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Abstract

This paper reports that the plasticity of Zr-based metallic glass can be improved by creating two symmetrical semi-circular
notches. Unlike the experimental findings of the samples without notches, a steady shear deformation can be created by the
large-scale stress gradient around the two symmetrical notches and the plasticity of metallic glass can be enhanced to a high value
of �10% under compression tests. The improved plasticity may be due to the easy initiation of shear bands around the notches, and
the consequent blocking effect of notches on the propagation of shear bands, similar to the dislocation mechanism in crystalline
materials. To reveal the particular plastic deformation behavior of metallic glass, Ti3SiC2 ceramic and high-strength steel specimens
with two symmetrical semi-circular notches were also conducted under compressive loadings; however, no enhancement in plasticity
was found. It is suggested that creating a stress gradient is a particular strategy for designing metallic glasses in order to improve
their plasticity.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metallic glasses have received much attention due to
their mechanical properties, such as high strength and high
hardness, which are attractive in structural materials [1–10].
Under tensile and compressive loadings, metallic glasses
may fail along one main shear band (SB) and display near
zero plasticity [11–17]. This low plasticity has limited the
engineering application of metallic glasses and many differ-
ent ways to improve their plastic deformation abilities have
been tried. In general, two different approaches have been
utilized to enhance the plasticity of metallic glasses. (i) Some
metallic glassy composites have been fabricated so as to
improve their plasticity [18,19], e.g. adding secondary-phase
particles or high-strength fibres to the amorphous alloys
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[20,21], or preparing metallic glassy composites containing
in situ formed ductile dendrites [22]. It was found that the
reinforced phases can restrain the rapid propagation of
SBs and change the direction of extension thereby improv-
ing the plasticity. Additionally, a number of approaches
have verified that the correlation between mechanical prop-
erties and elastic modulus demonstrates that brittleness in
metallic glasses can be alleviated by alloying some elements
with low l/B (or, equivalently, high t) as constituents
[23,24]. (ii) It was found that sufficient SBs were formed
to accommodate the high plasticity when the aspect ratio
of the compressive specimens was smaller than 1.0 [25–
29]. Recently, by processing one layer on the surface of a
metallic glass after shot peening, considerable plasticity
could also be obtained in Zr-based metallic glass [30].
Moreover, it was reported that the plasticity of metallic
glasses can be efficiently enhanced due to the confined load-
ings either by application of Cu plating [31] or by using a
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confining sleeve technique [32] in the metallic glasses. In
addition, the small punch test (SPT) was also found to be
an effective method of stimulating more SBs under multiax-
ial loading [33,34], and the related findings demonstrated
that metallic glass could be controlled to create regular
arranged fine multiple SBs with a large plastic strain
(19.6%) [34].

For crystalline materials, the dislocations and slip sys-
tems are the key factors controlling the plastic deformation
behavior [35]. As schematically shown in Fig. 1a, under
tensile loading, it is well known that the whisker has extre-
mely high yield strength but fails with low plasticity [36].
However, for ductile single crystals, due to the existence
of dislocations, the local region first yields quite easily at
a much lower stress. Furthermore, the dislocations can
move along the slip planes easily and interact with each
other. Meanwhile, as illustrated in Fig. 1b, the interactions
and multiplications of the abundant dislocations contribute
to the work-hardening and super-high plastic deformation
abilities [35]. Normally, the typical tensile stress–strain
curves of whisker and bulk single crystals can be illustrated
as in Fig. 1c [35–38]; the large difference in the two tensile
stress–strain curves can be explained by the existence of
mobile dislocations, which can greatly decrease the yield
strength of single crystals, while their consequent interac-
tions and multiplications may enhance the plasticity to a
large extent [35].

