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Abstract

Bulk metallic glasses (BMGs) demonstrate different deformation behavior under
varying loading conditions. In the present work, a Zrs;CuyAl;(NigTis (atomic percent,
at.%) BMG was subjected to a mixed-mode (I/I) loading condition by tailoring
double-side notches. The findings show stable plastic-flow plateau stages in the
loading-displacement curves, and this phenomenon is different from other notched
BMG specimens with predominant-mode-I failure. More importantly, due to the stress
concentrations between two notches, most of the slip events with large load drops
occur on the fracture plane, resulting in a wide smooth region consisting of several
shear steps on the fracture surface. We show that despite different deformation
behavior, the specimens still display slip-size statistics of the plastic flow, which are
similar to those seen in compression tests. The present findings give more insight into
the deformation behavior/mechanisms of BMGs under varying loading conditions for

practical structural applications.
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1. Introduction

Without crystalline lattices, bulk metallic glasses (BMGs) are known to have many
attractive properties, such as a large elastic limit of 2% [1,2], high strength
approaching the ideal values [2], good biocompatibility and corrosion resistance [3],
excellent magneto-caloric effect [4,5], and high processing capability [6]. During past
two decades, many efforts have been devoted to developing and commercializing
BMGs, and they are now poised for practical structural applications [7]. Due to the
amorphous atomic arrangements, the plastic deformation in BMGs at room
temperature is localized in thin layers of shear bands [8,9], and the macroscopic
deformation behavior is different under varying loading conditions. For example,
under compression tests, they display a wide range of plasticity on the change of alloy
compositions [10,11], sample sizes [12,13], and loading rates [14,15]. Under tension,
almost all specimens exhibit brittle fracture behavior by the rapid propagation of shear
bands, where very limited ductility can be achieved [16]. Some studies have shown
that under mixed-mode (I/II) loading conditions under bending, BMGs are able to
demonstrate higher fracture toughness [17,18], and the increase in the mode-II
component can increase the plastic-zone size ahead of the crack tips [19]. It is vital to
understand the deformation behavior of BMGs under varying loading conditions

before their widespread structural applications in industry.

In a recent work, delayed catastrophic failures in BMGs have been achieved by
tailoring complex stress fields through double-side notches, where the specimens also
deform under a mixed-mode (I/II) loading conditions [20]. Although the deformation
behavior of BMGs under mixed mode loading conditions has been widely reported
[17-23], the deformation features of BMGs under the mixed-mode (I/Il) loading

condition as shown in Ref. [20] have not been fully understood, where the mode II
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component plays a dominant role. Such a mixed-mode (I/I) loading condition is
different from the predominant-mode-II fracture under compression [24,25], the
mixed-mode (I/II) loading condition under bending [17,19], the pure mode-II loading
condition in the edge notched flexure specimens [26], or the predominant-mode-I
failures of double-side-notched BMG specimens [27-29]. In the present work, the
deformation behavior of a BMG under such a mixed-mode (I/II) loading condition,
including fracture-surface features and plastic-flow dynamics, has been examined

under varying loading rates.

2. Experimental

As-cast BMG rods with a nominal composition of Zrs;Cu,oAl;oNigTis (atomic
percent, at.%) were fabricated by copper-mould casting from pure elements [30]. The
amorphous atomic structure of the as-cast specimens was checked, using the standard
X-ray diffraction (XRD) analysis on a Rigaku SmartLab X-ray diffractometer.
Double-side-notched BMG specimens were designed as shown in Figure 1a [20] and
fabricated from the as-cast rods, and the notches were cut, using a diamond saw.
Figure 1b presents an example of the prepared specimens. Mechanical tests were
conducted on an Instron 5565 materials testing machine at loading rates of 0.3, 0.06,
and 0.012 mm/min., respectively, and more detailed information was described in
Ref. [20]. Three specimens were tested for repeatability. After mechanical testing, the
sample surfaces and fracture morphologies were inspected, using a Jeol JSM-6490
scanning electron microscope. To characterize the stress distribution around the
notches, finite-element-modelling (FEM) analysis was conducted, employing a
commercial ABAQUS package [20]. An ideal elastic-plastic constitutive model was
used for the FEM analysis [31,32], and the input parameters for the BMG are 1.635
GPa for the yield stress [33], 82 GPa for the Young's modulus [34], and 0.36 for the

Poisson's ratio [34].

