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By means of a revised free-volume theory, the notch effect on metallic glass was systematically investigated by the numerical
method. Simulations on specimens without notches demonstrated that the parameters being determined in this work could
reasonably describe the strength asymmetry of tension and compression.Moreover, four samples with different notches were used
to numerically investigate the notch effect on global strength and plasticity. A better agreement could also be achieved between
current simulations with existing experimental results, compared with another free-volume model. Combined with the free-
volume distribution during deformation process, it was proven that the intersection of two major shear bands is the cause for the
strength and plasticity enhancement found in sample with two symmetric notches. Besides, strength asymmetry between tension
and compression was also found for notched samples. Compressive strengths are accordingly higher than tensile ones. Moreover,
with the augment of the aspect ratio, the plasticity for specimens with two symmetric notches was found to increase firstly and
then decrease afterwards.

1. Introduction

Recently, metallic glass has received loads of attentions
because of its unique properties such as high strength,
large elastic limit, and high hardness [1–3]. However, the
vital shortcoming of monolithic metallic glass is the fast
shear banding process, and it seldom exhibits noticeable
plasticity once its yield strength has been reached. Al-
though some scholars claimed that its plasticity could be
enhanced by tuning structural or spatial heterogeneities
[4–6], the low ductility is still its main weakness, which
limits its wide application in engineering.-erefore, many
investigations have been dedicated to this field with the
purpose of improving its ductility. It is proven that in-
stalling multiple stress states could effectively improve the
global plasticity of metallic glasses [7–13]. Among these
works, it was found that installing two symmetric notches
could largely enhance the compressive plasticity [7]. It has
been recognized that the interaction of two major shear
bands is the key for the plasticity argument, which could

confine specimens without fracturing rapidly along one
shear band.

On the contrary, how to understand the intrinsic
mechanism behind the existing findings is very crucial to
advance the deformation mechanism of metallic glasses.
From the viewpoints of technology, the finite element
model (FEM) is an effective way of understanding and
revealing different mechanisms, and it is very convenient
and economical since the computer ability is improving
and results obtained by FEM could be vividly compared
and validated by relevant experiments. In general, free-
volume theory [14] has been accepted as a good candidate
to simulate the onset of shear band initiation and prop-
agation. Gao [15] developed a computational framework,
which incorporated the free-volume theory [14] into FEM,
and it was concluded that the shear banding process
could be described by free-volume aggregation, which was
localized and shaped like the shear band morphology ob-
tained in experiment. Besides, Jiang [16, 17] investigated
shear banding process when different notches and test
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conditions were arranged, and it was found that simulated
results were consistent with experimental findings. Fur-
thermore, since the hydrostatic stress is very significant
especially when the sample is deformed in complex stress
states, several models accounting for hydrostatic stress
were proposed to simulate the shear band propagation
process [18–22]. For instance,-amburaja and Ekambaram
[18, 19] proposed a finite-deformation-based model, in
which the hydrostatic stress was considered. Simulated
results were found to precisely imitate strain localization
(shear banding process) in metallic glass. Besides, Rao et al.
[20] developed a constitutive model which can describe the
failure characteristics of metallic glass under different stress
states by incorporating stress triaxiality. Moreover, Zhao
et al. [21] raised a micromechanics-based model to depict
the shear band evolution during tensile and compressive
loadings and the tension and compression asymmetry was
reasonably interpreted.

Although a few models have been developed to analyze
the shear banding process under complex stress states, few
approaches have been reported on the notch effect of me-
tallic glass when hydrostatic stress is considered. Since notch
could result in stress concentration leading to stress triax-
iality, it is necessary to investigate the shear banding process
in metallic glass when different notches are installed and
eventually to understand dependence of notch configuration
on the global plasticity. -erefore, according to a recent
constitutive law considering hydrostatic stress [21], sys-
tematic simulations are performed to understand the de-
pendence of the global plasticity on the notch configurations
and geometry by means of a user material subroutine (UMAT)
in ABAQUS software. It proves again that the intersection of
two symmetric notches could effectively postpone the fast
shear banding process in sample so that the global plasticity
is expected to be enhanced. On the contrary, for specimens
with only one notch, two unsymmetric notches as well as one
hole, strain is localized along one shear band because of
the absence of two shear bands interaction. -erefore, the
related plasticity is very limited. It is anticipated that the
current work could broaden the understanding of defor-
mation mechanism for metallic glass under complex stress
states.