In contrast to crystalline materials, for metallic glasses
without lattice dislocations and slip systems, shear banding
becomes the significant plastic deformation mechanism
[11]. Once yielding starts, the SBs propagate rapidly, result-
ing in a catastrophic fracture [11–17]. Hypothetically, can
the metallic glasses also display a large plasticity by artifi-
cially inducing some defects which play a role similar to
that played by dislocations in the crystalline materials?
That is to say, if the SBs in metallic glasses initiate easily
and expand with difficulty when stimulated by artificial
defects, the entire plasticity can also be greatly enhanced.
Such a strategy would, if realized, exploit the essential
deformation mechanism of metallic glasses. Therefore, to
Fig. 1. (a) Illustration of tensile deformation mechanism for a whisker [36]; (b)
of tensile stress–strain curves of whisker and single crystal [35–38].
obtain a similar deformation mechanism in metallic
glasses, in the present work, we conducted a series of com-
pression experiments on a Zr-based metallic glass contain-
ing the following two design aspects. Firstly, in order to
make the SBs in metallic glass initiate at a lower stress level
like slip dislocations in crystals [35], we created notches in
the specimen so that the metallic glass samples can yield
easily around notch at a lower stress level. Secondly, in
order to achieve SB interactions, we created semi-circular
notches at different positions along the edge of samples
as well as a circular hole in the middle of the sample. In this
situation, the different stress gradients might bring about
SB interactions and greatly improve the plasticity. Com-
pared with the unnotched samples, the plasticity of the
metallic glass with two semi-circular symmetrical notches
can be increased by up to �10%; however, the nominal
yield strength only decreases about 17%. The current
results demonstrate that the interactions of SBs induced
by the artificial defects may provide some new understand-
ing on the plastic deformation mechanism of metallic
glasses rather than the improved plasticity itself.

2. Experimental procedures

Zr-based metallic glass plates with a nominal chemical
composition of Zr52.5Ni14.6Al10Cu17.9Ti5 were prepared by
arc-melting. The final plate had a rectangular shape, with
dimensions of 60 � 30 � 3 mm3. The microstructure of the
as-cast specimens was characterized by scanning electron
microscopy (SEM) using a Leo Supra 35, as well as by
X-ray diffraction (XRD) using a Rigaku X-ray diffractom-
eter with Cu Ka radiation. XRD patterns demonstrate
that the as-cast Zr-based metallic glass has a fully amor-
phous structure. As illustrated in Fig. 2, the metallic glass
plates were cut into five specimens defined as A–E with
dimensions of 3.0 � 3.0 � 6.0 mm3, and the semi-circular
notches, as well as the circular hole, all have a radius of
0.5 mm. The positions of the semi-circular notches and
hole are also displayed in Fig. 2. Conventional compres-
sion tests were conducted to measure the mechanical
interactions of dislocations on slip planes for a single crystal; (c) illustration



Fig. 2. Illustration of five kinds of specimens under compression tests. The related dimensions are marked.
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properties of the metallic glass specimens with an MTS810
testing machine at room temperature in air. All the tests
were conducted using a constant strain rate of 10�4 s�1.
After the tests, all the specimens were observed by SEM
to reveal the deformation and fracture features. In
addition, theoretical analysis and finite-element method
(FEM) with the software code ANSYS were used for
resolving and simulating the stress distribution of the dif-
ferent specimens.
3. Experimental results

3.1. Nominal compressive stress–strain responses

It is well known that the stress distributions in notched
specimens are highly complex due to the existence of stress
raisers such as notches or holes. In order to compare the
stress–strain curves of the notched and unnotched speci-
mens and to obtain the global plasticity of these samples,
we defined the nominal stress to represent the global stress
in a specimen by selecting the area of the both unnotched
and notched specimen end as the nominal area. In this case,
the area is about 3.0 � 3.0 mm2. In this way, the strength
and global plasticity for the five samples A–E in Fig. 2
can be compared with each other by a uniform standard.
Here, the stress and strain are referred to as “nominal”
instead of “engineering”.
Fig. 3. Nominal compressive stress–strain curves for the five Zr-based
metallic glass specimens A–E.
In Fig. 3, the nominal compressive stress–strain curves
for the specimens A–E are displayed. Curve A, which rep-
resents the sample without notches, shows only a little plas-
ticity (about 0.5%) with a yield strength of �1.80 GPa
[11,39]. Similar plasticity (about 0.5–1.0%) was obtained
for curve B (the nominal yield strength is �1.50 GPa)
and curve D (the nominal yield strength is �1.25 GPa) with
one notch or two asymmetric notches. For the sample with
one hole (specimen E), the nominal yield strength fell to
1.25 GPa, while the plasticity is only 1.0%, which is slightly
larger than the situation without the hole [11,39]. However,
a relatively high plasticity (�10%) was found in sample C
with two symmetrical notches, accompanying by a stress
increasing stage (marked as elliptical dotted line) and a
nominal yield strength of �1.50 GPa.

