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In-situ electron microscopy mechanical testing is a promising deformation observation technology that has been
extensively applied to explore the deformation and fracture behaviour of MGs. In this paper, we adopt it in
conjunction with digital image correlation technique to investigate the impact of free volume on shear band
multiplication and bending plasticity in MGs. The strain evolutions of the notched Zr-, Ce- and Mg-based MGs are
studied respectively. The results indicate that the strain-concentration striations before yielding contain amounts

of free volume can improve the shear band multiplication, and are beneficial to the subsequent bending plas-
ticity. Such conclusions successively verify a novel integrated method to explore the in-situ strain field evolution
process near the notch of MGs, which is advantage for understanding the deformation and fracture behaviour of

MGs in a complex stress state.

1. Introduction

Metallic glasses (MGs) with a disordered atomic structure usually
exhibit unique and superior mechanical, physical and chemical prop-
erties [1-3], and hold promise for many engineering applications [4,5].
Unlike the dislocation motion in crystals, a frequently invoked concept
in plastic deformation of MGs is a comparative process including the
creating and annihilating processes of free volumes [6]. For in-
homogeneous plastic flow at room temperature, the strain is localized
in a few bands with increasing free volume, which results in overall
softening, and the “soft” regions are origins for the nucleation of the
shear bands [7,8]. Although MGs with different compositions usually
have the same structure, ie., glassy phase, they exhibit distinctly me-
chanical behaviors. In general, MGs with a high fracture toughness,
such as Zr- and Cu-based MGs [9,10], are attributed to a significant
crack tip plastic deformation [11], and have a limit plastic strain ability
(compressively plastic strain value being less than 2%) [12]. However,
some MGs, such as Mg- and La-based MGs [13,14], exhibit a low
toughness, accompanied with little plastic strain. MGs with toughness
values ranging from 2 to 86 MPa m'/? open a window to comparatively
investigate the relationship between fracture toughness and fracture
behaviour.

Digital image correlation (DIC) technique, as a strain analysis
method, is a valuable technique to analyze the deformation behaviour
and the fracture mechanism of MGs. It provides full-field displacements
and strains by comparing the digital images of the specimen surface in
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the un-deformed (or reference) and deformed states respectively
[15-18]. DIC has been employed to investigate the mechanical beha-
viour of MGs, such as residual stress distribution [19-22], shear band
evolution and interaction [23-25], strain-energy transportation [26],
etc. Moreover, the deformation evolution of MGs under bending is
useful to understand the deformation behaviour of MGs because the
sample is under a complex stress state, i.e., the sample resists both
tensile and compressive stresses with gradient magnitudes [27-30].

In this paper, in-situ electron-microscopy mechanical testing tech-
niques in conjunction with DIC technique is employed to investigate the
strain-evolution process during three-point bending tests of notched
MGs. Three MGS, i.e., ZI'52A5C1117A9Nil4A6A110Ti5 (at%), Ce70G38CU22 and
Mge5CuosGd, o with toughness values of 43, 6 and 2 MPam'/? [26], are
selected as the model materials, respectively. Then the corresponding
quantitative analyses are carried out correspondingly. Finally, the
failure modes and fracture process for the three model MGs are dis-
cussed in details.

2. Experimental procedure

The Zrsy5Cuyy oNijgeAlioTis (Zr-based) and Ce;oGagCuyy (Ce-
based) alloys were prepared by suction casting into Cu-mould to form
rod-like MGs. The MgegsCuysGdio (Mg-based) MG was prepared by in-
duction melting plus injection preparing rod samples. The diameters of
three MGs were 3 mm. Compression specimens with the length of 6 mm
were cut from the rod samples. The ends of each specimen were ground
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Table 1

Summary of data on factors of activation barriers for shear flow or cavitation. B,
G and T, respectively represent elastic constant of bulk modulus, shear modulus
and glass transportation temperature.