2. Constitutive Laws considering Hydrostatic
Stress Contribution

Since there is no dislocation in metallic glasses, shear band
initiation and localization is the sole mechanism governing
the deformation behavior. From the macroscopic viewpoints
[23], the plasticity difference under tension and compression
could be attributed to the loading mode and normal stress.
Under compression, because of the shrink effect caused by
compression, the specimen displays some plasticity before
fracture. From the microscopic level, shear band defor-
mation is believed to be dependent on the local structural
disorder [14], which could be numerically built up by
free-volume theory [14, 15]. In fact, the free volume is a
mathematical measure of the departure from the ideally
ordered structure and believed as the difference between

the averaged atomic volume and that in the ideally ordered
structure [14, 15]. In terms of the contribution of hy-
drostatic stress, it was concluded that the free volume
localization is prone to take place under tensile loading
because the tensile hydrostatic stress is in favor of making
shear band localized [21]. However, under compression,
the compressive hydrostatic stress could confine the ag-
gregation of free volume, delaying the onset of fast shear
banding process [21]. -erefore, by the constitutive law
proposed by Zhao et al. [21], the net rate of free-volume
increase is [21]
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where f stands for the frequency of atomic vibration, α is
a geometrical coefficient of order 1, v∗ is the critical
volume (hard-sphere volume of an atom), vf is the av-
erage free volume per atom, Ω is the atomic volume, E

and υ are elastic modulus and Poisson’s ratio, ΔGm is the
activation energy, τ represents for the shear stress, kB is
the Boltzmann constant and T is the absolute tempera-
ture, Ceff is the effective elastic stress, typically we have
Ceff � E/3(1 − υ), nD is the number of atomic jumps
needed to annihilate a free volume equal to v∗ and is
usually taken as 3 [14–17, 21], σkk is the hydrostatic stress
term [21], and ξ is a factor which characterizes the re-
sponse of free volume increment induced by hydrostatic
stress for individual material [21]. -e ξ value could
be obtained by comparing tensile and compressive
strength via the finite element method and experimental
results [21].
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Equation (3) is the conventional Hooke’s law for iso-
tropic solids in terms of the isotropy of metallic glass [15].
-en, one can obtain

σe �

�����
3
2
SijSij



,

Sij � σij −
σkkδij

3
,

(4)

where σe is the effective stress and Sij is the deviatoric stress. By
means of the characteristic time scale t∗ � tf− 1 exp(ΔGm/kBT),
the plastic part, i.e., the flow equation εp

ij

·

in equation (2) and

2 Advances in Materials Science and Engineering



free-volume evolution equation (equation (1)) could be de-
duced as [21, 24]
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where σ0 is the reference stress σ0 � 2kBT/Ω. Furthermore, the
hydrostatic stress contribution εh

ij

·

could be expressed as [21]

εh
ij

·

�
(1 − 2υ)ξ

3E +(1 − 2υ)ξσkk

σkk

·
δij. (7)

3. FEM Simulations

-e above constitutive laws are then implemented into
ABAQUS code [25] by using UMAT, which is developed
to incorporate specific constitutive equations for individual
materials.-e details for the computational process could be
obtained from reference [21]. Instead of the three-dimen-
sional model, two-dimensional FEM is used in this work in
order to reasonably capture the key deformation mechanism
without costing much computational resources [15–17, 21].
In this framework, the strain localization is described by an
internal state variable, i.e., the normalized free-volume vf, as
shown in equation (6). -e evolution of strain localization
could represent for the shear banding process. It means
shear banding preferentially takes place at the regions where
the higher density of free volume occurs. Besides, the plastic
flow stress is a function of the effective Mises stress, the
corresponding free volume as well as the hydrostatic stress.
-erefore, all the variables such as stress and free volume
could be calculated, updated, and stored in ABAQUS packages
for the purpose of observations and analyses.

