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The effects of nanoscale pores on the strength and ductility of porous Cu46Zr54 metallic glasses during
nanoindentation and uniaxial compression tests are modelled and investigated using molecular dynam-
ics (MD) simulations. In the MD simulations, atomistic amorphous samples were digitally prepared
through fast quenching from the liquid states of copper and zirconium alloy. In both of the nanoinden-
tation and uniaxial compression simulations, shear transformation zones and shear bands are observed
through the local deviatoric shear strains in the samples. The results show that the existence of pores
causes strain concentrations and greatly promotes the initialization and propagation of shear bands.
Importantly, only pores reaching critical size can effectively facilitate the formation of multiple shear
bands. It is also observed that hardening occurs through pore annihilation and the shear band stops in
porous metallic glasses.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Newly-developed metallic glasses have combination of high
yield strength and elastic limit, which for some time has suggested
that they could form a new generation of structural engineering
materials [1–3]. However, metallic glasses usually show no macro-
scopic plasticity, due to the localization of plastic flow in shear
bands, which nucleate and propagate globally and lead to the failure
[3–6]. This catastrophic failure mode significantly limits the applica-
tions of metallic glasses. Therefore, many researchers have studied
the behaviours of such shear bands to improve the ductility [7–16].

Recently, porous metallic glasses with an average pore size
ranging from 25 nm to 10 lm have been fabricated using a series
of techniques [17–23]. In general, the roles of pores in metallic
glasses are to introduce strain concentrations and act as initiation
sites of shear bands, resulting in the formation of multiple shear
bands and the dissipation of the plastic strain [20–22]. It has been
shown that a high-porosity metallic glass exhibits stable plastic
deformation, increasing the macroscopic compressive strain up
to 80% without failure [17]. However, due to the lack of detailed
experimental observations of shear band formation and propaga-
tion, several essential questions concerning about porous metallic
glasses have not been answered. These include: (i) how the size of
pores affects the initiation and propagation of shear bands, (ii) how
ll rights reserved.
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pores evolve during the deformation of porous metallic glasses,
and (iii) how pores contribute to the plasticity and toughness of
these materials.

In the study, molecular dynamics (MD) simulations are em-
ployed to model the nanoindentation and unaxial compression of
both bulk and porous Cu46Zr54 metallic glasses. Porous amorphous
samples with pores of different size are numerically generated and
tested to study their effects on the shear banding mechanism.
2. Molecular dynamics simulations

2.1. Potential function used in MD models

A many-body potential based on the tight-binding scheme
[24,25] was adopted to describe the Cu46Zr54 metallic glass system.
The tight-binding potential is composed of the interactive band en-
ergy and repulsive pairwise energy. For an individual atom, i, its
energy can be expressed as,
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where a and b denote atom types, rij is the distance between atom i
and its neighbour atom j, ra;b

0 represents the first-neighbour distance
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Table 1
Parameters for tight-binding potential of Cu46Zr54 system [26].

r0 (Å) A (eV) n (eV) p q

Cu–Cu 2.6356 0.1074 1.3483 10.2215 2.7490
Cu–Zr 2.9086 0.1808 2.0100 8.6020 2.7960
Zr–Zr 3.2100 0.1844 2.3365 7.9273 2.0250
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of an ab atom pair, nab is an effective hopping integral, and qab de-
scribes its dependence on the relative interatomic distance. Both qab

and nab are assumed to depend only on the interacting atomic
species a and b, and Aab and pab are parameters of pairwise energy.
Table 1 shows the parameters of tight-binding potential for
Cu46Zr54 metallic glasses system with a cutoff distance of 4.5 Å [26].