Sample B (GPa) G (GPa) T, (K) log (f)
Zr-based MG 1141 + 6.9 32.3 £ 0.9 653 [35] 5.6
Ce-based MG 31.8 = 3.8 11.4 £ 1.2 363 [36] 2.2
Mg-based MG 45.1 = 4.6 19.3 £ 1.0 424 [37] 1.9

to a surface roughness of less than 1 um. Compression tests were con-
ducted using an MTS CMT5205 machine at room temperature and a
strain rate of 1.5 x 10”* s™!. The MG specimens with sizes of
12 x 2.5 x 1.6 mm> were cut from rod-like samples by using a dia-
mond saw with water cooling, and a notch with a radius of 100 um and
a length of about 400 pm was cut in the middle of the sample by a
diamond wire saw for three-point bending test. Then, the samples were
carefully polished to remove surface marks to impart a smooth and flat
surface. The amorphous nature of the MGs was identified by the X-ray
diffraction (XRD) in a Rigaku DLMAX-2550 diffractometer with the Cu-
K, radiation (A = 0.1542nm). The bulk and shear modulus measured
by an Olympus Panametrics NDT 5900PR ultrasonic testing device. The
results are listed in Table 1. The strain field of the MGs’ surfaces was
visualized by interpreting the bending measurements using the DIC
method. In this experiment, a copper grid with 2000 mesh (G2000HS-
C3 from Gilder Grids Company) was put on the surface of the specimen,
and covered the crack tip. Then, the specimen covered by the copper
grid was deposited by a thin layer of Pt film with a thickness of 20 nm in
a sputtering system. The mesh grid pattern was transferred onto the
specimen surface, and the pitch size of the mesh was measured to be
about 12.5 pm. Subsequently, the specimen was mounted in a loading
cell (Gatan Microtest Series) for in-situ mechanical measurements inside
a CamScan Apollo 300 type scanning electron microscope (SEM), as
shown in Fig. 1. The SEM images were captured at a variety of loads
during the three-point bending test. The loading rate was set as
0.5 mm/min. The size of SEM imagine was 1280 x 1024 pixels® and a
length-pixel ratio was approximately 0.938 um/pixel. A 720 x 540
pixel®> (about 675 x 507 ym?) domain, which was located near the
notch of the sample, was adopted for DIC calculation. An un-deformed
image was obtained prior to loading as a reference record. And a series
of strain field distribution contour maps under different stresses could
then be calculated by DIC software.

3. Results and discussion
Three MGs exhibit obviously different fracture behaviors upon

compressing (Fig. 2). The Zr-based MG shows an elasto-plastic de-
formation behaviour with the largest compressive ductility in three
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MGs. The Ce-based MG shows a slightly plastic deformation after
yielding. The Mg-based MG displays elastic deformation without any
plasticity before fracture. Representative normal stress and midpoint
strain curves under three-point bending test for three types of MGs are
plotted in Fig. 3. The normal stress, 0,,m, is generally obtained ac-
cording to the Classic Beam Theory, and the midpoint strain, ¢, can be
calculated by the maximal midpoint deflections,

I 3PL,

" 2b(h — ap)?’ )}
_ 6Bb

T L’ 2

where P is the applied force, L, is the spanning distance, b is the
thickness, h is the width, ap is the length of the notch and B is the
maximal deflection of the midpoint. The normal stress-midpoint strain
curve of the Zr-based MG can be divided into two stages including an
elastic deformation (linear portion) and a plastic deformation (non-
linear portion). It presents the largest bending ductility with a max-
imum normal stress of approximately 3455 MPa. However, the curves
of the Ce- and Mg-based MGs are both linear, which indicate no plastic
deformation before failure. Their corresponding stresses are measured
and the values lie in about 215 and 56 MPa before failure, respectively.
Due to there was no CCD conjunct with this scanning electron micro-
scope, SEM images of the specimen was acquired in-situ after each step
of loading. It took some time to capture the SEM. During that time, the
loading cell would relax and the load (or the stress) would decrease to
form the serration on the stress-strain curves [31].

Additionally, the crack-formation processes of three types of MGs
are captured and visualized in the recoded SEM images to discover the
different failure modes. For the Zr-based MG, four stages for the
bending process can be captured and drawn in Fig. 4. In stage I [shown
in Fig. 4(a) and (b)], the Zr-based MG appears an elastic deformation
and no obvious shear bands appear on the side-view image. After the
elastic stage, the Zr-based MG displays some local plastic deformation,
and some shear bands emerge around the notch at 1735 MPa, as show
in Fig. 4(c) (Stage II). In stage III, a stable plastic deformation arises,
resulting in lots of shear bands formation and propagation, as shown in
Fig. 4(d). Then, the main shear band is formed when the stress increases
and the sample is finally separated in stage IV [Fig. 4(e)].

