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Abstract

In this work, the effect of external disturbances on the strain-rate dependent plastic
deformation behavior of a Zrs;Cu,0AlioNigTis bulk metallic glass (BMG) has been
examined by tailoring the geometric confinement, stress gradient, and sample size.
With the external disturbances, the fracture strains of the BMG specimens become
less dependence on the strain rates, and it is found that the confinement of the
propagation of shear bands is the dominant deformation mechanism. This is different
from previous findings in that multiplication of the shear bands also plays a critical
role in accommodating the plastic deformation of BMGs with external disturbances.
The present findings not only shed more light on the deformation mechanisms of
BMGs under external disturbances, but also suggest that the use of external
disturbances can reduce the dependence of the plastic deformation behavior of BMGs

on the strain rates.
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1. Introduction

During past decades, bulk metallic glasses (BMGs), as a new class of structural
materials, have attracted great research interest due to their unique properties
stemming from non-ordered atomic arrangements, such as superior mechanical
properties compared with their crystalline counterparts [1-3]. Without crystalline
lattices and defects, the plastic deformation in BMGs is characterized by intermittent
bursts of shear events, demonstrating serrations in the stress-strain curves [4-6]. Many
studies have shown that the deformation behavior of BMGs is significantly dependent
on the strain rate [4,7-11], for example, the fracture behavior [7,12,13] and bursts of
shear events [4,14]. With increasing strain rate, the plastic flow in BMGs tends to
transit from serrated flow to non-serrated flow [4,14], and the critical strain rate is
dependent on the physical nature of the alloys, such as the alloy composition [4,15].
The plastic-flow dynamics of BMGs can also be tuned by the change of strain rates
[10]. Simulations of the plastic deformation of metallic glasses show that the yield
stress [16-18] and shear transformation zone (STZ) characteristics [19,20] are also
dependent on the applied strain rates. For example, Cao et al. [18] have reported the
decrease of yield stress at relatively lower strain rates. Understanding the dependence
of the plastic deformation behavior of BMGs on the change of strain rates is important
before enabling wide applications as structural materials. Recently, Bhattacharyya et
al. [11] examined the effect of the internal free volume content on the strain-rate
sensitivity of the plastic flow in BMGs, and found that a higher free volume content
can reduce the strain-rate sensitivity. However, previous findings have shown that the
plastic deformation behavior of BMGs is affected by not only the internal physical
properties of the BMGs, such as free volume [21], alloy composition [22-24] and
Poisson's ratio [25,26], but also the applied external disturbances, such as geometric
confinement [27-29], stress gradient [30-32] and sample size [33,34]. Under external
disturbances, such as geometric confinement and the presence of stress gradients,
BMGs are able to demonstrate more plastic deformation behavior, resulting from the
multiplication of the shear bands and the confinement of their propagations

[27,28,30,32,35]. However, how the strain-rate dependent plastic deformation
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behavior is influenced by the external disturbances has not been documented. In this
work, the effect of external disturbances on the strain-rate dependence of the plastic
deformation behavior of a BMG is further examined and its deformation mechanism

analyzed under different strain rates.

2. Experimental

2.1 Specimen preparation

As-cast Zrs7CuyAlgNigTis (at.%) BMG specimens were fabricated from the pure
elements of Zr (99.8%), Cu (99.999%), Al (99.99%), Ni (99.999%) and Ti (99.995%).
Master alloy ingots were firstly produced by arc-melting the pure elements using a
WAK-II vacuum arc melter under an Ar atmosphere. After remelting the master alloy
ingots five times, cylindrical specimens of 3 mm and 2 mm diameters were fabricated
by suction casting the melted alloy into water-cooled copper molds [32]. The
amorphous nature of the as-cast rods was checked using X-ray diffraction (XRD)
analysis on a Rigaku SmartLab X-ray diffractometer. To examine the effect of
external disturbances on the strain-rate dependent plastic deformation behavior of
BMGs, three kinds of external disturbances were introduced in this work: geometric
confinement, stress gradient and sample sizes. Four groups of BMG specimens, with
aspect ratios of 2, were produced from the cylindrical rods. As shown in the schematic
diagram in Fig. 1, Group A and Group C specimens were cut from the cylindrical rods
with 2 mm and 3 mm in diameters, respectively. After electro-depositing a Ni layer
onto the 2 mm diameter cylindrical rods using an electrolyte and methods described in
Ref. [27], Group B specimens with geometric confinement were cut from the coated
rods. The Ni thicknesses of Group B specimens were 66 = 7 um. In Group D, a tilt
angle of 2° was tailored on the top surface of the 3 mm diameter specimens, resulting
in the presence of stress gradients under subsequent compression tests [30]. The
morphology of the prepared specimens was inspected using optical microscopy (OM),