-e specimen used for simulation is rectangular with the
size of 3mm× 6mm, as shown in Figure 1. It comprises
about 30000 ABAQUS CPS4R elements for the specimen
without notches. In fact, a rectangular specimen in test
should be at a status between plane stress and plane strain. In
[7], the thickness is 3mm, in terms of the height 6mm and
width 3mm, and the stress status should be relatively closer
to plane stress. -erefore, the plane stress element type was
chosen for analysis. In this model, the bottom of the sample
is fixed in loading direction while two ending points of the
bottom line are not allowed tomove in both x and y directions.
-e remaining nodes of the bottom line are free to move along
x direction. On the contrary, continuous tensile or compressive
displacement is applied on top of the sample. In a similar way,
for the sample with notches, the same boundary conditions are
employed in order to make a direct comparison among dif-
ferent samples. Loading rate is fixed at 10−6 s−1.

It is suggested that the initial free volume in sample
distributes randomly which follows a Gaussian distribution.
-erefore, in the FEM process, initial free volume should

be assumed before calculation. Based on the work obtained
by Chen et al. [26], the mathematical expression of the
disturbance in the form of a two-dimensional Gaussian
function could be displayed as [26]
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In the above equation, the initial free volume v0 is as-
sumed to be 0.05; (x0, y0) is a random coordinate within the
specimen region; δ is the amplitude of disturbance and
presupposed to v0/10; and Δx andΔy are the characteristic
half widths [26].

4. Results and Discussion

4.1. Parameter Determination and Validations. Regarding
the notch effect of metallic glasses, some systematic experi-
ments have provided direct phenomenal evidences which
could be used to validate our simulated results. Here, we
borrowed the results in [7] to verify the reliability of current
work. For the metallic glass Zr52.5Ni14.6Al10Cu17.9Ti5 [7], its
measured tensile and compressive strengths are 1.66 GPa
and 1.84GPa, respectively [27]. It demonstrates an obvious
tensile and compressive asymmetry, and the compressive
strength is higher than tensile strength, which is consistent
with our previous description on hydrostatic stress. In this
work, material parameters used in FEM could be achieved
by comparing with the measured stress-strain relations
continuously (as reported in [16, 17, 21]). In detail, the
determination of those materials parameters is a manual

y
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Figure 1: Boundary conditions on the specimen used in this work.
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process in which the values of different parameters need to
be input for trial until the computational and experimental
curves match. After several attempts, the material prop-
erties for this metallic glass are E � 96GPa, υ � 0.36, ξ �

0.1, nD � 3, α � 0.75, and β � 1. ξ � 0.1 is the parameter
which could reflect the hydrostatic stress contribution
for metallic glass, and it is also a material-dependent
coefficient [21].

Figure 2 plots the engineering stress-strain curves for
this Zr-based metallic glass obtained by experiments [27]
and simulations. From the simulated results, it can be seen
that the patterns for both curves are very similar. After the
stress reaches the highest stress, it exhibits an obvious
softening behavior which is doubtless attributed to the
shear banding localization. Furthermore, the yield strength
under compression is slightly higher than that in tensile
loading. -e simulated compression strength is measured
as 1.83 GPa while the strength under tension is 1.64 GPa.
-ese results are very close to the experiment results in
reference [27] (tensile and compressive strengths are
1.66 GPa and 1.84 GPa in experiment). It proves that
the parameters determined above could result in ac-
ceptable precision and hydrostatic stress is indeed sig-
nificant which could lead to tensile and compressive
strength asymmetry.