3. Results

3.1 Mechanical-testing results



The load-axial displacement curves of the notched BMG specimen are given in
Figure 2a. It can be seen that the specimens display a plastic-flow plateau stage of
serration flows at all loading rates. The load drops (Af) in the curves (Fig. 2a inset)
indicate the release of the elastic energy during the loading process [35,36], which are
usually related to the formation and propagation of shear bands [37,38]. The
displacement ranges for the plastic flows before failure (w,) are 0.070 + 0.003, 0.066
+ 0.004, and 0.079 = 0.009 mm for loading rates of 0.30, 0.06, and 0.012 mm/min.,
respectively. As compared with the notched BMG specimens with a predominant-
mode-I failure [29], the present specimens demonstrate more plastic flows (load
drops), especially for the occurrence of the plastic-flow plateau stages. After fracture,
the specimens display similar morphologies on the side surfaces at all loading rates.
Figure 3a shows the surface morphology of a typical fractured specimen at a loading
rate of 0.06 mm/min., where the specimen fractured at an angle of 6 = 27°. In the
region, N, between two notches (Figs. 3a,d), only one shear band along the fracture-
plane direction was observed. The maximum normal stress component (c,) and shear
stress component (1) of present mixed-mode loading condition were estimated and
compared with tensile results of the same BMG as shown in Ref. [39]. The results
show that the normal stress component under present mixed-mode loading condition
(516 MPa) is much smaller than the value under tension (1256 MPa), while the shear
stress component (1012 MPa) is larger than the value under tension (880 MPa). This
has further confirmed that the shear stress component plays a dominant role in the

mixed-mode loading condition, resulting in different deformation behavior.

At the notch root (the region, M, in Figs. 3a,c), a shear-band region was also
observed. However, these shear bands have directions nearly perpendicular to the
loading directions and cannot cause the final failures. In Ref. [20], it has been shown
that the shear bands in the region, M, may result in the formation of load drops less
than 5 N in the load-axial displacement curves. Two stages of the plastic flow were,
then, determined by the first occurrence of a load drop larger than 5 N (Af;), as shown

in Fig. 2b. The widths of the displacement ranges for the plastic flows in stage II (wpn)
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are, then, measured as 0.065 + 0.004, 0.058 + 0.005, and 0.076 = 0.009 mm for
loading rates of 0.30, 0.06, and 0.012 mm/min., respectively. According to Ref. [20],
the stage II of the plastic flow should be related to the formation of shear bands along
the fracture-plane direction, as presented in the region, N (Fig. 3). The observation of
just one shear band in this region suggests that the slip events relating to the load
drops at the stage II may mainly occur on the fracture plane, resulting in the formation
of a shear offset (Js), as shown in the schematic diagram in Fig. 3b. After fracture, the
shear offset (d;) can be estimated as

0s = dy/cos(0) (1)
If we use the width of the stage II to replace the axial displacement, i.e., d, = wpy, the
shear offset of the whole specimen can be estimated as

05 = Wpn/cos(6) (2)
The shear offsets of these specimens were, then, estimated as 73 £ 5 pm, 65 £ 6 um,
and 85 £ 10 um for loading rates of 0.30 mm/min., 0.06 mm/min., and 0.012

mm/min., respectively.

The formation of shear bands in the notched specimen can be related to the stress
concentrations around the notches. As shown in Figure 4a, the FEM results of the
Mises-stress distributions show that the stress concentration regions will firstly appear
in the region, M, and tend to penetrate the region, N. It can, then, be speculated that
under applied loadings, shear bands firstly initiate in the region, M (Fig. 3c) and cause
the small load drops at the stage I of the plastic flow (Fig. 2b). When the loading
process proceeds, the shear bands near the fracture plane propagated to the region, N,
leading to the slip events with larger load drops at the stage II (Fig. 2b). This can be
verified by the penetration of the yielded regions in Fig. 4b. Due to the stress
concentration along two notches (Fig. 4b), the slip events were mainly confined to
occur on the fracture plane, resulting in the shear offset (Fig. 3b) and few shear bands
in the region, N (for example, just one shear band was observed besides the fracture
plane in Fig. 3d). It should be pointed out that the change of mode mixity will affect

the formation of shear bands and result in varying plastic deformation behavior [40].
5