and the results are shown in Fig. 1.

2.2 Compression tests



Compression tests were conducted on an MTS Qtest/25 materials testing machine at
room temperature. The four groups of specimens were tested at strain rates of 5x107,
5x10™ and 5%107 s respectively, and collected at a rate of 50 data per second. Three
specimens for each condition were tested. After compressive testing, the specimens
were inspected using scanning electron microscopy (SEM) on a JEOL JSM-6490

scanning electron microscope.

2.3 Finite Element Modelling (FEM) analysis

To characterize the yielding and the evolution of the yielded regions in the Group D
specimens, the gradient stress distributions were simulated using FEM analysis based
on a commercial ABAQUS package with an ideal elastic-plastic constitutive model
[36,37]. Although such constitutive model cannot be used to simulate the nucleation
and propagation of shear bands as well as the fracture of BMGs, it is good to
characterize the evolution of yielded regions where shear bands are formed [36,37].
The input material parameters for the FEM analysis are 1.635 GPa for the yield stress

[36], 82 GPa for Young's modulus [38] and 0.36 for Poisson's ratio [38].

3. Results

3.1 Effect of external disturbances on the nominal plasticity

The nominal stress-strain curves of four groups of specimens under different strain
rates are given in Fig. 2. In Group A, the nominal strain increases significantly as the
strain rate decreases (Fig. 2a,e), agreeing well with previous findings [7]. However,
when external disturbances were applied to Groups C-D, this trend changed. For the
Ni-coated specimens in Group B, they all demonstrated large nominal strains,
reaching about 12%. It seems that the nominal plasticity of this group of specimens
was not affected by the applied strain rates. As compared with the specimens in Group
A without Ni coatings, Group B specimens show an enhanced nominal strain of 12.5%
at a strain rate of 5x10° s™. At a strain rate of 5x10° s, the nominal strains show no
significant enhancement, and the decrease of strain rate tends to reduce the differences

in the nominal strains between Groups A and B (Fig. 2b,e). With the increased sample
4



sizes in Group C, the nominal strains (2.4% - 4.3%) are smaller than the values in
Group A, especially at the low strain rates. This suggests that the enhancement of the
plasticity of the BMGs by reducing the strain rates is very limited at relatively large
sample sizes (Fig. 2c,f). With the presence of stress gradients in Group D, the nominal
strains are larger than the values in Group C, and the nominal strain also increases
with the decrease of applied strain rate (Fig. 2d,f). However, the increasing rate is

smaller as compared with Group A.

In order to quantify the dependence of the nominal strains on the change of strain rate,
a scaling parameter, V, describing the variance of the nominal strains on the changing
strain rates is proposed as

V= (e4-69) + (e - ea)’ 1)

where ¢.3, ¢4 and &5 denote the average nominal strains at strain rates of 5x107,
5x10™ and 5%10™ s™, respectively. The parameters Va, Vs, Vc and Vp are calculated
as 20.6, 4.3, 0.4, 14.8, respectively. It is clear that the specimens in Groups B-D with
external disturbances have less variations in the nominal strains, i.e., less dependence
on the applied strain rate, especially for Group B, with geometric confinement and

Group C, with increased sample sizes.