2.2. MD simulation setups

The initial atomistic configuration of the MD simulations was a
B2 structured block with a size of �13 � 13 � 2.5 nm3 containing
21,600 Cu and Zr atoms in total, maintaining the composition of
Cu46Zr54. With periodic boundary conditions applied, the B2
Cu46Zr54 block was heated to 2100 K and equilibrated for 0.5 ns,
then quenched to 100 K at a cooling rate of 20 K/ns and equili-
brated at 100 K for 0.5 ns to obtain a stable amorphous structure
[27]. The temperature and the pressure were controlled with the
Nose–Hoover thermostat and Nose–Hoover barostat [28–31]. All
MD simulations were performed with a classical molecular dynam-
ics code LAMMPS [32] and post-processed with Atomeye [33] for
visualization.

In the simulations for the nanoindentation, the amorphous
block was replicated 8 � 3 in x–y plane resulting in a slab with a
size of �101 � 38 � 2.5 nm3, which was referred as bulk sample
N-Bulk. This model was designed for a thin film on a substrate as
shown in Fig. 1a. The x and y dimensions were relatively large com-
pared to the z dimension to reproduce a plane-strain condition.
Periodic boundary conditions were imposed in both x and z dimen-
sions. The top face in y dimension was a free surface and the bot-
tom face of 1 nm thick was fixed to simulate support from a
substrate. A cylindrical indenter was applied to repel each atom
that touches it, with a force of magnitude:

FðrÞ ¼ �Kðr � RÞ2 ð2Þ

where K is the specified force constant, r is the distance from the
atom to the axis of the indenter, and R is the radius of the indenter.
Specifically, the radius of the cylindrical indenter was 40 nm, and
the constant K was 100 in current model. Hence, this indenter
was regarded as a high stiffness material with no surface friction.
Fig. 1. Schematics of MD models for: (a) nano
The nanoindentation simulations were performed in depth-con-
trolled mode, in which the indenter was displaced at a rate of
2 m/s in the negative y direction until a maximum indentation
depth of 4.8 nm was reached. Then, the indenter was hold at the
maximum indentation depth for 0.5 ns before unloading. Through-
out nanoindentation, the temperature was maintained at 100 K and
the external pressure in z dimension was maintained at zero. Apart
from the bulk sample, two cases of interacting between pores and
nanoindentations were studied: (i) the indenter was applied right
above a single pore in porous material, referred as sample N-A;
and (ii) the indenter was applied along the midline of two pores
in porous material, referred as sample N-B. All the pores were con-
veniently created by extruding circles of radius 1.5 nm in the x–y
plane. In order to minimize the surface free energy, the porous sam-
ples were equilibrated at 100 K and zero pressure for 0.5 ns prior to
loading the indenter. In fact, since periodic boundary conditions
were applied in z dimension, the pores are actually hollow cylinders
of infinite lengths.

For the simulation of uniaxial compression, the amorphous
block was similarly replicated 3 � 6 in x–y plane to create a single
slab with a size of �38 � 76 � 2.5 nm3, referred as bulk sample C-
Bulk. The schematic of the uniaxial compression simulations is de-
picted in Fig. 1b. Uniaxial compressions were achieved by displac-
ing the boundaries of y dimension at a constant engineering strain
rate of 0.1 ns�1, up to a maximum displacement corresponding to
30% engineering strain. The equivalent displacement rate was
about 7.6 m/s, which was relatively high, compared to that of
experimental compression tests, but it was still far below the
sound speed of metallic glass samples (�1.0 � 103 m/s). Similarly,
periodic boundary conditions were imposed along the y and z
dimensions, while free surfaces were employed in x dimension.
The temperature was maintained at constant 100 K and the exter-
nal pressure in z dimension was maintained at zero throughout the
uniaxial compressions. Three porous samples were numerically
prepared by extruding circles on the x–y plane with an identical ra-
dius of 1.5 nm, 2.0 nm, and 2.5 nm, which were referred as porous
samples C-PI, C-PII, and C-PIII, respectively. The 10 pores are uni-
formly distributed over each samples, with each pore has the same
distance to neighbouring pores or boundary. Before uniaxial com-
pression, the porous samples were also equilibrated at 100 K and
zero pressure for 0.5 ns. The resulting porosity was 2.4% for porous
sample C-PI, 4.3% for porous sample C-PII, and 6.8% for porous sam-
ple C-PIII.