Obviously, the decline in the nominal yield strength and
the large plasticity enhancement displayed in specimen C in
Fig. 3 are similar to the features in crystalline materials [35]
(see Fig. 1c), and quite different to those obtained by con-
ventional compression tests on the identical Zr-based
metallic glass [39], implying that a deeper understanding
of this plastic deformation mechanism of metallic glass is
required.
3.2. Plastic deformation behaviors

Figs. 4 and 5 show SEM images of deformation features
corresponding to the samples A–E in Fig. 2. It can be seen
that the specimens, except for sample C, were convention-
ally split into two parts along major SBs [11,39,40]. Their
shear fracture angles are about 41�, which is consistent with
the results from uniaxial compression tests [11,39,40]. How-
ever, specimen C did not break apart even when the plastic
strain had reached �10%; instead, a V-shaped shear region
appeared around the notches with the shear angle of about
40�. From Fig. 4c, it seems that the SBs appeared first on the
notch regions and then expanded into two major SBs, which
then intersected with each other and had an out-of-plane
displacement.

Additionally, in order to describe the microcosmic shear
deformation behavior, magnified images of regions I–VIII
marked in Fig. 4 are shown in Fig. 5. In region I, some
SBs are found to rotate at the edge of the specimen A,



Fig. 4. SEM images on the deformation and fracture morphologies of specimens A–E shown in Fig. 3. (a) Specimen without notches; (b) specimen with
one notch; (c) specimen with two symmetrical notches; (d) specimen with two asymmetrical notches; (e) specimen with one circular hole. Additionally,
eight regions marked I–VIII are selected for further observation.
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implying that the fast propagation of the major SB might be
hindered, resulting in a small plasticity [11,39], as displayed
in Figs. 4a and 5a. For region II in specimen B, as shown in
Figs. 4b and 5b, however, some tiny SBs were found to
appear around the semi-circular notches; these SBs could
also confine the rapid extension of the major SB and
increase the plasticity to a far lesser extent. Fig. 5c–e show
the magnified images indicated in Fig. 4c for specimen C.
As shown in Fig. 5c and d, near to the notches, in regions
III and IV respectively, large shear deformation takes place
around the notches primarily because of the stress concen-
tration around notches. In region V displayed in Fig. 5e,
however, two major SBs intersect into one point and there
is an out-of-plane displacement with many tiny SBs on
the tip of a V-shaped extrusive region, indicating that the
intersection of the two major SBs can result in an increase
of strength and also improve the plasticity (near to �10%,
shown in Fig. 3), just as the dislocation interaction do
[35–38]. Fig. 5f shows an SEM image of specimen D; it is
also found that only a few short SBs appeared around the
notch (region VI). In the meantime, according to Fig. 4d,
it can be concluded that the initial SBs appeared first
around two notches with parallel extension directions and
finally rolled into one major SB. Moreover, for the sample
with a hole in middle, two regions (VII, VIII) were selected
to reveal the microscopic shear behaviors, as shown in Figs.
4e and 5g and h. It is found that only very few tiny SBs
appeared on the two regions around the major SBs which
were caused by the fracture process [11,39,40].

In brief, compared with the above results of the speci-
mens with the notches and hole, specimen C can display
a larger plasticity, in which the specimen did not break into
two parts even though the plasticity had reached �10%.
Therefore, installing two symmetrical notches might pro-
vide a new design method for improving the plasticity of
metallic glass. More important, this particular mechanism
may help us to understand the plastic deformation ability
of metallic glass by introducing the stress gradient.



Fig. 5. Microscopic images observed by SEM for the selected regions in Fig. 4a–h correspond with regions I–VIII.
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4. Discussion

4.1. Theoretical analysis

It is well known that the structure of metallic glasses is dis-
ordered; therefore, metallic glass can be considered, at least
on the macro-scale, as an ideal model material with isotropic
structure [41]. Therefore, we can obtain some semiquantita-
tive understanding of the effects of notches through elastic
mechanics. The mechanical problems induced by notches
or holes have been investigated by several researchers
[42–48]; metallic glass specimens with notches have been
researched experimentally [47,48]. In the following sections,
elastic analytical solutions [43,44] and approximate expres-
sions [45] are adopted to provide some estimates for the
stress distribution and reduction in yield strength for
notched samples.