Similarly to the Zr-based MG, four distinct deformation evolution
stages are also recognized in the Ce-based MG. In stage I, the sample
manifests the elastic deformation without any shear bands below
102 MPa [Fig. 4(f)], and there are no shear bands but a crack emerges
at 102 MPa in stage II [Fig. 4(g)]. In stage III, the stress lies between
102 and 196 MPa and the crack propagates steadily [Fig. 4(h)]. In stage
1V, the crack propagates catastrophically and inevitably results in the
final fracture of the sample.

Different from above two MGs, only two stages for the Mg-based MG

Fig. 1. Experimental setup. (a) Detail of the miniature three-point bending test frame with a specimen mounted. (b) Three-point bending sample under loading in

SEM chamber.
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Fig. 3. Normal stress-midpoint strain curves of three MGs under three-point bending test.

are observed. In the first stage, the corresponding load is less than
54 MPa and the Mg-based MG undergoes an elastic deformation. In the
second stage, the corresponding load reaches 56 MPa and a catastrophic
failure occurs without any shear bands.

The fracture surfaces of the MGs after bending are shown in Fig. 5.
For the Zr-based MG, the whole profile of facture surface shows rough
ridge and valley patterns [Fig. 5(a)]. The radial vein patterns with some
molten droplets are displayed on the fracture surface of the Zr-based
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MG [Fig. 5(b)], which indicates highly localized plastic softening. For
the Ce-based MG, the “rough zone” appears only at the crack initiation
place [Fig. 5(c)]. With the crack propagating, the roughness becomes
minimal. Unlike the case of the Zr-based MG, there is a large density of
dimples without significantly melting droplets on the fracture surface in
the Ce-based MG [Fig. 5(d)], which suggests that no serious plastic
softening occurs during bending fracture. For the Mg-based MG, no
obviously rough zone on the fracture surface [Fig. 5(e)], and a large
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Fig. 4. Side-view SEM images of three MGs during three-point bending test. (a—e) The Zr-based MG at normal stresses of 38, 1231, 1735, 2725 and 3455 MPa,
respectively. (f-i) The Ce-based MG at normal stresses of 10, 125, 196 and 207 MPa, respectively. (g-k) The Mg-based MG at normal stresses of 8 and 54 MPa,

respectively.

amount of nano-scale periodic patterns, such as dimples and stripes
appear in nano-scale [Fig. 5(f)].

To further investigate the failure mode of the MGs, the DIC method
is adopted here to explore the strain field distribution. Figs. 6(a), 7(a)
and 8(a) display the uniform mesh-pattern images in three unloaded
MGs. The normal strain (perpendicular to the crack plane) map of &,,
the ¢, fields along the loading direction (y-axis) and the shear-strain
(vxy) fields can be calculated with the reference image without load.
The maximum linear strain in x-axis (exmax) and y-axis (¢ymax), and the
maximum shear strain, ymqy, are deduced by the following equation
[32],

1
Exmax = El:gx + & — \/(Ex - Ey)2 + nyz]

Eymax = %[Ex +e+ e — ) + yxyz]
Ymax = \/(Ex - Ey)2 + nyz

Fig. 6(b)—(d) show a series of exmax, €ymax and Ymax fields of the Zr-
based MG at different stresses indicated by the numbers in Fig. 3(a),
respectively. In the &ymqy and Yma fields, some high strain-concentration
striations emerge at 577 MPa. Subsequently, the strain-concentration
striations evolve from two to four when the stress increases from 577 to
1231 MPa. In contrast to the SEM image in Fig. 4(b), there is no sig-
nificant shear band and the sample still remains in the elastic regime at
1231 MPa. Unlike the &ymqy and ypmax fields, the strain-concentration in
the &y, field is isolated.

The different fracture modes of three model MGs under three-point
bending can be analyzed by the free-volume theory. The strain dis-
tributions of the Zr-based MG show some separated strain-concentra-
tion striations before yielding (Fig. 6). The multiple high strain-con-
centration striations are helpful to disperse the strain into different
strain-concentrated regions, and shear softening occurs simultaneously.
More strain-concentrated regions can alleviate the stress concentration,
which prevent from cracking and breaking. As SEM imagine of
Fig. 4(b), no obvious shear band occurs below 1735 MPa. Previous

