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ABSTRACT

The deformation behavior in Zr;Cugs4 metallic glasses with pre-introduced indent-notches has been stud-
ied by molecular dynamics simulation at the atomic scale. The indent-notches can trigger the formation of
densely-packed clusters composed of solid-like atoms in the indent-notch affected zone. These densely-
packed clusters are highly resistant to the nucleation of shear bands. Hence, there is more tendency
for the shear bands to nucleate outside the indent-notch affected zone, which enlarges the deformation
region and enhances both the strengthening effect and the plastic deformation ability. For indent-notched
MGs, when determining the initial yielding level, there is a competition process occurring between the
densely-packed clusters leading to the shear band formation outside the indent-notch affected zone and
the stress-concentration localizing deformation around the notch roots. When the indent-notch depth is
small, the stress-concentration around the notch root plays a dominant role, leading to the shear bands
initiating from the notch root, reminiscence of the cut-notches. As the indent-notch depth increases,
there are many densely-packed clusters with high resistance to deformation in the indent-notch affected
zone, leading to the shear band formation from the interface between the indent-notch affected zone
and the matrix. Current research findings provide a feasible means for improving the strength and the
plasticity of metallic glasses at room temperature.

© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Brittle fracture of metallic glasses (MGs) at room temperature is
a stumbling block as structural materials [1,2]. Introducing notches
is a very effective way to prevent the brittle fracture of MGs [3-7].
The effects of notch shape, size and orientation on the deforma-
tion of MGs have been extensively studied [8-12], and play a key
role in understanding the plasticity of notched MGs. However, con-
tradictory notch effects have been observed due to differences in
the location and geometry of particular notches. The weakening,
strengthening and even insignificant effects of notches on strength
have been observed [13-16]. For example, Gu et al. found that
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the introduction of notches can enable the failure strength to be
reduced by 40% and change the fracture mode of MGs from shear
band to cavitation [17]. Sha et al. used molecular dynamics (MD)
simulation to find that symmetrical double-edge notches can cause
strengthening by constraining the growth of the plastic zone for
nanoscale MGs [18]. Cui et al. found that notches can trigger the
occurrence of strengthening and structural ordering along with the
recovery of Voronoi volume and Cu-centered full-icosahedra dur-
ing plastic deformation in Cu64Zr36 MGs [19]. Qu et al. found that
notches can improve the plasticity of MGs, but are insensitive to
tensile strength [20]. Yang et al. concluded that different inter-void
ligament distance can lead to different degrees of strengthening
effects for notched MGs [21]. The key factors affecting the strength
of notched MGs are complex and diverse, but it is certain that these
notches, which are formed by cutting part of the MGs, destroy the
integrity of MGs themselves.

Here, we propose a new way of introducing notches without
sacrificing the integrity of MGs. Indentation is usually used to study
the mechanical properties of MGs [22,23]. During the indentation
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Fig.1. The schematic diagram of the notches formed by (a) cutting and (b) indenting respectively.L=9 nm,R=3.6 nm,d =12.6 nm, W =38.5nm, W; =13.3 nmand W, =20.6 nm.

of MGs, the deformation units are activated firstly in the soft zones
near the indenter, and then mature shear bands are formed with
further loading [24]. Due to the multi-axial stress state beneath
the indenter, multiple shear bands form in a semicircular and
radial fashion, allowing sustainable plastic flow in MGs [25]. For
the indent-notched MGs, there are numerous fundamental ques-
tions to be asked. (1) How would the indent-notches affect the
deformation behavior of MGs, i.e., strengthening or weakening,
enhancement or embrittlement? (2) How are such effects com-
pared with cut-notches? (3) How would this deformation behavior
be related with the atomic-level strain and the amorphous struc-
ture induced by the indent-notch?

In this study, using Zr3sCugs MGs as a model system, we employ
MD simulations to perform a systematic study on the effect of
indent-notches in order to understand the relationship between
indent-notches and deformation behavior at the atomic level. The
paper is organized as follows: in Section 2, the methods and details
of MD simulations are described. Section 3 presents the results of
the enhanced strengthening effect and the plastic deformation abil-
ity induced by indent-notches. Section 4 discusses the underlying
mechanisms. Section 5 contains the conclusions.