4.1.1. Stress distribution around the notches or the hole

In this section, the method used by Fillippi et al. [44] is
employed to study the stress concentration caused by one
notch. As shown in Fig. 6a, in polar coordinates (q, h), a
semi-infinite plate with one semi-circular notch of radius
q0 under compression loadings is illustrated. Based on
the elastic mechanics solution [44], the stress components
rh, rq, sqh can be expressed as:
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For the semi-circular notch, the coefficients can be deter-
mined as follows [44]:

k1 ¼ 0:5; l1 ¼ �0:5; vb1 ¼ 1:0; vc1 ¼ 4:0;

vd1 ¼ 0:0; q ¼ 2:0; ð3Þ



Fig. 6. Theoretical analysis on the stress concentration problems caused by one notch or a circular hole. (a) Illustration of a semi-infinite plate with one
semi-circular notch; (b) stress distribution rh/rmax with h; (c) stress variation on rh/rmax with x/q0; (d) illustration of an infinite plate with one circular hole;
(e) stress distribution rh/rmax with h for the situation in (d); (f) stress variation about rh/rmax with x/q0 for the situation in (d).

J.X. Zhao et al. / Acta Materialia 58 (2010) 5420–5432 5425
where rmax can be defined according to Fillippi et al. [44].
In addition, the relationship between rmax and r may be
determined as: rmax = 3.06r [45].

After substituting Eq. (3) into Eqs. (2) and (1), we can
obtain the related stress expressions as follows:
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Then, with q = q0, the stress ratio of rh/rmax varying
with h can be illustrated in Fig. 6b. It can be seen that
the maximum stress appears at the position h = 0�, along
with rh/rmax = 1.0. As h increases, the value of rh/rmax dis-
plays a declining trend. In addition, in order to depict the
stress value at h = 0�, Fig. 6c shows the variation in rh/rmax

with the nondimensional distance x/q0 along the x direc-
tion indicated in Fig. 6a. Here, the value of x/q0 is taken
as ranging from 1.0 to 3.0. The results show that the stress
ratio of rh/rmax also presents a decreasing tendency from
the edge of the notch to the interior, while the value rh/
rmax changes from 1.0 to 0.39 with an obvious stress gradi-
ent. In addition, a similar solution can easily be derived for
the hole [43]. Instead of elaborate discussions, we only
display the model illustration and the related analytical



Fig. 7. Illustration of fracture behaviors for specimens A, B, D and E
under compression loadings: (a) specimen without notches; (b) specimen
with one notch; (c) specimen with two asymmetrical notches; (d) specimen
with one circular hole.

Fig. 8. Illustration of a strip with two symmetrical semi-circular notches
under compression loading.
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solutions in Fig. 6d–f since the stress distributions are sim-
ilar to the situation with one notch.

Therefore, in this section, the stress distributions induced
by one notch or the hole are illustrated by the analytical
method [43,44]. Through the above results, it can be consid-
ered that the stress concentration around the notch tips can
make the SBs initiate firstly, then, on account of the stress
gradient, the SBs may expand gradually until the specimens
fail. Complementarily, in Section 4.2, the detailed deforma-
tion process will be simulated by FEM models.

4.1.2. Analysis of the nominal yield strength of notched

specimens
4.1.2.1. Approximate analysis of specimens B, D, E. As men-
tioned above, specimens A, B, D and E were compressed into
two parts along one major SB [11,39]. Additionally, it was
found that these specimens could fracture fast with low plas-
ticity (0.5–1.0%) once yielding started. Due to this fracture
feature, the reductions in the nominal yield strengths (spec-
imens B, D, E) can be estimated approximately.