€))
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studies have found that the regions with numerous free volumes are
able to facilitate initially nucleating and branching of shear bands
[27,29]. In the present study, some locally plastic deformation after the
elastic stage, and some shear bands emerge around the notch in the Zr-
based MG [Fig. 4(c)]. Subsequently, in the separated strain-con-
centrated striations, multiple shear bands occur and propagate steadily
after yielding [Fig. 4(d)]. With increasing the load, the main shear band
emerges eventually from the multiply shear bands [Fig. 4(e)]. Then, the
main shear band will further propagate and provide the midpoint dis-
placement or strain until the failure of the Zr-based MG occurs. Thus,
the strain-concentrated regions act as the original place for shear
banding in ductile MGs, or cracking in brittle MGs. In this case, it can be
rationally assumed that numerous free volumes are activated in the
strain-concentrated regions that can be treated as soft regions. The re-
gions without strain concentrations behave as the hard regions that is
speculated to contain a small number of free volumes. These hard re-
gions are beneficial for impeding the rapid propagation of shear bands.

Fig. 7 shows the evolution of strains for the Ce-based MG. With
increasing the stress, the phenomenon of strain concentration becomes
more prominent [Fig. 7(b) and (d)]. The strain-concentration striations
are obviously found to be formed in the &0, and yiqx fields but seldom
appear in the ey, field. Unlike the Zr-based MG, the three strain-
concentration striations of the Ce-based MG are located around the
notch. Responding to the continued loading, the stress in the strain-
concentrated regions gradually increases. When the stress firstly
reaches the yield stress, o,, the initial main shear band emerges in the
middle of the notch because the strain-concentration striations con-
centrate here, shown in Fig. 4(h). Then, a shear displacement occurs,
which causes the stress at the tip of the main shear band decreases to o7
(< 0y), due to locally shear-softening and stress gradient under three-
point bending. Thus, the main shear band stops propagating [29]. With
continued loading, the competition occurs between activating new
shear bands and forming cavities. A dimensionless parameter, f, is
formulated as the activation barriers for shear flow or cavitation to
describe the crack initiation in a shear band [33],
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Fig. 5. Fractographies of the three MGs. (a) Overview of Zr-based MG. (b) Crack propagation zone of Zr-based MG. (c) Overview of Ce-based MG. (d) Crack
propagation zone of Ce-based MG. (e) Overview of Mg-based MG. (f) Crack propagation zone of Mg-based MG.
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Fig. 6. DIC images of Zr-based MG in the elastic regime under load. (a) Uniform mesh-pattern images of unloaded Zr-based MG, (b), (c) and (d) are the &ymqx field,

€ymax field and ypax field obtained from DIC, respectively.

T (B
log(f)~? (5—1), @
where T, and T are the glass-transition and reference temperatures, B
and G are the bulk and shear moduli, respectively. Therefore, the ca-
pacity for shear flow before cavitation of material can be explored from
the glass-transition temperature and elastic constants. For the Ce-based
MG, the value of log (f) is less than half of that in the Zr-based MG
(Table 1), implying that the Ce-based MG tends to form cavities to
deform. Additionally, it can be observed that the interface length be-
tween the concentrated and un-concentrated regions of the Ce-based
MG is less than that of Zr-based MG, which may indicate that the im-
pediment effect on the interface of the Ce-based MG is weaker than that
in the Zr-based MG. As a result, the initiation of new secondary shear
bands around the main shear band is more difficult than the formation
of cavitation in the formed shear band. Thus, there is no obviously
shear-band branching before cracking, as shown in Fig. 4(h) and (i).

When the load is more than 115MPa, the critical crack length is
reached, and then the unstable fracture occurs, producing two broken
parts.

Fig. 8 exhibits the strain fields from DIC results of the Mg-based MG.
The strain-concentration striations of exmax, £ymax aNd Ymax all emerge at
the beginning of loading [Fig. 8(b)-(d)]. However, with increasing
load, they begin to disappear and the corresponding isolated strain-
concentration regions gradually form, especially in the eynee and Ymaex
fields [Fig. 8(b) and (d)]. Among these three MGs, the Mg-based MG is
verified to be the only one that strain-concentration striations are lo-
calized in a few isolated regions (Fig. 8). Two points can be addressed to
explain the fracture process of Mg-based MG. Firstly, with increasing
the load, the elastic energy is absorbed in the strain-concentration re-
gions, which causes an expansion tendency of the isolated strain-con-
centration region. The value of log (f) for the Mg-based MG is less than
that of the Ce-based MG (Table 1). When an initial fracture emerges, the
cavitation occurs in the Mg-based MG, and then leads to fracture.
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Fig. 7. DIC images of Ce-based MG in the elastic regime under load. (a) Uniform mesh-pattern images of unloaded Ce-based MG. (b), (c) and (d) are the &yyqx field,