3.2 Effect of external disturbances on the bursts of stress drops.

The plastic flow in the BMGs consists of intermittent bursts of shear events, which
are correlated to the stress drops in the stress-strain curves [5]. With decreasing strain
rates, the plastic flow transits from non-serrated flow to serrated flow at a critical
strain rate [4,15]. It is obvious that the applied strain rates in the present work are
higher than the critical strain rate of the BMG and serrated stress drops were observed
in all specimens, as can be seen in Fig. 1 (Hu. et al. [14] reported a critical strain rate
of about 5x10? s' in a Vitl05 BMG with a similar composition of
Zrs55TisCui79Ni1g6Al10). To compare the burst of stress drops in the specimens with
different nominal strains, the number of stress drops per 1% nominal strain (N/e,) of

four groups of specimens was plotted in Fig. 3. It can be seen that the burst of stress
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drops is significantly affected by the applied external disturbances. As compared with
Group A, the geometric confined specimens in Group B have more stress drops at
relatively higher strain rates (5x10° and 5x10 s™). For the Group C specimens with
increased sample sizes, they have a larger number of stress drops at low strain rates
(5x10™ and 5x10™ s*) than the Group A specimens. With the presence of stress
gradients in Group D, the specimens have more stress drops in plastic flow than

Group C specimens, especially at low strain rates (5x10 and 5x107° s™).

More shear events in BMGs (more stress drops on the stress-strain curves) are usually
correlated to the BMG specimens with larger plasticity [39,40]. However, some
different results are observed in the present study. As shown in Fig. 4, in Groups A
and C, the number of stress drops are proportional to the fracture strains (indicated by
the dash lines), and the linear relationship is independent on the sample size.
Nonetheless, with the larger sample size in Group C, a higher increasing rate (a larger
slope) was observed in Fig. 4. This suggests that to achieve same strains, more shear
events must occur in the specimens with larger sample sizes. With the presence of
geometric confinement (Group B) and stress gradient (Group D), the linear
relationships have been changed. In Group B, although the number of stress drops
changes at different strain rates, the nominal plasticity does not change significantly,
i.e., even at a high strain rate of 5x10° s with less stress drops, the specimens still
display large nominal plasticity. In Group D, although the increase of fracture strains
was still observed in the specimens with more stress drops, it does not follow a linear

relationship like Groups A and C.

4. Discussion

4.1 Effect of geometric confinement

The plastic deformation of BMGs is accommodated by the activation and propagation
of shear bands, which are affected by not only the intrinsic physical properties but
also the extrinsic disturbances, such as complex stress fields [17]. Thus, the changes

in the deformation mechanisms of BMGs under external disturbances may also induce
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some differences in the strain-rate dependent plastic flow behavior. With geometric
confinement, the mechanisms for the enhancement of the plastic deformation
behavior are known to be twofold: to trigger the burst of multiple shear bands and to
confine the propagation of the shear bands [27-29,41]. However, the present findings
suggest that the confinement of the propagation of the shear bands plays a more
significant role in improving the plastic deformation behavior of BMGs. On the one
hand, although previous findings show more shear events in the BMG specimens with
larger nominal plasticity, our statistical analysis results show that the number of shear
events and the nominal plasticity do not follow a linear relationship in the geometric
confined specimens (Fig. 4). At a high strain rate of 5x10° s, although fewer shear
events were observed, the specimen still manifested large nominal strains. Differing
from the findings where the increase of shear events can result in the enhancement of
plasticity in Group A, similar increases in the shear events at the relatively lower
strain rates of 5x10and 5x10® s (Fig. 3) does not result in the improvement in the
nominal strains, but a slight decrease (Fig. 2e). In other words, for the geometric
confined BMG specimens, the nominal plasticity was not dependent on the
multiplication of shear events. On the other hand, the burst of stress drops in the
plastic flow of BMGs can be fitted using power law decay dynamics [39,40,42,43].
Based on the Levenberg-Marquardt algorithm, the cumulative distributions of the
stress drops in the plastic flow were fitted using the equation [44]