As illustrated in Fig. 7a–d, the shear fracture modes for
the four specimens above are displayed. In Fig. 7a, the spec-
imen without notches could fail along one major SB if the
stress along the loading (P) direction reaches the yield
strength of 1.80 GPa. The yield strength can be computed
as: rs = P/A1 = 1.80 GPa [11], where A1 is the area of top
surface. The fracture mode of specimen B is illustrated in
Fig. 7b. Owing to the stress concentration around the notch,
the major SB might initiate from the notched region and run
through the whole specimen quickly. In this situation, the
effective area can be regarded as A2 instead of A1, as shown
in Fig. 7b. Because of its low plasticity, it can be supposed
that the whole specimen may fracture instantly once the
stress on the effective area attains the yield strength of
1.80 GPa. Therefore, the nominal yield strength rn for the
whole specimen with one notch can be evaluated as:
rn = rsA2/A1. According to the dimensions in Fig. 2, the
nominal yield strength rn can be obtained as: rn = 1.50GPa,
which is in agreement with the experimental data
(�1.50 GPa in Fig. 3). In a similar way, in Fig. 7c, the nom-
inal yield strength for specimen D can be obtained as:
rn = rsA4/A1 = 1.20 GPa; this value is also close to the test
results (�1.25 GPa). Furthermore, we can also obtain the
nominal yield strength rn for sample E in the same way:
rn = 2rsA5/A1 = 1.20 GPa, which is very near to the exper-
imental result (�1.25 GPa).

4.1.2.2. Nominal yield strength of specimen C. Unlike spec-
imens B, D and E, for specimen C, the nominal yield
strength cannot be computed by the above method since
the stress in specimen C has an increasing part (the ellipti-
cal zone in Fig. 3). This implies that the yield strength
should be estimated based on the global stress state in
the specimen because of the large plasticity caused by the
intersection of two major SBs (in Fig. 4c).

Fig. 8 shows a specimen with two symmetrical semi-cir-
cular notches under a compression loading P with the dis-
tance between two notch tips 2d, where q0 = 0.5, d = 1.0,
and h is the thickness. Additionally, the nominal stress
applied on the two ends of specimens (N section) can be
defined as rn. The nominal stress on the notch tip section
(N1 section) is rnt [42,46], accompanying the maximal
stress rmax on the notch tips. In this loading system,
the stress concentration factor Kt can be expressed as
[42,46]:

Kt ¼
rmax

rnt

ð5Þ
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The approximate stress component rx and ry can be
written as [46]:
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x
q
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ð6Þ
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ð7Þ
Therefore, the decrease in the nominal yield strength can
be interpreted approximately. In Fig. 8, the average stress
in the notched section (N1 section) may be estimated by
integration. With an infinitesimal dx, the stress summation
X for ry on the N1 section can be computed by integration:
X ¼ 2
R 1

0 rydx

¼ 2
R 1

0
Ktrnt 1:00� 2:330 x

q

� �
þ 2:590 x

q

� �1:5

� 0:907 x
q

� �2:0

þ 0:037 x
q
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dx

¼ 1:76rnt ¼ 2:64rn

ð8Þ

1 For interpretation of color in Figs. 9 and 10, the reader is referred to
the web version of this article.
where rnt ¼ P
2dh, rn ¼ P

2ðdþqÞh, Kt = 1.90 [42,46]. Therefore,

the average stress ra on the N1 section can be expressed as:

ra ¼ 2:64rn=2d ¼ 1:32rn ð9Þ

Next, with regard to the global plasticity, it can be
hypothesized that the whole sample may display overall
plastic deformation if the average stress in the specimen
raver reaches the yield stress rs = 1.80 GPa. Therefore, in
order to simplify problem, the average stress raver in the
whole specimen can be computed by approximately aver-
aging the stress on the N1 section and the N section:

raver ¼ ðra þ rnÞ=2 ¼ ð1:32rn þ rnÞ=2 ¼ 1:16rn: ð10Þ

Hence, for the Zr-based metallic glasses in the present
work, the relation between raver and rs (yield stress) can
be approximately estimated as:

raver ¼ rs ¼ 1:80 GPa; rn ¼ 1:55 GPa ð11Þ
Compared with the experimental results in Fig. 3, the

nominal yield strength is 1.50 GPa, implying that the theo-
retical estimate approximates to the yield strength for spec-
imen C.