In order to further understand the process of shear band
evolution, Figures 3 and 4 display the contours of shear
banding evolution under tension and compression, respec-
tively. -e color maps represent the free-volume distribution
in equation (6), which can stand for the shear band evolution
process via Mises plasticity criterion. Figure 3(a) shows the
deformation patterns at the initial stage in which free volume
are dispersed randomly within the samples. When strain ε is
increased up to 2.49% (see Figure 3(c)), some short thin free-
volume localization regions are formed, and the specimen is
expected to slide along one shear band once the instability
condition has been met [28]. Because there is no term in this
model describing the instability process, the current simu-
lation is not able to estimate when the specimen will fracture
along one shear band finally. When strain ε is 5.0%, defor-
mation patterns in Figure 3(d) show that multiple large shear
bands are formed in sample and it is in agreement with the
simulated results by Jiang [16]. On the contrary, the shear
band evolution morphology under compressive loading is
similar to that in under tension, as shown in Figures 4(a)–
4(d). -e only difference is the degree of free-volume
localization. Taking Figures 3(d) and 4(d) for comparison,
under the same strain level, the free volume concentration
in tension is in the range of 0.0513∼0.0830, which is
slightly higher than that in compression (0.0489∼0.0792).
Although the difference between two cases is not pro-
nounced, the difference on the tensile and compressive
strength after computation could be noticeable according
to the constitutive laws from equations (1)–(7). Besides, it
could be understood by shrink effect induced by com-
pressive hydrostatic stress which could suppress the ex-
pansion of free volume and delay its localization. It also
explains why compressive strength is higher than tensile
strength (see Figure 2).

In brief, comparison between experiments and simula-
tions as well as the shear band evolution process confirms
that the parameters being determined are reasonable to
elucidate the asymmetry of tension and compression caused
by hydrostatic stress.

4.2.DeformationBehavior ofNotchedandUnnotchedSamples

4.2.1. Compressive Deformation Process for Notched Samples
with Different Configuration. In [7], notch effect was sys-
tematically investigated, and it was found that the com-
pressive plasticity of specimen could be enhanced largely
when two symmetric notches were installed. Although this
plasticity improvement has been revisited numerically by
Jiang [16], there is no term delineating hydrostatic stress
contribution in Jiang’s work [16]. -erefore, it is necessary
to elucidate the notch effect with the consideration of
hydrostatic stress. Figure 5(a) replots four samples with
different preset notches based on [7]. -e dimension in
these specimens strictly follows the sample configuration
in Zhao et al. work [7]. -e radius of notch or circular hole
in Figure 5(a) is identically 0.5mm. -e size of all four
samples are 3mm × 6mm. In specimen A, there is only one
semicircular notch in the middle of one long edge. Spec-
imen B contains two unsymmetric semicircular notches
while a circular hole is constructed in specimen C. Spec-
imen D consists of two symmetric semicircular notches
which was found to have the highest plastic deformation
ability among these four specimens [7].

After computation, engineering stress-strain curves
could be obtained according to the data at different strain
amplitudes. Here, the engineering stress-strain is defined
as the ratio of all the forces applied on the top end to the
minimum cross-section of specimen. For example, the
minimum cross-section of specimen D is 2.0mm instead of
3.0mm. -en, Figure 5(b) shows the computed stress-strain
curves for all the four samples. It is seen that the yield
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Figure 2: Simulated engineering stress-strain curves under
tensile and compressive loadings, both simulation and test re-
sults [27].
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strength and plasticity of specimen D is distinctly higher
than the others. -e yield strength is 2.19GPa, which is very
close to the value found in experiment (2.24GPa). It also
shows that the yield strength for specimens A–C is almost
the same, which is around 1.90GPa. On the contrary, the
elastic-plastic deformation duration in specimen D is also
the longest, and it implies the highest plastic deformation
process in specimen D. Furthermore, in order to better
validate the reliability of present work, Figure 5(c) displays

the comparison of yield strength for all the four samples with
experimental results [7] as well as the simulated work in
Jiang’s work [16]. It could be clearly seen that a better
agreement could be found by using the hydrostatic-stress
included model, compared with the model without hy-
drostatic stress terms. It proves that the hydrostatic stress
could not be negligible when the complex stress state is
involved. It should be mentioned that the yield strength data
used in Figure 5(c) have been converted into engineering
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Figure 3: Contours plot of the shear banding evolution in the samples at different strains under tensile loading. (a) ε� 0%; (b) ε� 2.25%;
(c) ε� 2.48%; (d) ε� 5.0%.
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stress. Besides, for specimen D (in Figure 5(a)), in both
simulations and experiments, the maximum stresses were
picked for comparison since monolithic metallic glass rarely
displays work-hardening behavior like metal materials.
Instead, once the stress reaches the yield strength (for most
of cases, yield strength is close to the maximum stress), the
specimen fractures right away. Actually, elastic and plastic
models were considered in current work. -e plastic de-
formation ability could be inferred by observing the stress-