2. Materials and methods

MD simulation based on the combination of the large-scale
atomic/molecular massively parallel simulator (LAMMPS) and the
empirical embedded atom method (EAM) potential was performed
[26,27]. The initial model Zr3gCugq consisted of a square box of
5.8 nm with a random distribution of 3600 Zr atoms and 6400 Cu
atoms. An NPT (constant number, constant pressure, and constant

temperature) ensemble with a Nosé-Hoover thermostat and baro-
stat was adopted [28,29]. It was equilibrated at 2000K and was
quenched to 50K at a cooling rate of 1.0 x 10'2 K/s and hydro-
static pressure 0 Pa under periodic boundary conditions (PBCs). By
replicating 7, 1 and 14 times in the X, Y, and Z-directions of the
small MG model, a large-scale model containing 980,000 atoms
(38.5nm x 5.5nm x 77 nm) was obtained. To eliminate the inter-
face effect caused by replication, the large model was relaxed
at 800K for 1ns and was cooled to 50K at 1.0 x 10'2 K/s under
PBCs.

The symmetrical surface notches were formed by cutting and
indenting respectively, as shown in Fig. 1. The cutting was achieved
by deleting atoms and relaxing the cut-surfaces, the same way as
in the literature [18]. Here, we detail the process of achieving an
indent-notch, which has a similar geometry to the cut notch. The
indention process was started by moving the cylindrical indenter
along the X-direction into the central location of the left surface at
a rate of 3nm per 100 ps. The radius of the indenter was 3.6 nm
and the indentation process was completed after the tip moved
laterally 9 nm. Similarly, the indentation process was repeated on
the central location of the right surface, and the final configura-
tion is shown in Fig. 1(b). During indentation, the Z-direction was
set as PBCs. After the indentation, the large model was relaxed at
50K for 2 ns. Thereafter, uniform tensile deformation was under-
taken for the monolithic, cut-notched and indent-notched Zr3;Cug4
MGs along the Z-direction at a strain rate of 2 x 107 s=! and 50K,
respectively. The Y- and Z-directions were set as PBCs, while the
X-direction was set as the free surface. And the free surface was
relaxed at 50K for 1 ns. The selection of low temperature and free
surface can promote the formation of shear bands [30].
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Fig. 2. The engineering stress-strain curves of the monolithic, cut-notched and
indent-notched Zr3sCugq MGs.

3. Results
3.1. Stress-strain curves

Fig. 2 displays the engineering stress-strain curves of mono-
lithic, cut-notched and indent-notched Zr35Cug4 MGs. To facilitate
the comparison across different samples, the engineering stress
is calculated by normalizing the force with the initial area of
the un-notched ligament. Notably, the ultimate tensile strength
of the monolithic, cut-notched and indent-notched Zr3gCugqy MGs
is 2.78 GPa, 4 GPa and 4.25 GPa, respectively. For comparison, the
notch sensitivity of the ultimate tensile strength represented by
the notch strength ratio (NSR) is adopted. The ratio is defined as
the ratio between the ultimate tensile strength of a notched sam-
ple to the ultimate tensile strength of an un-notched sample [20].
When the ultimate tensile strength of the notched specimen is
larger than that of the un-notched, NSR>1; Conversely, NSR<1.
Consequently, the NSR of the cut-notched MG is 1.44, while that
of the indent-notched MG is 1.53. With similar notch geometry,
Sha et al. reported NSR=1.4 for the cut-notched sample, confirm-
ing the reliability of our model [13]. Meanwhile, indent-notches
provide an even pronounced strengthening effect, i.e., NSR is larger
than that of cut-notches. It’s worth noting that the triaxiality gen-
erated by the notch mainly influences the mechanical behaviour
of MGs [10,19]. For example, Cui et al. found that by introduc-
ing a triaxial stress state by notches, the propagation of the shear
band can be suppressed and Voronoi volume recovery occurs in the
notch center region during plastic deformation [19]. The size of the
model under our study is 38.5 nm x 5.5 nm x 77 nm. The triaxiality
is reduced in the thickness direction due to the thin plate of 5.5 nm
in thickness. Therefore, if the thickness of the model is increased,
the strengthening effect will be more obvious.