In short, by means of different models, the reductions in
the nominal yield strength caused by the notches and the
hole have been discussed. Compared with the experimental
results, the above results provide an approximate and sim-
ple estimation of the reductions in the nominal yield
strength for the notched specimens.
4.2. Finite-element analysis

In Section 4.1, some analytical results are provided as a
basis for the stress concentration caused by notches or a
hole. However, such solutions were based only on elastic
mechanics and did not consider the plastic deformation
[42–46]. With this in mind, ideal elastic–plastic finite-ele-
ment models are constructed to describe the stress distribu-
tion in the notched specimens. In the present finite-element
model, a displacement control mode is established, wherein
the displacement loading is exerted on one end of specimen
with the other end fixed in order to describe the deforma-
tion process. Additionally, two assumptions should be
pointed out: (i) concerning the yield criteria for metallic
glasses [49,50], if compression yield and large plasticity
are considered, the von Mises criterion is applied to the
yield process of metallic glass [51]; (ii) concerning the prop-
agation process of SBs, although the yield strength must be
exceeded along the entire length of a viable shear path in
order for a SB to form [52], considering the whole deforma-
tion process, we can assume that the local mature shear
band (LMSB) [53] can occur in the regions where the
equivalent stress has approximately reached the yield
strength (1.80 GPa) because of the isotropy and brittleness
of metallic glasses [41]. In Figs. 9 and 10, the red1 regions
represent the yield equivalent stress regions, implying that
the SBs in these regions have formed. Moreover, compared
with the simulated results, the results indicate that the SB
extension process can be simulated suitably based on these
assumptions.



Fig. 9. Equivalent stress distributions of specimens B, D and E in Fig. 2 with different displacements: (a) 0.050 mm for specimen B; (b) 0.100 mm for
specimen B; (c) 0.050 mm for specimen D; (d) 0.090 mm for specimen D; (e) 0.049 mm for specimen E; (d) 0.088 mm for specimen E. The arrows indicate
the SB propagation directions and the red regions show where the local stresses have reached the yield strength. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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4.2.1. Finite-element analysis on specimens B, D, E

The numerical results of the stress distributions for spec-
imens B, D and E are displayed in Fig. 9a–f in which the
elastic modulus of 97.8 GPa and Poisson’s ratio of 0.362
were used for the Zr-based metallic glass [24,39].

First, the compression processes about specimen B are
illustrated in Fig. 9a and b. In Fig. 9a, the displacement
loading D applied to the specimen is 0.050 mm; in this sit-
uation, the stress around the notches has reached the yield
strength and the SBs should also initiate around the notch.
Then, with an increase in displacement, the SBs are found to
expand from the notches to the interior of the specimen, as
indicated in Fig. 9b, suggesting that the sample should rup-
ture along the major SB with continuous increase in the dis-
placement. In a similar way, the compression processes for
specimen D with two asymmetric notches are illustrated in
Fig. 9c and d. In Fig. 9c, two parallel SBs should start around
the notches and subsequently roll into one major SB. When
the yield stress regions run through the whole specimen, the
specimen will fail along the major SB, as shown in Fig. 9d.



Fig. 10. Equivalent stress distribution of the specimen C in Fig. 2 with different displacements: (a) 0.050 mm; (b) 0.070 mm; (c) 0.080 mm; (b) 0.090 mm.
The elliptical dashed lines represent the yield stress regions. The arrows indicate the SB propagation directions and the red regions show where the
equivalent stress has reached the yield strength. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Similarly, the simulated results for the compression defor-
mation processes on the Zr-based metallic glass with a hole
are given in Fig. 9e and f. In Fig. 9e, the yield stress first
appears in the regions around the hole, and the SBs propa-
gate from the hole to the edges of the sample. Furthermore,
with increasing displacement, as shown in Fig. 9f, the yield
stress region runs through the specimen (displayed by the
arrow directions in Fig. 9f), with the result that the sample
can finally be broken into two parts.

Compared with the fracture behaviors in Fig. 4, the sim-
ulations for specimens B, D and E are also in agreement
with the experimental results. In these situations, the major
SBs can run through the entire samples instantly without
high plasticity. Obviously, the key factor for the low plas-
ticity is the lack of the confinement for the fast propagation
of major SBs.

