narrow
regions called shear bands (SBs), resulting in catastrophic failure and limiting the structural reliability
and their applications [6-9]. Enormous efforts have been made in recent years to improve the plasticity
of MGs. Under compression, some MGs exhibit large plasticity [4-16]. However, under tensile defor-
mation, extended room temperature plasticity for MGs is still scarce. The concept of the heterogeneous
structure, including composite, is widely recognized to improve the plasticity of MGs by blocking the
SBs [4,17,18]. For instance, introduction of the second phases or inclusions, surface treatments or mechan-
ical deformations, such as shot peening or grinding in the surface region, can induce structural or chemical
heterogeneity that can improve ductility [8-16,19,20]. It is revealed in a theoretical model that the statistical
distribution and spatial inhomogeneity [21,22], especially the gradient of free volumes (FVs) at the inter-
faces between the inclusions and the MG matrix, affect significantly the mechanical properties of MGs
[23]. The strength and toughness are enhanced with increasing free-volume gradient at interfaces by block-
ing the main SBs, which initiate from the softer regions with high concentrations of FVs and propagate to
the harder regions with low free-volume concentrations [24,25]. The model system is made of a single inter-
face, rather limited in revealing the potential of changing the shear banding behaviour. A natural extension
of this mechanism is to build many layers of different MGs with FV gradient interfaces such that the SBs can
be blocked multiple times when crossing the interfaces, which is expected to lead to exceptional ductility.
Experiments demonstrated that a multilayer strategy could lead to the enhancement of the mechanical
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properties of MGs and their composites [26-35]. The amorphous/amorphous and crystalline/amorphous
nanolaminate samples fabricated by magnetron sputter deposition [33-35] and the multilayer-based bulk
metallic glasses synthesized by thermoplastic bonding [27] exhibit enhanced plasticity. In the crystalline/
amorphous nanolaminates, the SBs formed in the MG layers are blocked at the crystal-amorphous inter-
faces, and subsequent deformation (and plasticity) of the composites shows substantially enhanced plas-
ticity contributed by dislocations initiated in the crystalline layers [35]. For amorphous-amorphous
interfaces, due to the disordered atomic structure, we are limited in directly observing the defect formation,
such as in the crystalline layers [35] or deformation mechanisms, although an obvious enhancement in
strength and toughness has been found. This limitation motivates us to carry out the theoretical
modelling here.

2. Methods and sample preparation

In the present work, we focus on exploring the underlying mechanisms of multilayered MG composites
using theoretical modelling, so we can examine the key factors in the model systems. Using finite element
modelling (FEM), we can obtain the mechanical properties of multilayered MG composites with various
initial FV gradient interfaces to investigate the influence of the layered structures on their mechanical prop-
erties quantitatively and the mechanisms of shear banding across the multiple FV-gradient interfaces. The
choice of using FEM is deliberate because it allows us to reach the length and time scale accessible in exper-
iment, so a comparison between the theoretical and experimental results could be made in the future.

FV gradient is defined as the steepness of the variation of FV density in space. This spatial heterogeneity
introduces changes in local mechanical properties. The MG with low FV density is stronger, and the one
with high FV density is softer. Operationally, in the FEM, we first assign the FV values that can be
drawn from the statistical distributions, by the transformation relation or beta distribution, 0.04Beta(x; a,
b) +0.03, where a and b are parameters and 0 <x <1 is the free volume density. The range of the free
volume density in our case is from 0.03 to 0.07, with a mean of 0.05. When a equals b, the beta statistical
distribution is symmetric. When a=0.1 or a=1, we have the symmetrical bimodal or random
distributions respectively. Then we vary the FV values drawn from the distribution at the mesh points at
different locations, according to certain spatial distributions to create an FV gradient. The FV gradient in
the interface region connects two adjacent MGs with different FV densities. Our previous works [21-23]
showed that the variance or dispersity of FV from the statistical distribution has unusual effects on lever-
aging the plasticity of MGs: The MG with bimodal FV distribution exhibits enhanced toughness and even
strain hardening behaviour than those with random FV distribution, and the strength and toughness
improve further with increasing FV gradient [23], exhibiting unusual FV gradient effect. In this work, we
further explore the influence of the FV-gradient interfaces on mechanical properties in multilayered MG
composites (see Figure 1) in light of the recent theoretical work on gradient interface [23] and the exper-
imental works mentioned above [26-35].