P(P > av) = on” exp(- on /o) ()

where oy, is the stress drop, £ is a scaling parameter and o is the cut-off stress drop.
With the exponent of g = 0.15, the cut-off stress drops of Groups A, B and D were
given in Table I (Due to the small plasticity, only a few stress drops were collected in
Group C, and the plastic-flow dynamics in this group were therefore not fitted using
the power-law decay function). The relatively smaller cut-off stress drops in Group B
specimens, especially at a high strain rate, indicate the decreased amplitude of the
shear events and a stronger barrier to their propagation [44]. The impediment of the
shearing process in the geometric confined BMGs was evidenced in the SEM images

in Fig. 5. It can be seen that the shearing process has been stopped by the Ni-coating,
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where corrugated Ni coatings were observed. Additionally, significant decrease of
nominal stresses before failure in Group B (Fig. 2b) also implies that the fracture
process has been significantly inhibited. Therefore, with geometric confinement, the
enhancement of the plasticity is mainly controlled by the confinement of the

propagation of the shear bands, rather than the burst of multiple shear bands.

4.2 Effect of stress gradient

In Group D specimens with stress gradients, the initiation and propagation of the
shear bands are significantly affected by the evolution of the stress-concentrated
regions, which are different from the deformation mechanisms under the relatively
uniform stress states in Groups A and C. The gradient stress distributions in a Group
D specimen with a nominal strain of 2.25% are shown in Fig. 6. The stress gradient
can profuse the shear-band formation at the stress-concentrated regions and, at the
same time, confine the propagation of the shear bands by the unyielded regions
[32,45]. In the present work, the Group D specimens demonstrate different
deformation behavior under varying strain rates. At a high strain rate of 5x10° s, the
number of shear events is slightly more than that of the Group C specimens, but the
specimens demonstrate greatly enhanced nominal plasticity (Fig. 4). While at a
relatively lower strain rate (5x10™ s™), the specimens tend to burst more shear events.
However, the increase in the nominal plasticity is small. This implies that the
enhanced nominal plasticity at high strain rates (5x10° and 5x10™ s™), as compared
with the Group C specimens, can be mainly attributed to the confinement of the
propagation of the existing shear bands by the unyielded regions. The confinement of
the shear band propagation can be further evidenced by the small cut-off stress drops
(o = 13.8 MPa and 14.9 MPa, respectively) at high strain rates (5x107 and 5x10™ s™),
as shown in Table I. At a low strain rate of 5x10™ s™*, the enhancement in the nominal

plasticity as compared with the specimens at a strain rate of 5x10™ s*

may be
partially caused by the burst of multiple shear events (Fig. 4). The formation of
multiple shear bands at the stress-concentrated regions is observed in the SEM images

of a fractured specimen with a nominal strain of 13.6% (Fig. 7a,b). On the other hand,
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the smallest cut-off stress drop (o = 6.9 MPa) suggests that the confinement effect on
the propagation of the shear bands is still very strong. The confinement effect can also
be validated by the deflection of the fracture plane (Fig. 7a), where the fracture path
has been impeded by a large number of curved shear bands (Fig. 7c). It is speculated
that, at a low strain rate of 5x10™ s, both the multiplication of the shear bands and

the confinement of their propagations play significant roles.

4.3 The dominant mechanisms under external disturbances

The dominant deformation mechanisms of the plastic deformation behavior of BMGs
under external disturbances are summarized in Table II. The reduced strain-rate
dependence of the plastic deformation behavior of BMGs was mainly controlled by
the dominant mechanism of the confinement of the propagation of the shear bands. In
the specimens where the confinement of the shear band propagation plays the
dominant role, the nominal plasticity show less dependence on the change of strain
rates, such as Group B specimens, and Group D specimens at relatively-high strain
rates (from 5x10° to 5x10 s™). While in the specimens where the multiplication of
the shear bands plays a significant role, the nominal plasticity show strong
dependence on the applied strain rates, such as Group A and Group D at
relatively-low strain rates (from 5x10™ to 5107 s™). It should be mentioned that in
Group C specimens with increased sample sizes, the small variation in the nominal
strains was due to the fact that all the specimens demonstrated limited nominal strains,
ranging from 2.43% to 4.32%. Despite the small nominal plasticity, the number of
shear events and the nominal plasticity still follows a linear relationship (Fig. 4), i.e.,
the plastic deformation behavior is still dependent on the applied strain rates, similar
to Group A specimens. The burst of more shear bands in Group C specimens than
Group A specimens may result from the large sample sizes where more casting
defects exist and provide more sources for originating shear events [46]. The present
work suggests that, in the practical applications of BMGs as structural materials, the
use of external disturbances can reduce the dependence of the plastic deformation