4.2.2. Finite-element analysis of specimen C

Fig. 10a–d shows the simulated results for specimen C.
For Fig. 10a, the displacement loading D applied on the
specimen is 0.050 mm, which yields a total compressive
strain of e = D/L = 0.05/6.0 = 0.8% (where L is the height
of the specimen). In this situation, the stress around the
notches should reach the yield strength even though the
specimen has not yielded entirely. Then, with an increase
in the displacement, in Fig. 10b and c, the SBs are found
to expand from the notches to the interior of the specimen.
These results are also verified by the SEM observations in
Figs. 4c and 5c and d. Combined with the theoretical anal-
ysis in Section 4.1, the edge of notches should attain the
yield stress and the nucleation of SBs may occur on the
notch regions. Furthermore, Fig. 10d represents the situa-
tion with a displacement of D = 0.090 mm, which produces
a total strain of e = D/L = 0.090/6.0 = 1.5%. According to
the stress–strain curve in Fig. 3, the entire specimen has
entered into an overall yielding deformation stage. Hence,
in Fig. 10d, the yield stress region was plotted by two ellip-
tical dashed lines and the shear deformation feature is a V-
shaped pattern as obtained in Fig. 4c. This indicates that
the specimen does not fracture along major SBs because
the yield stress region had not run though the entire sample
in the plastic deformation stage. Additionally, owing to the
resistance along the y direction and the increase in the dis-
placement, the V-shaped region could also shear along the
x direction as well as the y direction, as indicated by the
SEM observations in Figs. 4c and 5e. At the same time,
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during the deformation process, the hydrostatic compres-
sive stress can also help to slightly improve the plasticity
since the volume of sample will shrink partly [54]. There-
fore, based on the above analysis, the whole specimen is
in a steady shear deformation state and displays consider-
able plasticity (�10%).

Therefore, compared with specimens B, D and E, install-
ing two symmetrical notches can result in an intersection of
major SBs due to the large-scale stress gradient, which can
effectively confine the fast propagation of major SBs, and
the entire specimen displays a considerable plasticity rather
than instant fracture [11,39].

4.3. Particular shear deformation feature of metallic glass

According to the experimental results, it can be seen that
the identical Zr-based metallic glass specimens with the
same dimensions displayed quite different plasticity. For
specimens A, B, D and E, low plasticity was found under
compressive loading, accompanied by a typical shear frac-
ture mode along one major SB [11,39], as illustrated in
Fig. 4. According to the FEM simulations, the low plastic-
ity can be ascribed to the absence of the effective restric-
tions on the fast propagation of a major SB. In contrast,
for specimen C, the large stress gradient can make the
SBs initiate easily and expand with much difficulty. Finally,
Fig. 11. Nominal compressive stress–strain curves of the specimens with or wit
ceramic material; (c) Zr-based metallic glass; (d) illustration of the variations
the intersections of two major SBs can hinder the fast frac-
ture of specimen and greatly improve its plasticity. There-
fore, corresponding to the different geometric shapes, the
metallic glass can display the various shear deformation
behaviors because of the diverse stress responses.

Previously, as mentioned in Ref. [25–29], samples with
smaller aspect ratios can display a larger plasticity, and this
improvement in plasticity can be attributed to the instru-
ment restriction. Although the plasticity has clearly been
enhanced, in the end, the metallic glass specimen can also
fail rapidly along one major SB. However, for the specimens
with two symmetrical semi-circular notches in the present
work, the key reason for the larger plasticity is the blocking
effect of notches on the propagation of SBs. On the one
hand, the two symmetrical semi-circular notches in the mid-
dle of specimen C will easily lead to the local stress concen-
tration, which stimulates the early initiation of the local SBs
around the notches. However, a specimen with a small
aspect ratio has no such local stress concentration. On the
other hand, once the two major SBs have formed, they
should intersect with each other and their propagation
would be restrained by this “intersection”. Therefore, the
current mechanism involving two symmetrical notches is
quite different from those in Refs. [25–29].