€ymax field and yna field obtained from DIC, respectively.
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Fig. 8. DIC images of Mg-based MG in the elastic regime under load. (a) Uniform mesh-pattern images of unloaded Mg-based MG. (b), (c) and (d) are the eyyqy field,

£ymax field and y,qx field obtained from DIC, respectively.
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Fig. 9. Profile of the distributions of the xmax, £ymax and Ymax values at the maximum stress of three MGs in the elastic regime on the maximum shear stress plane, i.e.,
along the dash lines in Figs. 4-6. (a—c) The distributions of the &xmax , €ymax and Ymax values of the Zr-based MG at 1231 MPa, the Ce-based MG at 102 MPa, and the

Mg-based MG at 54 MPa, respectively.

Secondly, the average radius of the first coordination unit of covalent
bonding is found to be about 0.25 nm [34]. The bonding lengths of Mg-
Mg and Mg-Cu atomic pairs are 0.272nm and 0.253 nm, respectively
[34], which are close to the covalent bonding distances. Therefore, a
large fraction of covalent bonds is another reason for the cleavage

fracture mode [7]. In this case, the Mg-based MG is concluded to be
more sensitive to fracture in a cleavage mode than the Ce-based MG.
Moreover, when the stress is more than 56 MPa, there is no obvious
shear band but crack propagates at an unstable level.

Finally, to further examine the fracture feature, the distributions of
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Exmaxs €ymax and ymax values for the Zr-, Ce- and Mg-based MGs on the
maximum shear-stress plane (along the dash lines in Figs. 6-8) before
yielding are demonstrated in Fig. 9. It can be observed that for the Zr-
and Ce-based MGs, both of eymax, and ymax values rise with increasing
the value of y along the crack propagation direction [Fig. 9(a) and (b)].
They reach the maximum values eventually nearby the notch of the Zr-
and Ce-based MGs. Due to the existence of a much small &g, value in
three-point bending condition, the &y,0x and yme. curves overlap ap-
proximately with each other [Fig. 9(a)]. For the Zr-based MG, the
length, Ly, of the strain-concentration region is measured to be about
356 um at 1231 MPa. In Fig. 9(b), the distribution profiles of the &xmnax,
€ymax aNd Ymay values at 102 MPa are mapped. The value of Lc, is ap-
proximately 178 um [Fig. 9(b)], which is almost 50% smaller than the
value in the Zr-based MG. As shown in Fig. 9(c), the value of Ly, is
observed to be approximately 38 um, which is the minimum value
among the three MGs.

4. Conclusion

Through the integrated method of the in-situ electron microscopy
mechanical testing technique and the digital image correlation tech-
nique, the impact of free volume on shear band multiplication and
bending plasticity of MGs is studied. The following conclusions can be
drawn:

(1) The strain-concentration striations before yielding are examined to
be significant beneficial to the subsequent shear band multi-
plication. Thus, it can be reasonably speculated that, during the
strain evolving to be concentrated, numerous free volumes are ac-
tivated in the strain-concentrated regions. After yielding, these
strain-concentration striations can be treated as soft regions in
which shear banding occurs. The multiple high strain-concentration
striations can disperse the strain into different regions, and absorb
lots of elastic energy. While the un-concentrated regions is assumed
to contain a small number of free volumes, which can impede the
rapid propagation of shear bands. This inhomogeneous distribution
of the strain-concentrated regions behave the work softening and
hardening effects, which can further improve shear band multi-
plication.

The shear band multiplication has a significant effect on bending
plasticity of MGs. The competition between activating new shear
bands and forming cavities dominates the fracture mode and
bending plasticity when the initial shear band emerges. For the Zr-
based MG, the multiple shear bands frequently occur after yielding,
which could improve its bending plasticity. For the Ce-based MG,
due to cavitation in the initial shear band, there is no obvious shear
band but initial crack when yielding. Different from the cases in the
Zr- and Ce-based MGs, the cavitation dominates the fracture process
of the Mg-based MG.

The number and the length of strain-concentration striations with a
large number of free volumes before yielding are verified to play
import roles in bending plasticity of MGs. Among the Zr-, Ce- and
Mg-based MGs, the Zr-based MG with the maximum and longest
striations presents the best macroscopic bending plasticity, while
Mg-based MG with separated and smallest strain-concentration re-
gions exhibits no obvious plastic deformation.
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