The constitutive models that incorporate explicitly the FV variations in MGs [21-24,36-38] are used in the
FEM. Since technical details are available already in Ref. [21,22,24], here we only briefly describe the
methods: We first create several multilayered MG composites with different FV density gradients, as
shown in Figure 1, along with the MG samples without the gradient as a comparison. To obtain the mech-
anical properties from the samples, we use an elasto-plastic constitutive model that incorporates FV as an
internal state variable. The deformation strain in this model includes an elastic and a plastic part,

g = sfjl + 851, where sZ-l is the elastic strain. We obtain the plastic strain from the plastic flow equation

a
dsgl = d)\ag, where g is the plastic potential function, g(oy;) = V'l + /3], — K, A is the plastic defor-
Tj

mation parameter related to free volume change, o;; is the Cauchy stress and I; is the first invariant of the
stress tensor gy and J, is the second invariant of the deviatoric stress. The effective stress and increment of

equivalent plastic strain are obtained through the relations opp = a'I; + +/3J, and dsé} =,/2/ 3ds§lde§l,

where @/, b’ and K are constants where @’ = b’ for the associated flow rule. The plastic strain is a function

. AG™ Q
of the free volume production by the following relation éfﬁl( =2f exp(— %) exp(— kBGT) sinh (ZZB T)
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Figure 1. The initial free volume distribution in space drawn from the statistical distribution (a beta function) for the sys-
tems (A-1, A-2, A-3 and A-4) with uniform FV distribution (beta (1,1) x0.04+0.03, Case A) (a) and systems (B-1, B-2, B-3 and
B-4) with bimodal FV distribution (beta (0.1,0.1) x0.04+0.03, Case B) (b). The systems A-0 or B-0 with randomly uniform or
bimodal FV spatial distribution are also shown in (a) or (b), respectively. (c)-(d) The initial spatial FV distributions across the
systems in Case A (A-1, A-4 and A-0) and systems (B-1, B-4 and B-0) in Case B, respectively.

ov * AG™\[2aksT ) 1
and % = v*fexp(— %) exp(— kBGT>|: Oj:; <COSh(2akBT) - 1) — %—l— KVZVf], where vy is the

mean free volume, « is a geometrical factor close to 1, v* is the hard-sphere volume of the atom, kg is the
Boltzmann constant, {2 is the atomic volume, 7 is the equivalent shear stress, AG™ is the activation energy,
f is the frequency of atomic vibration, T is the temperature, np is the number of atomic jumps needed to anni-

hilating a free volume equal to v* which ranges between 3 and 10 and S = 3 , where E is Young’s mod-

(11—
ulus and u is the Poisson ratio and « is a free volume gradient coeflicient. By solving the equations of the strain
and stress and FV change under a given externally applied strain, we can obtain the mechanical properties of

the multilayered MG composites containing various FV-gradient interfaces. In particular, a material-related

1

finite element software through a UMAT subroutine [21-24,36-38]. The material properties of bulk Zry; 5.
Tiy3.75Ni;oCuyz.5Bess s MG are used. The model systems have 30000 regular elements with a length of 0.1 um
and the periodic boundary conditions (PBCs). Plane strain tensile loadings are applied with an effective strain
rate of 0.1/s. Compared to the real samples, our samples used in the FEM modelling are still small. One of the
consequences is that once a shear band forms and extends to a certain length, it can traverse the sample and
cause failure. The application of the PBC is primarily for avoiding early failure in the small system during
simulations, so we can see the formation and the evolution of the shear bands. The PBC could introduce artifi-
cial results in the calculation, such as the extended plastic regime, which would not be there if the local shear is
not repeatedly carried out in the sample with the PBCs. However, we can identify these artefacts and exclude
them from our results.

Here, we identify two typical cases of initial statistical distribution of FV's with their heterogeneities. Case
A: the FV distributions are drawn from the random statistical distribution, as shown in A-1-A4 in Figure 1a;
Case B: the bimodal distribution of FVs is shown in B1-B4 in Figure 1b. Figure 1a and 1b show the systems
with 1, 2, 5 and 10 layers that have a random or bimodal FV statistical distribution, respectively. In Cases A
and B, the reference systems with uniform spatial distribution of FVs are denoted as A-0 and B-0, respect-
ively. As shown in Figure 1c and 1d, the initial spatial FV distributions and gradients across the systems A-1
and B-1, A-4 and B-4, A-0 and B-0 are compared. For the each multilayered systems, each layer has a

parameter pertaining to the constitutive models, i.e. D‘.)’]fl;d = 0A0;/dAgy is implemented in the ABAQUS
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different FV density, and the interface is the transition region from which the gradient is defined as the
difference in the FV densities in the adjacent regions divided by the width of the interface. Therefore,
the thinner the interface is, the more the number of interfaces and the larger the interface gradient. For
the systems in Case A, the maximum FV gradients are as follows: 0.0083 um~' for one layer,
0.01704 um™" for two layers, 0.03981 um™" for five layers and 0.08233 um ™" for ten layers. For the systems
in Case B, the maximum FV gradients are as follows: 0.04377 um™" for one layer, 0.08456 um~" for two
layers, 0.1571 um ™" for five layers and 0.1933 um~" for ten layers. The gradients in these cases are con-
strained by the FV statistical distributions and the number of elements used in this work, so cases A and
B do not have exactly the same gradient values for the interface with the same number of layers. The
same gradient can be generated in the two cases if we increase the number of elements used in the FEM.
Nevertheless, with the slight difference in the current samples with 30000 mesh points, we can still extract
the general trends from the gradients and their influences.