To characterize the plasticity of different notched MGs, we com-
pute the notch deformation ratio (NDR), which is defined as the
ratio between the strain corresponding to the ultimate tensile
strength of a notched sample to that of an un-notched sample.
NDR <1, when the strain corresponding to the ultimate tensile
strength of a notched sample is smaller than that of the un-notched.
The NDR of the cut-notched MG is about 0.57, while that of the
indent-notched MG is about 1. The NDR clearly demonstrates
that the indent-notches don’t sacrifice deformation strain when
enhancing the strengthening effect. It is noteworthy that when
the strain reaches 11%, the cut-notched MG is fractured, while the
indent-notched MG continues to bear the strain.

For the indent-notched MG, the stress-strain curve shows a
relatively stable region after the maximum stress, while for the
monolithic and cut-notched MGs, the models experience a sud-

den drop in stress, corresponding to highly localized strain [30].
The smallest stress drop after the maximum stress for the indent-
notched MG corresponds to the best plasticity in the three MGs
because the smaller the difference between the ultimate tensile
stress and the flow stress, the better the plasticity [31-33]. There-
fore, the introduction of the indent-notches can simultaneously
improve the strengthening effect and the plastic deformation abil-
ity. Itis noteworthy that, experimentally, for samples with notches,
special measurement standards need to be reached [34]. These
standards are difficult to achieve at the atomic scale, which may
mislead the determination of Young’s modulus due to the local-
ization of actual deformation at the notches [18]. Hence, in our
work, we only focus on the effect of notch forming methods on
the deformation behaviour of MGs.

3.2. Atomic shear strain and transverse shrinkage

To reveal the deformation mode, the atomic shear strain mMises
is used to measure the local plastic deformation by comparing the
atomic positions of the current state to the undeformed state [35].
To minimize the influence of the structural and thermal fluctua-
tions [16], the atoms with Mises > 0.3 are considered being involved
in local plastic deformation, as shown in Fig. 3. The snapshots cap-
ture the atomic deformation processes at strains of 7%, 10%, 12%
and 15% for the monolithic and the indent-notched MGs, and at
strains of 4%, 5%, 7% and 10% for the cut-notched MG.

For the monolithic sample shown in Fig. 3(a), local plastic defor-
mation becomes noticeable at a strain of 7%, when the stress
reaches the ultimate tensile strength. On further straining, a pene-
trating shear band forms at a strain of 10% with 45° angle relative
to the loading axis, which leads to the occurrence of catastrophic
brittle fracture. For the cut-notched MG in Fig. 3(b), local plastic
deformationis initiated from the root of each notch at a strain of 4%;
correspondingly the stress reaches the ultimate tensile strength.
Pronounced strain localization develops rapidly at a strain of 5%,
spreading to the entire region of the ligament between two notches.
Thereafter, necking occurs until 10% straining, whereas the sample
fails by rupture, a signature of a ductile failure. The observed cut-
notch induced brittle to ductile transition of failure is consistent
with Sha et al’s work [18]. Our notched sample satisfies the geo-
metrical transition condition [18]: d < (Ly - 2w)/2, where the notch
depthd=12.6 nm, the width of the model Ly = 38.5 nm and the shear
band width w =5 nm; so that the combination of shear banding and
necking is expected.

In the indent-notched MG, very interestingly, the local plas-
tic deformation initiates from the un-notched region far from the
notched roots at a strain of 7%, a much more delayed strain when
compared to the cut-notched sample at ultimate tensile strength. At
a strain of 10%, two intersecting shear bands form, extending the
deformation regions outside the ligament and providing sustain-
able plastic flow. Similar to cut-notches, another two local plastic
deformation regions start to develop at the roots of the indent-
notches at 10% strain, expanding to the ligament at 12% strain,
and coalescing with the center of the intersecting shear bands at
15% strain. Necking occurs afterwards, eventually leading to the
rupture of the sample. It is noted that despite the fact that the cut-
notches and indent-notches can both restrain the catrostrophinc
shear banding under the multi-axial stress concentration in the
vicinity of the notches, the cut-notched MG deforms only within the
ligament, fracturing at a strain of 10% accompanied with the stress
being almost zero in the stress-strain curves; while the initial shear
bands of the indent-notched MG form outside the un-notched liga-
ment, extending the deformation region, and thus improving both
the strengthening effect and the plastic deformation ability.