behavior on the change of strain rates. The present research is in line with the
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previous findings of loading-rate-independent plastic flow in BMGs under a complex
stress field [47], and provides more explanations for such a phenomenon where the
confinement of the propagation of the shear bands also plays a significant role.
Additionally, the findings provide some suggestions to improve the plastic
deformation behavior of BMGs in practical applications, where the material always
deforms under complex stress states and has a wide range of product dimensions and
macroscopic structures [48-50]. For example, to improve the plastic deformation
behavior of BMGs with large product dimensions, more attention might be paid to the
confinement of the propagation of the shear bands using external disturbances, such

as tailoring stress gradients in Group C specimens.

5. Conclusions

The effect of external disturbances on the plastic deformation behavior of BMGs at
varying strain rates has been examined by tailoring the geometric confinement, stress
gradient and sample size. The deformation mechanisms of BMGs under external
disturbances have also been discussed. The findings show that for those specimens
where the confinement of the propagation of shear bands plays a dominant role, the
fracture strain is less sensitive to the applied strain rate. Whereas for the specimens
where the multiplication of the shear bands plays a significant role, the fracture strain
shows strong dependence on the applied strain rate. The findings give more insight
into the deformation mechanisms of BMGs under external disturbances. It also
suggests that, in practical applications, stable plastic deformation behavior of BMGs
with the change of loading rates could be achieved by applying appropriate external

disturbances.
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Table I. The cut-off stress drops (o¢) of three group specimens (A, B and D) at varying

strain rates.

Cut-off stress drop, o (MPa)

Strain rate (s™)
GroupA GroupB  Group D

5x107 46.5 11.1 13.8
5x10 48.3 39.8 14.9
5x107° 67.3 59.9 6.9
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Table Il. The dominant mechanisms of the plastic deformation behavior of BMGs on
the change of strain rates under external disturbances, where Multiple denotes the
multiplication of shear bands, and Confinement denotes the confinement of the

propagation of shear bands.

External disturbances From 5x10° to 5x10*s®  From 5x10™ to 5x10° s*
No (A) Multiple Multiple
Geometric confinement (B) Confinement Confinement
Sample size (C) Multiple Multiple

Stress gradient (D) Confinement Multiple + Confinement
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Group A Group B Group C

d=2mm d=2mm

Ni coating

Fig. 1. Schematic diagrams of four groups of specimens, where the optical images

show the four prepared specimens.
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Fig. 2. (a-d) Typical nominal stress-strain curves of the specimens in Groups A-D,

respectively, and (e,f) summarize the change of fracture strains at varying strain rates.
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Fig. 3. The varying of the number of stress drops per 1% nominal strain (N/e,) of the

four groups of specimens.
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Fig. 4. Relationships between the number of stress drops per 1% nominal strain (N/ep)
and the fracture strain (&), where the symbol shows the group of the specimens and

the symbol color indicates the corresponding strain rate.
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SStrain rate

Fig. 5. SEM image of a deformed specimen in Group B, where the hollow arrows
indicate the corrugated Ni-coatings and the solid arrows show the shearing direction

before fracture.
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Fig. 6. FEM results showing the yielded regions in a Group D specimen at a nominal

strain of about 2.25%.
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Fig. 7. (a) SEM image of a fractured specimen in Group D with a nominal strain of
about 13.6 %, where the red rectangles I and Il are magnified in (b) and (c)

respectively.
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