3. Results

The tensile stress—strain relations of the multilayered composites are shown in Figure 2. One can see that the
multilayered MG composites all exhibit enhanced plasticity and strength with decreasing layer width, or
increasing number of layers. For case A (Figure 2a), the peak stresses decrease only slightly, and the yield
stresses remain unchanged with the decreasing interface thickness. Compared with system A-0 with uni-
formly distributed FVs, system A-4 with ten layers exhibits the maximum stress increased by 20.0% and
the yield stress by about 10.57%. The results show that the multilayered gradient interface architecture pro-
vides additional support for enhancing mechanical properties that have been achieved through tuning the
monolithic MG compositions. In the following, we get into more details for case B with a bimodal FV dis-
tribution that shows more dramatic effects in strengthening and toughening.

The tensile stress—strain relations of systems in case B, shown in Figure 2b, indicate that the maximum
stress of system B-4 with 10 layers increases by nearly 21% from that of system B-1 with one layer. The strain
corresponding to the peak stress of 2.917 GPa in system B-4 is 5.537%, which exceeds the strain (4.149%) at
the peak stress of 2.38 GPa of system B-1. As we reported previously, for case B with bimodal FV distri-
bution, there exists an apparent ‘work hardening’ beyond the yield point. Here for the multilayers, we
found that the maximum stress increases further with increasing number of layers, while the yield stress
and the secondary work hardening modulus, the slope of the stress-strain curves beyond the yield point,
remain relatively unchanged. Compared to system B-0, which has no FV gradient, the property enhance-
ment is even more remarkable: the maximum stress, the secondary work hardening modulus and the tough-
ness of the layered composites increase more than twice. As compared to our early work with only one FV
gradient interface [23], the enhancement in strength and toughness in the multilayered composites indicates
the existence of new deformation mechanisms in the multilayered MG composites originating not only
from the gradient effect but also from the size effect of layer width.

25 T T T 35 T T T :
(a) —A0 | (b) —B-0
=A" 3.0+ —B1
204 A-2 -B-2
A3 : B3
—hA4 22 A —B4 |
5157 T 20
a & 20+ g
(<} S
2 1 8
8104 S 8 15+ o
7] 173
1.0 -
05| 7
05 4
00 T T T T 0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Strain Strain

Figure 2. The stress-strain relations for systems in Case A (a) and Case B (b) with different numbers of layers. These for
systems A-O or B-0 with spatially random distribution are also shown in (a) and (b), respectively.
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The size effects can be seen from the plots of the mechanical properties versus the layer width in Figure 3,
which includes the maximum stress, fracture stress, flow stress, yield stress and their corresponding strains
and the toughness or mechanical energy. In the plots, the fracture stress is defined as the midpoint between
the maximum and the flow stresses in the plastic region [21-23]. The yield stress is determined using the
0.2% strain offset method. The change of toughness with an increasing number of layers can be quantitat-
ively determined by calculating the area (mechanical energy per unit volume) under the stress-strain curve
up to the fracture strain.

For the systems in case A with a random FV distribution (Figure 3a), the yield stress, fracture stress and
peak stress decrease slightly as the layer width decreases (for systems A-1 to A-4). The strain at the peak

.0
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Figure 3. The maximum stress (red line), fracture stress (blue line), flow stress (green line), yield stress (cyan line), strain
corresponding the peak stress (magenta dashed line), plastic strain (violet dashed line) and unit mechanical energy
(black line) versus the layer width in multilayer MG composites with uniform statistical distribution (systems A-1, A-2,
A-3 and A-4) (a) and bimodal statistical distribution (systems B-1, B-2, B-3 and B-4) (b). For comparison, the results of
the system (A-O or B-0) with spatially random uniform FV distribution are plotted. The lines are drawn by linear fitting.
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stress and plastic strain, and especially the mechanical energy, increases as the layer width decreases. Com-
pared to the system A-0 with randomly distributed FV's, however, the plastic strains of systems A-1 and A-2
decrease only slightly.