We further provide a quantitative analysis on the deformation
evolution across the notch plane. Fig. 4 illustrates the propor-
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Fig. 3. Snapshots of atoms with local shear strain greater than 0.3 at different strains for (a) the monolithic, (b) the cut-notched and (c) the indent-notched MGs.
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Fig. 4. The proportions of atoms with local shear strain greater than 0.3 (upper
panel) and the transverse shrinkage across the notch plane (down panel) for the
MGs at different strains.

tion of atoms with nMies greater than 0.3, and the transverse
shrinkage (W) across the notch plane, respectively, as a function
of tensile strain. The transverse shrinkage (W)is defined as W =
(W1(2)(t)-W1(2))[Wi(2) [18]. At the initial stage before 4% strain, the
proportion of atoms with nMises greater than 0.3 and the transverse
shrinkage (W) is negligible for all the MGs. For the cut-notched MG,
around 4% strain, the proportion of atoms with nMises greater than
0.3 radically increases; meanwhile the transverse shrinkage (W) has
a dramatic increase, corresponding to the stress reaching the ulti-
mate tensile strength. After a strain of 5%, the proportion of atoms
involved in plastic deformation saturates. Those atoms, concentrat-
ing in the ligament of the sample, contribute to nearly all the further
plastic flow, giving rise to a continuous rapid increase of the shrink-
age of the notch section. On the other hand, the indent-notched
MG barely has atoms involved in plastic deformation before 7%
strain. In striking contrast, after yielding, the proportion of atoms
involved in plasticity remains increasing, even at 12% strain (vs.

5% for the cut-notched sample), indicating a large participation of
atoms. The wide spread of plastically-deformed atoms dramatically
slows down the shrinkage of the notch section, retaining a relatively
stable flow after initial yielding. When compared to the un-notched
MG, though the cut-notches are able to mitigate the brittle failure,
the deformation is nearly localized at the notch ligament, limiting
the plasticity. Indent-notches promote more local plastic deforma-
tion, simultaneously improving the strengthening and the plastic
deformation ability without sacrificing deformation strain.

3.3. Plastic zone size

The cut-notch and the indent-notch share a similar notch geo-
moetry, but the associated plastic zones are distinct, the size of
which is essential to relieve the stress concentration at the notch
tip. Fig. 5 shows the plastic zone size (D) for the indent-notched
and cut-notched MGs as a function of engineering strain, respec-
tively. The plastic zone size (D) is defined as follows: the area of
the region of atoms with large atomic shear strain which is equiv-
alent to the area of a circle (wD?/4), where the effective diameter
D is used to represent the plastic zone size [16]. This plastic zone
size has been used to study the formation of shear bands [36]. As
shown in Fig. 5, the initial plastic zone size D of the indent-notched
MG is larger than that of the cut-notched MG due to the pre-
deformation induced by indentation. After a strain of 3%, the plastic
zone size of the cut-notched MG quickly increases, while that of
the indent-notched MG gradually increases after a strain of 6%. Sha
et al. found that the stress concentration in CuZr MG samples at
the notch tip can be relieved by the growth of localized plastic
deformation [16]. This is effective not only for nano-sized MGs, but
also for bulk MGs in experimentation [37]. The larger plastic zone
size of the indent-notched MG suggests that indent-notches can
relieve the stress-concentration around the notch root, improving
the strengthening effect and the plastic deformation ability.
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Fig. 5. The plastic zone size (D) for the indent-notched and cut-notched MGs as a
function of engineering strain. The inserted snapshot shows the plastic zone for the
indent-notched and the cut-notched MGs.

Fig. 6. (a) The snapshot of atoms with local shear strain greater than 0.3 at a strain
of 7% for the indent-notched MG, and the indent-notched MG at a strain of 0% is
regarded as the reference state. (b) Atomic displacement vectors (yellow arrows)
and local shear strain of the indent-notched MG at a strain of 0%, and the indent-
notched MG before the indentation is regarded as the reference state. The red atomic
region is called the indent-notch affected zone (INAZ).

4. Discussion

As the two notched samples share a similar geometry, the
effects of pre-deformation on the local stress/strain states and
glassy structure are essential in understanding their different ten-
sile deformation behavior. Fig. 6a shows a snapshot of atoms with
local shear strain nMises > 0.3 at a strain of 7% for the indent-notched
MG, and the indent-notched MG at a strain of 0% is regarded as the
reference state. The red line in Fig. 6(a) shows that local plastic
deformation initiates from the middle of the un-notched ligament.
Fig. 6(b) shows atomic displacement vectors and local shear strain
of the indent-notched Zr3gCugs MG at a strain of 0%. Here the
indent-notched MG before the indentation is regarded as the ref-
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Fig. 7. The average number of quasi-nearest atoms (Ng ) for the notched MGs at
different strains.

erence state. Since indent-notches are formed by indenting, the
strain around the indent-notches is introduced as shown in the red
region, which is called the indent-notch affected zone (INAZ). By
overlapping the positions of the red line in Fig. 6(a) and b, it can be
found that the shear band forming area during the tensile defor-
mation is the interface between the INAZ and the matrix. Next, we
explain why local plastic deformation initiates from the interface
in the indent-notched MG, while local plastic deformation initiates
from the notch root in the cut -notched MG.