2.3. Characterization of shear strains

The shear transformation zones and shear bands were visual-
ized with the local deviatoric shear strains [34]. Since strains are
indentation and (b) unaxial-compression.
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a relative measurement, two states are needed in order to calculate
it, the current state r(t) and the reference state r(t � Dt). When an
atomistic configuration deforms from its reference configuration,
atoms move into new positions, resulting in the change in neigh-
bourhood of atoms. For each atom, the displacements of its neigh-
bour atoms can be calculated by comparing the current and
reference configurations. A variable that represents the degree of
deformation is defined as the sum of squared deviation between
the actual displacements of the neighbouring atoms and the virtual
displacements that were compatible with a region having a uni-
form strain eij [34], expressed as,

D2ðt;DtÞ ¼
X

n

X
i

ri
nðtÞ � ri

0ðtÞ �
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where the indices i and j denote spatial coordinates and the index n
runs over the neighbour atoms within the cutoff distance. The cutoff
distance used in this calculation usually needs to be larger than the
cutoff distance in potential function, because the local deformation
field can extend to several atom radii, i.e. a cutoff distance of 8.0 ÅA

0

is
used in current calculation of D2 (t, Dt). Then, the local deviatoric
shear strains, eij, were determined by minimizing the value of D2

(t, Dt) through a least square fitting.
The local deviatoric shear strains characterize the incremental

deformation between two selected states, namely, current and ref-
erence configuration. Hence, the calculated local deviatoric shear
strains are depending on the selection of the reference configura-
tion. If both of the current and reference configuration are in the
proceeding of deformation, then the calculated local deviatoric
shear strains are termed as the incremental deviatoric shear
Fig. 2. Visualizations of local deviatoric shear strains at a series of indentation test st
represents local deviatoric shear strains saturated at 0.5 while blue denotes local deviat
color in this figure legend, the reader is referred to the web version of this article.)
strains. If the initial state before deformation is chosen as the ref-
erence configuration, the local deviatoric shear strains characterize
the total deformation that has occurred up to the current state,
which are termed as the net deviatoric shear strains. In the follow-
ing sections, the local deviatoric shear strains are the net deviatoric
shear strains, as the initial states are always chosen as the refer-
ence configuration.

3. Results and discussion

3.1. Evolution of shear bands under nanoindentation loading
conditions

In the MD simulations of nanoindentation, the evolution of
shear bands, including initiation, formation and propagation, was
investigated in detail. During a nanoindentation, the shear defor-
mations in the samples were found mainly undergoing three
stages, which can be categorized as shear transformation zone ini-
tialization, shear band formation and shear band propagation.
Shear transformation zones are small regions that local atomic
rearrangement occurs without significantly affecting the relative
positions of atoms in the immediate vicinity. Shear bands usually
evolve from shear transformation zones when local shear stress
dominates in one direction. However, not all shear transformation
zones can finally turn into shear bands.

The shear transformation zones and shear bands were charac-
terized by the local deviatoric shear strains as shown in Fig. 2. In
the bulk sample, N-Bulk, the shear transformation zone nucleates
in the region beneath the indenter when the indentation depth is
between 1.0 nm and 1.2 nm. The first shear band is formed by
extending the shear transformation zone in the direction of 45�
away from y-axis. With the increase of the indentation depth, more
eps with a depth varying from 1.2 nm, 1.6 nm, 2.4 nm and 3.6 nm to 4.8 nm. Red
oric shear strains equal or lower than 0.05. (For interpretation of the references to
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shear bands form and propagate. At an indentation depth of
4.8 nm, the indentation region is fully developed containing a
few cross-linked shear bands which accommodate the majority
of the shear deformation. The intersections of the shear bands
show the highest level of local deviatoric shear strains. The thick-
ness of each shear band is roughly between 2 nm and 4 nm. In
addition to major shear bands, many dispersed shear transforma-
tion zones exist in the indentation region. Some of these transfor-
mation zones are potentially leading to the formation of new shear
bands if higher indentation depth applies. Furthermore, substrate
provides a strong confinement to the shear deformation. Hence,
the shear bands close to the substrate are prone to divert to cir-
cumvent the substrate. In contrast, free surface provides no con-
straints on the propagation of shear bands, which make itself the
preferred site where shear bands propagate toward.