For the systems in case B with a bimodal FV distribution (Figure 3b), the fracture stress and peak stress
increase as the layer width decreases (for systems B-1 to B-4). The yield stresses change only slightly and
almost remain constant, meaning that the multilayer does not alter the yielding mechanisms of the thin
MG layers. However, the strains corresponding to the peak stress, plastic strain and the mechanical energies
of the systems increase significantly with decreasing layer width. For instance, the mechanical energy (0.103
GPa) of system B-4 increases with decreasing layer width, which is much larger than that of system B-1
(0.0629 GPa) and monolithic system B-0 (0.0734 GPa). The multilayered MG composites with bimodal
FV distributions are, in general, becoming stronger and tougher simultaneously at a smaller layer width.
These results show that the statistical FV distribution is a big factor in influencing the gradient interface
effect: For the random distribution, the strength does not change much in the layered composites while
the plasticity increases. For the bimodal distribution, both are enhanced.

To investigate the deformation mechanism of multilayered MG composites, the spatial FV distributions,
strain and stress of the systems at different applied strain states are examined to observe the behaviours of
local shear. Here we use system B as an example for its more dramatic improvement in mechanical prop-
erties. Figure 4a shows the initial state of system B-3 under tension. We use B-3 as an example to show here
because other systems’ layers are too thin for clear visualization.

First, we see the preferential initiation of local shears in higher FV or softer layers. During the deformation
process, the regions with lower FV concentrations, i.e. the stronger regions, have higher local stresses. How-
ever, the regions with higher FV concentrations, i.e. the weaker regions, are deformed, resulting in a
decrease in the secondary work hardening modulus of the system. In the regions with high FV
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sentative strains. The colour scheme is such that the lighter or warmer the colour, the higher the amplitude of the corre-
sponding physical quantity it represents, which is also quantitatively shown in the colour bars.



PHILOSOPHICAL MAGAZINE LETTERS . 7

concentrations, the localized shear-banding regions also start to form at lower applied strains. Secondly,
there is a size effect: The narrower the region with high FV concentration, the smaller or shorter, the loca-
lized zones of shear banding. The width of the layer sets a limit for the length of the shear bands. Thirdly, all
highly localized zones of shear are contained by the FV-gradient interfaces. Compared with those of system
B-1 reported in Ref. [23], the stress distributions of systems B-3 with 5 layers are more spread or less con-
centrated, due largely to the presence of the multiple gradient interfaces. The shear stress around the inter-
faces exhibits high local values inside the regions with low FV concentrations after further deformation, as
shown in Figure 4b. When the stress is lower than the peak stress in the low FV zone, those localized shear
regions at the multiple FV-gradient interfaces become embryos of SBs, as shown in Figure 4c. The embryos
of SBs start to extend towards the low FV zones as the stresses become high enough. The local stress at the
interfaces is released as the SBs penetrate through the low FV regions of the interface, as illustrated in Figure
4d. However, FVs and strain within the SBs are elevated as a result. As the SB propagates, it will traverse the
high FV zones faster and reach the next FV-gradient interface. In the next low FV regions/layers, the SB
restore the mechanical energy to create higher local stress until the SB propagates again. The more layers
in the systems, the more frequent occurrence of stress release as the SBs are stopped while passing the interfaces.
Once a main SB forms and crosses the sections of the systems, the peak stress is reached, and along the same
SBs, the local strain increases, as shown in Figure 4e. Under further deformation, more SBs break through
the interfaces, and some new mature SBs cut through the system while those formed and broken through
the multiple FV-gradient interfaces continue to deform along their paths, as shown in Figure 4f. The results
in Figure 4 show that multilayered MG composites (for both case A and B) achieve higher toughness or
plasticity by blocking the extension of the multiple, short, local shear zones or bands through the FV gra-
dient interfaces to the harder layers with low FV densities.

4, Conclusions

We show that the multilayer architecture of MG composites can achieve simultaneous strengthening and
toughening. First, the gradient interface helps in reducing the stress concentration at the interfaces. Second,
the layer width functions in two different ways. One is to limit the length or size of the local shear regions
or bands so they cannot reach maturity to cause catastrophic failure, and the second is that the increase in
the number of interfaces increases the probability of blocking the extending or propagating shear zones or
bands formed in the softer layer. The third is the statistical FV distribution. The bimodal FV distribution is
much effective than the random or uniform distribution in enhancing plasticity and strength because of
the intrinsic heterogeneity in the former. The combined effects of the above factors lead to the superior capa-
bility to enhance toughness and plasticity in MGs. We hope that the cocktail effects revealed from this theor-
etical work would shed new light on designing ductile and toughened MGs for their practical applications.
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