Firstly, the changes in the microstructure caused by the
indent-notches before tensile deformation are investigated. The
quasi-nearest atom (QNA) is a new parameter that can well char-
acterize the atomic packings of MGs [38-40]. A pair of QNAs is
defined as follows: (1) they share a common nearest neighbor; (2)
their corresponding Voronoi faces of the Voronoi polyhedron cen-
tered by the common nearest neighbor share an edge; (3) they are
not the nearest neighbors of each other. The more the number of
QNAs (Ng) around an atom, the looser the atomic packing around
the atom, indicating more structural defects. If Ng = 0, the central
atom is completely bound and is not easy to move, so it is called
a solid atom [40]. The solid atoms make up skeletal structures in
MGs, and their connectivity plays a key role in the deformation of
MGs [41-44]. Therefore, the connection of clusters composed of
atoms with Ng = 0 in the INAZ was analyzed. The ratio between
the number of clusters with Ng=0 and the total atoms in the
monolithic (before indentation), cut-notched and indent-notched
Zr3gCugq MGs was 25.1%, 23.9% and 33.7%, respectively. The ratio
in the indent-notched MG reaches a maximum in the three MGs,
which indicates that the indent-notches trigger the formation of
more densely-packed clusters. These densely-packed clusters blunt
the notchand are not easily triggered by shear stress, providing high
resistance to deformation in the INAZ. When the indent-notched
MG undergoes uniaxial tensile deformation in the Z direction, the
force required to rearrange these densely-packed clusters is larger
than that in the undeformed region. Consequently, the formation of
shear bands is pushed off from the INAZs. Instead, the shear bands
begin to form at the interface area between the INAZ and the matrix.
In addition, the atoms in the INAZ underwent displacements in dif-
ferent directions as shown in the yellow arrow in Fig. 6(b), and the
pre-strained regions can carry more strain in the subsequent ten-
sile deformation. Therefore, the indent-notches not only affect the
initial position of deformation, but also carry more atomic strain in
response to the tensile stress, leading to improve the strengthening
effect and the deformation ability simultaneously.

The average N, for the notched MGs at different strains is also
investigated. As shown in Fig. 7, the average Ny increases with
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Fig. 8. The engineering stress-strain curves of the indent-notched MGs with the
notch depth equaling 4.4, 8.0 and 12.6 nm. The inserts show the snapshots of atoms
with local shear strain greater than 0.3 at the strain of 12% for the indent-notched
MGs with different notch depth.

increasing strain, which suggests that the shearing units gradually
increase the degree of defects as the strain increases. The Ny of the
cut-notched MG is larger than that of the indent-notched MG in the
whole deformation process. This is because the indent-notches can
trigger the formation of densely-packed clusters composed of solid-
like atoms in the indent-notch affected zone. Since densely-packed
clusters are highly resistant to the nucleation of shear bands, the
Nq of the indent-notched MG shows relatively stable before 1%
strain compared to that of the cut-notched MG. The distribution
of densely-packed clusters in the indent-notch affected zones also
retains the N steadily rising after 4% strain. The fluctuated Ng of
the cut-notched MG after 4% strain may be related to the Voronoi
volume recovery and generation. Cui et al. found that Voronoi vol-
ume recovery surpassing its generation occurs in the cut-notched
center region during plastic deformation [19].