According to Hertzian analysis, the maximum shear stress ap-
pears on the axis at a finite distance beneath cylindrical indenter
for isotropic materials [35,36]. However, the first shear transfor-
mation zone in the bulk sample is about 5 nm beneath the inden-
ter, but not along the axis of indentation. Hence, it suggests that
the formation of shear transformation zones is not uniquely deter-
mined by the maximum local shear stresses. Although metallic
glasses are regarded as homogeneous at macroscale, they have vast
variations in local configurations at atomic-scale. Each local atomic
configuration is associated with different shear resistances, and
shear transformation zones usually nucleate at the sites with low
shear resistance. Therefore, the variation in local atomic configura-
tion is affecting the positions where shear transformation zones
form. Furthermore, the distribution of shear bands is asymmetric
although the cylindrical indenter is axisymmetric, which suggests
the local atomic configurations change not only the positions of
initiation but also the propagation directions of shear bands.

The formation and propagation of shear bands is greatly af-
fected by the pores existing in indentation region. In sample N-A,
a single pore is located in the right front of the indenter and the
vicinity of the pore becomes the high concentration region of shear
strains. Shear transformation zones form at the wings of that single
pore, which differ from initiation location in the bulk sample N-
Bulk. In sample N-B, two pores are located in the front of indenter,
but both out of shear deformation region when indentation depth
is small. Hence, the initiation of the shear transformation zones is
not much affected by these two pores, and is similar to that ob-
served in the bulk sample N-Bulk. However, the propagation of
the shear bands is greatly influenced by those two pores when
indentation depth increases. After the shear transformation zone
Fig. 3. Force–displacement curves during nanoindentations of samples N-Bulk, N-A
and N-B.
forms, shear bands propagate from the shear transformation zone
toward the pores. With further increased indentation depth, more
shear bands form and propagate from pores toward the curved
contact surface in both samples N-A and N-B.

The force–displacement curves which represent the y-compo-
nent of interaction forces between indenter and samples during
nanoindentations are shown in Fig. 3. Three samples have almost
the same force–displacement curves at the starting of the nanoin-
dentations. At that stage, all samples have no shear transformation
zones formed yet and they deform elastically. Three force–dis-
placement curves start to diverge at indentation depth from
1.0 nm to 1.2 nm which is the period when shear transformation
zones form according to the visualization results discussed above.
The reason of this divergence is that the pores weaken the strength
of material within the indentation region by affecting the shear
transformation zones. After the indentation depth reaches
1.75 nm, shear softening happens accompanying the formation of
shear bands and it corresponds to the step-wise curves in Fig. 3.

When pores are involved into the propagation paths of the
shear bands, the strength of metallic glasses is reduced. Sample
N-A has a lower strength than bulk sample N-Bulk but a higher
one than sample N-B. Therefore, it is suggesting that the more
pores interacting with shear bands, the greater the reduction in
strength of porous metallic glasses. In addition, two pores can
accommodate more shear deformation than one pore, and the
annihilation of pores in sample N-B is postponed compared to that
in sample N-A. After the pores have collapsed, the strengths of the
porous samples converge to that of the bulk sample. All the sam-
ples creep during the holding period at the maximum indentation
depth and then follow almost the same curves in unloading. Basi-
cally the data from the strength of the bulk sample N-Bulk offers an
envelope in the force–displacement curves.