As mentioned above, the enhancement in the plasticity
of metallic glass by interaction of SBs induced by artificial
hout two symmetrical notches: (a) high-strength steel material; (b) Ti3Si2C
in plasticity for different materials.
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notches has been verified. The method of installing notches
is an approach to improving the plasticity by changing the
geometric structure without affecting the essential deforma-
tion mechanism. However, not all materials can be
designed in order to improve their plasticity. For compar-
ison, we conducted similar compression tests on two other
high-strength materials: high-strength steel (CM400) [55]
and ceramic (Ti3Si3C2) [56]. The results confirm that the
enhanced plasticity by the artificial notches is only valid
for metallic glass. In Fig. 11a, for the high-strength steel
CM400 [55], the nominal compressive stress–strain curves
of the samples without and with two semi-circular notches
are displayed; the sample dimensions correspond with
those of specimens A and C in Fig. 2. For the situation
without notches, the sample has very high yield strength
of about 2.8 GPa and can also display a higher plasticity
of >20.0%. However, the specimen with two symmetrical
notches not only displays relatively lower nominal yield
strength, but also greatly decreased plasticity down to only
5.0%. Moreover, in Fig. 11b, similar compression tests
were also performed on the ceramic Ti3Si3C2 [56]. Unlike
the metallic glasses, the ceramic specimen with two sym-
metrical notches displays zero plasticity, which is like the
sample without notches. Additionally, the variation in
plasticity of metallic glass caused by the artificial notches
is illustrated in Fig. 11c. Obviously, as three typical mate-
rials with high strength, the specimens with two symmetri-
cal notches may display different plastic deformations. By
means of proper stress gradient, the plasticity of metallic
glasses can be greatly improved, from 0.5% to �10%; how-
ever, for the two other materials, high-strength steel and
ceramics, no enhancement in plasticity enhancements is
found, as illustrated for comparison in Fig. 11d. These
results clearly demonstrate that the interaction of SBs
induced by large stress gradients in the present work is a
particular technique for improving the plasticity of metallic
glasses, rather than an artificial design.

Based on the experimental results and discussion above,
it is in principle suggested that the effect we have observed
of an artificial notch improving the plasticity of metallic
glass is similar to the yielding and work-hardening mecha-
nisms induced by dislocations in crystalline materials (see
Fig. 1b). The similarities can be summarized as follows.
(i) In Fig. 1b and c, due to the dislocations in crystalline
materials, the overall yield strength can be greatly
decreased. Likewise, due to the stress concentration created
by notches, SBs in metallic glasses initiate easily, with the
result that the yield strength of metallic glass specimens
can be reduced partly, as shown in Fig. 3. (ii) In Fig. 1b,
in order to obtain high plasticity, the slip bands intersect
with each other and the proliferation of abundant disloca-
tions often contributes to the work hardening of the crys-
talline materials. Similarly, by creating two symmetrical
semi-circular notches (in Fig. 2c), the intersection of major
SBs is also obtained, which can effectively prevent rapid
fracture of the metallic glass, as illustrated in Fig. 4c. Also,
for metallic glass, abundant SBs are also found in Fig. 5e
due to the intersection of major SBs, which is similar to
the multiplication of dislocations in crystalline materials.
As shown in Fig. 3, the intersection of the SBs should con-
tribute to the stress increment in the stress–strain curve of
the specimen C, as marked by the elliptical dashed line. In
summary, the present study is the first step to applying the
new idea of toughening metallic glasses through artificial
macroscopic notches. These designs and results may pave
a new way to improve the overall performance of metallic
glasses and enhance the future application of metallic
glasses as structural materials.

5. Conclusions

In view of the above experimental observations and
analysis, the following conclusions can be drawn.

(1) By creating different notches on identical Zr-based
metallic glass, their compressive stress–strain curves
exhibit quite different features, accompanying obvi-
ous differences in their plasticity. It is interesting to
find that the metallic glass specimen with two sym-
metrical notches can display a large plasticity up to
�10%. The plasticity improvement can be attributed
to the easier initiation and the difficult propagation of
the SBs. The easier initiation of SBs is due to the
stress concentration around the notches; the difficult
propagation is related to the intersection of two
major SBs. Therefore, the specimen can display large
plasticity.

(2) By performing similar tests on high-strength steel and
ceramics, it is demonstrated that the plasticity
enhancement by SB interaction induced by artificial
notches is a particular technique for metallic glasses,
and not just an experimental artifact.
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