In order to verify the above, the effect of the indent-notch depth
on deformation is investigated as follows. The notch depth can
change the fracture mode of notched MGs [18,21]. For example,
through molecular dynamics simulations, Yang et al. found increas-
ing the notch depth can enhance the notch intensification, which
changes the deformation mode from shear banding dominated to
mixed mode and then to necking governed in CusgZrsg MGs [21].
Fig. 8 shows the engineering stress-strain curves of the indent-
notched MGs with different notch depths d. The ultimate tensile
strength of the indent-notched MGs with notch depths d of 4.4, 8.0
and 12.6 nmis 3.41 GPa, 3.81 GPa and 4.25 GPa, respectively, which
suggests that the strengthening effect of indent-notches is more
pronounced as the notch depth increases. Sha et al. found that with
the cut-notch depth increasing, the notch strengthening becomes
more pronounced for nanoscale MGs with symmetric double-edge
notches [18]. This indicates that both the cut-notch and the indent-
notch can cause more pronounced strengthening by increasing the
notch depth. The inserted snapshots in Fig. 8 show the atomic defor-
mation processes at a strain of 12% for the indent-notched MGs with
different notch depths.

When the depth is 4.4 nm, a shear band formed from the notch
root penetrates the MG, giving rise to the occurrence of brittle frac-
ture. This is because of the stress-concentration around the notch
root, which is similar to that in the cut-notched MG. When the
depth is 8.0 nm, two narrow shear bands intersecting each other
are formed at the interface area between the matrix and the INAZ.
There are two reasons for this: one is the densely-packed clusters
leading to the formation of shear bands off the notch root; and the
second is the larger plastic zone size of the indent-notched MG

Stress-concentration
around notch root

Densely-packed clusters in
the notch affected zone

Initial position of deformation

Indent-notched depth

Fig.9. Schematic description of the competitive relationship between the densely-
packed clusters composed of solid atoms in the NAZ and the stress-concentration
around the notch root in the dominant role in the initial position of deformation
accompanied by the notch depth.

relieving the stress-concentration around the notch root, as shown
in Fig. 5. As notch depth increases enough to prohibit the interface
area between the matrix and the INAZ (for example, d > 12.6 nm),
the multiple shear bands in the un-notched ligament interact with
each other, triggering the occurrence of homogeneous deformation
in the un-notched ligament occurs.

The above suggests that for the indent-notched MG in deter-
mining the initial yielding, there is a competition process between
the densely-packed clusters leading to the shear band formation
outside the INAZ and the stress-concentration localizing defor-
mation around the notch roots, as shown in Fig. 9. When the
notch depth is small, there are few densely-packed clusters and
the force needed to arrange atoms in the INAZ is small, leading to
the stress-concentration around the notch root playing a dominant
role. Therefore the local plastic deformation initiates from the notch
root, which is similar to that in the cut -notched MG. As the notch
depthincreases, there are many densely-packed clusters composed
of solid atoms and the resistance to deformation is high. There-
fore, the force needed to arrange atoms is relatively large and the
densely-packed clusters composed of solid atoms in the INAZ play
a dominant role compared with the stress-concentration around
the notch root. The large force pushes the formation of shear band
off the root, leading to local plastic deformation initiating from the
interface between the matrix and the INAZ in the indent-notched
MG. The indentation successfully blunts the notch, providing hard-
ening and sustainable flow by constraining the shear bands.

5. Conclusion

In summary, MD simulations have been performed to investi-
gate the uniaxial tensile behavior of monolithic, cut-notched and
indent-notched Zr3gCugs MGs, focusing on the effects of indent-
notches on improving both the strengthening effect and the plastic
deformation ability. The NDR clearly demonstrates that the indent-
notches do not sacrifice deformation strain when enhancing the
strengthening effect, i.e., the NSR is larger than that of cut-notches.
The larger plastic zone size of the indent-notched MG due to the
pre-deformation induced by indentation can relieve the stress-
concentration around the notch root. The indent-notches trigger
the formation of more densely-packed clusters with Ny = 0 in the
INAZ, leading to the initial shear bands being formed off from the
indent-notch affected zone, extending the deformation region. For
the indent-notched MGs in determining the initial position of yield-
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ing, there is a competition between the densely-packed clusters
in the INAZ and the stress-concentration around the notch root in
determining the initial position of yielding. When the indent-notch
depth is small, there are few densely-packed clusters in the INAZ;
the stress-concentration around the notch root plays a dominant
role, leading to the shear bands initiating from the notch root, rem-
iniscence of the cut-notches. As the indent-notch depth increases,
there are many densely-packed clusters in the INAZ and the resis-
tance to deformation is high, and the densely-packed clusters play a
dominant role, leading to the shear band formation from the inter-
face between the INAZ and the matrix. The findings shed light on the
advantages of indent-notches in improving the deformation ability
of MGs.
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