The equivalent hardness is extracted from the force–displace-
ment curves, following the definition of hardness,

H ¼ P
Ac

ð4Þ

in which, P is the loading force, and Ac is the projected contact area,
while H is the hardness. All these quantities are statistically calcu-
lated in a short period at the end of loading. At the indentation
depth of 4.8 nm, all bulk and porous samples have a close hardness
value and shows no effect relating to porosity. It suggests that the
hardness of porous samples converges to the value of bulk sample
after pores collapsed. The maximum loading force is evaluated at
296 ± 10 nN for all samples. According to the ideal contact profile,
the projected contact area would be 95.0 nm2 at 4.8 nm indentation
depth. However, a small amount of sink-in happens during nanoin-
dentation of all three samples. Alternatively, the projected contact
area is directly evaluated by examining the profile of indentation
compression, which is 85.5 ± 0.5 nm2 for all three samples. Accord-
ing to Eq. (4), the equivalent hardness is calculated as
3.46 ± 0.15 GPa, which is lower than the Vickers hardness of com-
mon Cu/Zr-based metallic glasses (�5 Gpa), and it is possibly
caused by different nanoindenter profiles [37]. It indicates that
the current model can capture the behaviours of shear bands and
pores, but for a more quantitative analysis, a more accurately cali-
brated model is required.

3.2. Mechanical behaviours of metallic glasses under uniaxial
compression

In the MD simulations of uniaxial compression, the mechanical
behaviours of metallic glasses are determined as well as the evolu-
tion of shear bands. Shear transformation zones and shear bands
are still characterized with local deviatoric shear strains at several
critical stages as shown in Fig. 4. Except for using local deviatoric
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shear strains, the global compressive strain is also used to repre-
sent the magnitude of deformation in the entire sample, which is
simply the y-component of true compressive strain.

In the bulk sample C-Bulk, shear transformation zones are initi-
ated when the global compressive strain is between 5% and 6%.
After this, the shear transformation zones extend along a direction
45� away from compression direction. The distribution of shear
transformation zones in the bulk sample C-Bulk shows concentra-
tion on a series of parallel lines with a spacing of 8–10 nm. As the
global compressive strains increasing, shear transformation zones
link together and merge into large shear bands with an orientation
of around 45� away from the loading direction. The major shear
Fig. 4. Visualization of local deviatoric shear strains at 5.8%, 9.5%, 18%, and 26% global co
deviatoric shear strains saturated at 0.5, while blue denotes local deviatoric shear strains
legend, the reader is referred to the web version of this article.)
bands widen because more adjacent atoms are involved in the evo-
lution of the shear bands. It is observed that the shear deformation
is highly localized in major shear bands. The local deviatoric shear
strains in other regions are relatively small compared to that in
major shear bands.

In both nanoindentation and uniaxial compression, the initia-
tion of first shear bands aligns along the direction with an angle
of 45� away from loading axis, which is coincident with the maxi-
mum shear stress direction of isotropic materials [35]. However,
the location that shear bands initialize differs in two loading con-
ditions. In nanoindentation, the curved indenter surface introduces
deviatoric stresses along contact interfaces, and all major shear
mpressive strains in the samples C-Bulk, C-PI, C-PII and C-PIII. Red represents local
equal or lower than 0.05. (For interpretation of the references to color in this figure



Fig. 5. Stress–strain curves of samples C-Bulk, C-PI, C-PII and C-PIII under unaxial
compression.

Table 2
Mechanical properties of bulk and porous samples under uniaxial compression.

Porosity (%) Elastic modulus (GPa) Yield strength (MPa)

C-Bulk – 44.0 1830
C-PI 2.4 41.0 1578
C-PII 4.3 39.3 1464
C-PIII 6.8 36.6 1404
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bands initiate or end at contact interfaces. In contrast, deviatoric
stresses are only caused by the Poisson’s effect in uniaxial com-
pression. Hence, the free surface is the preferred site to initiate
shear bands in uniaxial compression. Furthermore, the propagation
of shear bands also varies in two different loading conditions.
Shear bands are confined in the indentation region during nanoin-
dentation, but they propagate across the whole sample in uniaxial
compression. Hence, an radial shear banding pattern exhibits in
nanoindentation, while a parallel shear banding pattern shows in
uniaxial compression.