strain curve. Since there is no term of fracture criterion being
considered in this work, the threshold at which the specimen
is supposed to fracture cannot be determined by the present
work. However, the different plastic abilities on those notched
specimens could be reasonably reflected from the stress-strain
curves.

In order to obtain the detailed microdeformation be-
havior, Figures 6(a)–6(f) show the shear banding evolution
for specimens A–C which display poor plasticity. Figure 6(a)
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Figure 4: Contours plot of the shear banding evolution in the specimens at different strains under compressive loading. (a) ε� 0%;
(b) ε� 2.29%; (c) ε� 2.49%; (d) ε� 5.0%.
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illustrates the free-volume distribution when strain ε is 2.02%,
and it is found that the free-volume concentrates around the
notch region and is about to propagate towards the inner part
of specimen. When strain ε is increased to 2.38%, an obvi-
ous region with higher density of free volume is formed,
demonstrating the shear banding tendency and direction. It
could be speculated that the specimen might fracture along
one major shear band once the instability conditions are
reached. For the specimen with two unsymmetric notches
(in Figures 6(c) and 6(d)), the shear band initiates from the
notch region and expands into the internal region of the
sample (see Figure 6(c)). Finally, the sample is expected to
failure along the major shear band formed between two

notches, as shown in Figure 6(d). It is also consistent with
the experimental finding in [7]. Besides, Figures 6(e) and 6(f)
illustrate the results for specimen with one circular hole in the
middle. According to the free-volume patterns, the sample
may fracture along one inclined shear band finally, which is in
agreement with the observation in tests [7].

Different from specimens A–C, sample D exhibits a
higher strength and plasticity based on stress-strain curves in
Figure 5(b). It must be corresponding to the shear banding
evolution during deformation process. -en, Figures 7(a)–7(c)
display the free-volume concentration features under different
strains.When strain ε is relatively low at 1.44% (in Figure 7(a)),
intense free volume is located at the notch region. When ε
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is up to 2.08% shown in Figure 7(b), two vague V-shaped
regions are formed within the sample. -e pattern is highly
coincident with the experimental observation [7]. With an
even higher strain ε 5.0%, a clear intersection of two shear
bands is seen in sample. -is intersection should be re-
sponsible for the high strength enhancement found in both
simulations and experiments [7]. Besides, it could postpone
the sample from rapidly fracturing along one major shear
band. It again proves the reliability of the present work.

4.2.2. Asymmetry between Tension and Compression for
Notched Specimens. As stated above, the existence of hy-
drostatic stress could suppress the onset of free-volume and
the following shear band propagation, resulting in a higher
compressive yield strength than that under tension for
smooth specimen [21, 27]. -erefore, it is necessary to
make predictions on samples under tension so as to un-
derstand the hydrostatic stress effect of notched samples