In porous samples, the behaviours of shear bands are greatly af-
fected by the existence of pores. Shear transformation zones form
in the vicinity of pores with 4–5% global compressive strains,
which is slightly earlier than in the bulk sample. It is corroborated
that pores greatly facilitate the formation of shear bands according
to the results obtained from nanoindentations. Within 5.8% global
compressive strains, shear bands have formed in all porous sam-
ples. Shear bands propagate either along the line connecting two
diagonal pores or from one pore to the free edges of samples.
The orientations of shear bands are still along the direction 45�
away from the compression direction in these porous samples.
As deformation increases, pores on the propagation path of major
shear bands collapse and it increases the shear resistance of major
shear bands. When a major shear band stops due to the high shear
resistance on its path, new shear bands form along low shear resis-
tance path to allow further shear deformation.

During uniaxial compressions, the size effect of pores is also
found on the initiation and propagation of shear bands in porous
metallic glasses. In the porous sample C-PI, the major shear band
is still active after interior pores have collapsed, and it continues
to engage more atoms and pores nearby to dissipate the shear
deformation. Small shear bands arise from the major shear bands
and propagate along directions perpendicular to major shear
bands, accommodating shear deformation at the mean time. In
the porous samples C-PII and C-PIII, the major shear bands stop
propagating after the interior pores have collapsed and then new
shear bands take over the role of carrying the shear deformation,
and the orientation of the new shear band is conjugate to that of
the died major shear band.

At 26% strain, both the bulk sample C-Bulk and the porous sam-
ple C-PI show highly localized shear deformation along major
shear bands while the porous samples C-PII and C-PIII have evenly
dispersed deformation areas as a consequence of formation of mul-
tiple major shear bands. In addition, several pores are retained at
26% global compressive strain in the porous sample C-PI while
all pores have collapsed in porous samples C-PII and C-PIII. As a re-
sult, the bulk sample C-Bulk and the porous sample C-PI are more
likely to have a catastrophic failure than porous samples C-PII and
C-PIII.

The material properties of samples at the microscale can be fur-
ther determined by extracting stress–strain curves of the uniaxial
compressions. The normal pressures on the top and bottom bound-
aries of y dimension are outputted as uniaxially-compressive stres-
ses, which is actually the y-component of true stress of uniaxial
compression. The stress–strain curves of the uniaxial compressions
of all samples are shown in Fig. 5. In general, shear softening occurs
in all samples, which contribute to the formation of shear bands.
The shear resistance also evolves, corresponding to the annihila-
tion of pores and the stopping of shear bands during deformation.
After the global compressive strains reaches 14%, porous sample C-
PII and C-PIII have higher shear resistances than bulk sample C-
Bulk and porous sample C-PI. The effect of pores on facilitating
the initiation of shear bands is also indicated by the stress–strain
curves in Fig. 5. It shows that the shear softening of these metallic
glasses happen at around 5.8% global compressive strains, which is
consistent with the initiation of major shear bands observed in
Fig. 4. It also shows that pores reduce the strength of materials
in two aspects: (i) the porous materials yield at a lower strain level
than the bulk metallic glasses and (ii) the porous materials with
larger pores yield earlier than those with smaller pores.

The elastic modulus is calculated from the linear portion of the
stress–strain curve, and the strength before shear softening is ta-
ken as the yield strength, which are listed in Table 2. It shows that
elastic modulus and yield strength of porous metallic glasses de-
crease as the porosity increases, which has also been found in
experimental results [20,22]. It is noticed that the elastic modulus
of bulk Cu46Zr54 metallic glasses, 44.0 GPa, is higher than the value
calculated by Shimizu et al., 38.0 GPa at 300 K [38]. As the uniaxial
compressions were performed at 100 K in current model, this dif-
ference is attributed to the effect of temperature on the elastic
modulus. However, the elastic modulus calculated from current
uniaxial compression model is still much lower than the experi-
mental results, which is 82–107 GPa for Cu/Zr-based metallic
glasses [37,39].