since this has not been investigated yet up to now. Although
numerical investigation has been performed by Jiang [16]
on notched metallic glasses, it has no terms accounting for
hydrostatic stress so that no asymmetry between tension
and compression could be achieved by that model [16]. For
the sake of demonstrating the asymmetry between tension
and compression for notched specimens, Figure 8(a) plots
the tensile engineering stress-strain curves for the four
sample A–D (in Figure 5(a)). Generally, yield strengths
under tension are obviously lower than those under
compression, compared with Figure 5(b). Moreover, it is
clearly shown that the mechanical responses induced by
unsymmetric notches are quite similar, illustrated in
specimens A–C. For these three samples, the tensile yield
strengths are very comparable which is consistent with the
results under compression in Figure 5(b). However, for
specimen D, because of the symmetric notches, the yield
strength of specimen D is higher than the other three samples.
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Figure 6: Contour plots of free-volume evolution for specimens A–C under different compressive strain levels. (a) Specimen A
ε� 2.02%. (b) Specimen A ε� 2.38%. (c) Specimen B ε� 1.47%. (d) Specimen B ε� 2.05%. (e) Specimen C ε� 1.56%. (f ) Specimen C
ε� 2.31%.
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It could be explained that the shear band entanglement caused
by two symmetric notches may hinder the fast propagation of
shear bands and lead to an improvement of yield strength and
plasticity even under tensile loadings [8]. Besides, Figure 8(b)
shows the comparison of simulations for specimen D in both
tension and compression. Higher strength and larger plas-
ticity are found in compression. -e difference between
tension and compression on specimen D could also be ob-
tained numerically.

On the contrary, Figures 9(a)–9(c) show the shear band
evolution by the free-volume location contour plot. Although

the shear band interaction is also found in Figure 9(c), a large
plasticity is not expected to happen since the tensile stress
will make specimen fracture right away once instability
starts. Furthermore, Figure 10 illustrates the comparison
on yield strengths under compression and tension. Wherein,
the compressive strength is accordingly higher than tensile
strength. It proves again that the compressive hydrostatic
stress rather than tensile hydrostatic stress could confine the
initiation of shear bands under complex stress states and give
rise to asymmetry of tension and compression for notched
samples.
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Figure 7: Shear banding illustration of free-volume localization for specimen D under different compressive strain levels. (a) ε� 1.44%;
(b) ε� 2.08%; (c) ε� 5.0%.
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Figure 8: (a) Engineering stress-strain curves for specimens A–D under tensile loadings. (b) Comparison of simulations on specimen D in
both tension and compression.
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4.3. Effect of Aspect Ratio on the Deformation of Notched
Samples. As researched before [16, 29, 30], the aspect ratio
of the specimen could somehow change the plastic de-
formation of metallic glasses due to the different geo-
metrical configuration. In the following, the effect of the
aspect ratio on specimen with two symmetric notches is
carried out numerically to reveal the mechanical responses
by considering hydrostatic stress terms into the predictive
model. Figure 11(a) displays the geometrical settings of
four samples E–H with the aspect ratio from 1.0 to 2.0. By
taking compression, for example, Figure 11(b) shows the

compressive engineering curves for specimen E–H. In
general, it is seen that the yield strength increases with
higher value of aspect ratio H/a. -is trend is also con-
sistent with the simulation in Jiang’s work [16]. Besides,
uniform elongation is used to characterize the stable de-
formation stage for those samples. Hereby, the uniform
elongation is defined as the total strain including the elastic and
plastic strain till the occurrence of maximum stress. Here, we
just borrowed the uniform elongation of metal materials to
characterize the plastic deformation behavior. -e corre-
sponding values are therefore shown in Figure 12. Along with
the increment of the aspect ratio, uniform elongation exhibits a
slight climbing tendency in the first stage and then drops down
afterwards. -is character is in agreement with the rule found
in Jiang’s work [16]. It elucidates that the aspect ratio does
have influence on plastic deformation process when hydro-
static stress is included.

4.4. Discussion. Figure 13 shows the hydrostatic stress
distribution for five different samples including smooth and
notched specimens under tensile loading. It could be found
that the notch has redistributed the stress distribution which
results in different patterns of hydrostatic stress.-erefore, it
is necessary to incorporate the hydrostatic stress term to
investigate the notch effect. -e above numerical results
elucidate that hydrostatic stress is the key to influencing the
strength asymmetry between tension and compression for
samples with different notches. Simulations demonstrate
that the high strength and plasticity for the specimen with
two symmetric notches is attributed to the shear band in-
tersection being formed during free-volume evolution. -e
emphasis of this work is to show the hydrostatic stress effect
on the notched specimens. As shown in Figure 5(c), by
incorporating the hydrostatic stress term into free-volume
theory, the simulated results are closer to the experimental

SDV1
(Avg: 75%)