In addition, beyond the first peak there is evidence of hardening
of the porous metallic glasses in the stress–strain curves after the
pores have collapsed at larger shear deformations. The explanation
for this type of hardening is that the annihilation of the pores in-
creases the shear resistance for the major shear bands by two
means. Firstly, the length of the shear band path increases. Sec-
ondly, there is a misalignment between shear-band segments after
pores have collapsed, because shear bands shifted by a distance
that equals the diameter of the pores. However, when a new shear
band forms and propagates, another shear softening usually oc-
curs, as the new shear band has lower shear resistance than the
existing ones.

Although experimental results have already shown that the
existence of pores improves the ductility of metallic glasses
[20,22], the role of pores’ size should be further clarified. From cur-
rent simulation results, the pores’ size appears to be critical in
determining shear banding behaviours and the ductility of porous
metallic glasses. Only pores reaching a critical size can dissipate
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shear deformation effectively, as shown in sample C-PII and C-PIII,
and those under the critical size have less impact on shear bands,
as shown in sample C-PI. Porous metallic glasses with larger pores
are more likely to form multiple major shear bands, allowing larger
plastic deformation before failure, while those with smaller pores
behaves similar as bulk metallic glasses. Generally, the porous
metallic glasses with smaller pores required higher local strains
to initiate shear bands than those with larger pores. Several small
pores in C-PI were retained with little change in their shape even at
26% global compressive strains. However, the critical size of pores
that turning porous metallic glasses from bulk-like into multiple
shear banding mode has not be precisely identified from current
simulation results.

Furthermore, the orientations of major shear bands also affect
the ultimate shear resistances of these glasses. In porous samples
C-PII and C-PIII, the orientations of active major shear bands vary
at different stages of uniaxial compression and the samples slip
in a pair of conjugated directions rather than slipping in a single
direction or several parallel directions. As the slipping directions
are conjugated, the shear bands are cross-linked and block one an-
other, resulting in an increase in shear resistance. The shear defor-
mation in the bulk sample C-Bulk and the porous sample C-PI are
both dominated by one major shear band, such that are no harden-
ing effect from such blockage of shear bands. Therefore, porous
metallic glasses with cross-linked major shear bands have higher
ultimate shear resistance than those with a single shear band or
several paralleled major shear bands as shown in the stress–strain
curves in Fig. 5. Note that the increase in shear resistance is a great
contribution to the energy absorption of porous metallic glasses as
well.

4. Conclusions

In the work, to capture the evolution of shear bands and deter-
mine the material properties of Cu46Zr54 metallic glasses, we mod-
elled nanoindentation and uniaxial compression tests on bulk and
nano-porous Cu46Zr54 metallic glasses by using molecular dynam-
ics (MD) simulations. The shear transformation zones and shear
bands were characterized through visualization of the local devia-
toric shear strains. The simulation results revealed several impor-
tant aspects of the deformation mechanism in nano-porous
metallic glasses, as follows:

� Pores act as local strain concentrators and reduce the shear
resistance of porous metallic glasses. Shear bands usually initi-
ate in the vicinity of pores and propagate out in a direction of
around 45� away from a loading direction. The yielding strength
and elastic limit are both reduced in porous metallic glasses,
due to softening effects caused by pores.
� The size of the pores greatly influences the initiation and prop-

agation of shear bands in the metallic glasses. Larger pores are
more effective in reducing the shear resistance than smaller
ones. Porous metallic glasses with smaller pores behave simi-
larly to bulk metallic glasses but form small shear bands stem-
ming from major shear bands. In contrast, those with large
pores have multiple major shear bands developing at different
stages and possess higher ultimate shear resistances.
� Under large compressive deformations, porous metallic glasses

exhibit hardening effects when a pore collapses or a shear band
stops. Due to the blockage of shear bands, cross-linked shear
bands are more valuable in improving the ductility and energy
absorption than a single shear band or parallel major shear
bands.
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