+4.994e – 02
+5.313e – 02 
+5.633e – 02 
+5.952e – 02 
+6.271e – 02 
+6.591e – 02 
+6.910e – 02 
+7.230e – 02 
+7.549e – 02 
+7.868e – 02 
+8.188e – 02 
+8.507e – 02 
+8.826e – 02 

(a)

SDV1
(Avg: 75%)

+4.989e – 02
+5.359e – 02 
+5.730e – 02 
+6.100e – 02 
+6.471e – 02 
+6.841e – 02 
+7.212e – 02 
+7.582e – 02 
+7.953e – 02 
+8.323e – 02 
+8.694e – 02 
+9.064e – 02 
+9.435e – 02 

(b)

SDV1
(Avg: 75%)

+4.922e – 02
+5.248e – 02 
+5.575e – 02 
+5.901e – 02 
+6.227e – 02 
+6.553e – 02 
+6.879e – 02 
+7.206e – 02 
+7.532e – 02 
+7.858e – 02 
+8.184e – 02 
+8.510e – 02 
+8.837e – 02 

(c)

Figure 9: Shear banding illustration for specimen D under different tensile strain levels. (a) ε� 1.35%; (b) ε� 2.15%; (c) ε� 3.02%.
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results, compared with the work conducted by Jiang [16]. In
Jiang’s work [16], the strength asymmetry could not be
obtained on notched samples because of the lack of hy-
drostatic stress in the constitutive laws. It also reflects the
difference of the hydrostatic-stress-free model (Jiang’s work
[16]) and hydrostatic-stress-related work (current research).
Compared with the rod specimens, the hydrostatic stress is
much smaller in plate specimens, it will be even better to
investigate the effect of hydrostatic stress on strength by

changing the dimension of notch. However, in terms of the
length limit of this paper, it will be performed in the next
step.

Besides, the current simulations are also different from
other related simulations such as Li et al. [31, 32], in which
there are no hydrostatic stress terms incorporated into the
free volume evolution equation. It is hoped that this work
could function as a useful supplement to the existing nu-
merical investigations on metallic glasses.
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Figure 11: (a) Configuration of notched samples with different aspect ratios H/a from 1.0 to 2.0, marked as specimens E–H.
(b) Compressive engineering stress-strain curves for samples E–H.
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5. Conclusions

-is work performed a numerical study on notch effect of
metallic glass by a revised free-volume theory considering
hydrostatic stress. Conclusions could be drawn as below:

(1) For the samples without notches, a good agreement
could be obtained between the present simulations
and previous experimental results, and this model
could reasonably describe the strength asymmetry
between tension and compression [21]. For notched
specimens, compressive yield strengths obtained by
the present model are very close to the experimental
values obtained by Zhao et al. [7]. Besides, the
simulated stress-strain curves on the four notched
sample demonstrate that the sample with two
symmetric notches exhibits a higher strength and
larger plasticity, compared with other specimens.
Contour plots on free-volume evolution show that
the higher strength and plasticity for specimen with

two symmetric notches is attributed to the inter-
section of two major shear bands during defor-
mation process.

(2) Asymmetry between tension and compression was
found by comparing the simulated results under
tension and compression for notched samples. For
the same geometrical configuration, tensile yield
strength is lower than the corresponding compres-
sive yield strength because of shrink effect induced
by compressive hydrostatic stress.

(3) Simulations demonstrated that the aspect ratio has a
slight impact on the plastic deformation behavior of
samples with two symmetric notches, when hydro-
static stress is considered in the model.

Data Availability

-e data used to support the findings of this study are in-
cluded within the article.
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Figure 13: Hydrostatic stress distribution (described by “pressure” in ABAQUS) for five samples in tension. (a) ε� 1.0%, smooth specimen;
(b) ε� 1.0%, specimen A; (c) ε� 1.0%, specimen B; (d) ε� 1.0%, specimen C; (e) ε� 1.0%, specimen D, in which, the unit of pressure is
actually denoted as σhydrostatic/σ0 in which σ0 is 225MPa (according to the deduction process in [15]).
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