According to the equation M¢ = (2/m)tan’!(c,/t) [40], the mixity of the present
predominant-mode-II loading condition can be calculated as 0.3, where M® =1 and 0
denotes pure mode I and pure mode II loading conditions, respectively. In our
previous work, the effect of increasing mode I component on the plastic deformation
behavior of the notched BMG specimens has been examined [20]. Thus in this paper,
we mainly focus on the deformation behavior of the BMG on such a predominant-

mode-II loading condition.

3.2. Fracture-surface observations

Similar to the crystalline alloys, the fracture-surface features of BMGs also play an
important role in revealing the deformation and fracture mechanisms of BMGs, and
have been examined extensively [24,27,39,41-47]. The fracture process of BMGs
consists of a shear process by the propagation of shear bands, following a separation
process of two solid parts, where a fluid layer was formed between two solid parts
before separation [24,42,44]. The fracture-surface features of BMGs are significantly
dependent on the loading conditions [24,43] and stress states [39,45]. Our further
examinations of the fracture morphologies have shown that all specimens have similar
fracture-surface features at varying loading rates. Figure S presents the typical
fracture-surface features of a specimen at a loading rate of 0.012 mm/min. The
fracture surface of the specimen has three kinds of typical patterns: ridge-like vein
patterns coexisting with diamond-shaped smooth cores (Figs. 5b,d), cell-like vein
patterns (Fig. 5c), and smooth regions consisting of several shear steps (Fig. 5¢). The
smooth regions are formed during the shear process before the separation of two solid
parts [24,42,44], and are in line with the shear offset in Fig. 3b. On the one hand,
several shear steps in the smooth regions (Fig. 5e) agree well with the slip events

containing large load drops at the stage II of the plastic flow (Fig. 2a).

In conventional tensile tests of BMGs with a mode-I failure, a smooth region without
steps was formed due to the rapid propagation of a shear band [24,27]. In contrast, in

the present work, due to the confinement of the stress concentration between two
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notches, most slip events at stage Il occur on the fracture plane, resulting in several
steps in the smooth regions. On the other hand, the widths of the smooth regions in
the present specimens, for example, 66 pm in Fig. 5, are larger than the value in
conventional tensile tests (about 42 pum) [39], indicating the occurrence of more slip
events on the fracture plane. For the specific specimen in Fig. 5, the width of the
displacement range for the stage-II plastic flow, wp; = 67 um. The shear offset can,
then, be estimated as d; = wyr/cos(6) = 75 um, which is slightly larger than the SEM
observation (66 um). Besides the fracture plane, few shear bands are observed along
the fracture-plane direction in the region, N (see an example in Fig. 3d), which also
accommodated some slip events at the stage II of the plastic flow. Thus, it is
reasonable to find that the calculated value based on the assumption that all slip
events occur on the fracture plane (Fig. 3b) is slightly larger than the SEM

observation on the fracture surface.

After the formation of the smooth region, other fracture-surface features were formed
during the separation of two solid parts. The radiating veins coexisting with smooth
cores are usually observed on the fracture surface of conventional tensile specimens
with the mode-I failure [24,27]. However, under the present mixed-mode (I/II)
loading condition, the ridge-like vein patterns show some differences. It can be seen
in Fig. 5, most of the ridges propagate along the shear direction, and the length of the
ridges against the shear direction is much smaller than the length along the shear
direction (Figs. 5b,d). This phenomenon is in line with the mixed-mode (I/II) fracture
process that shearing plays a dominant role. In addition, the diamond-shaped smooth
cores are usually observed on the tensile side of the bending specimens, where the
mode-II failure plays a significant role [39]. Therefore, the formation of the radiating
vein coexisting with diamond-shaped smooth cores could be the results of a fracture
process with both modes I and II components. The formation of other ridge-like vein
patterns relatively far from the diamond-shaped smooth cores, as shown in Fig. 5b,
should be the result of normal stress effect. Besides the fracture-surface features

similar to the conventional tensile tests, some cell-like vein patterns are also observed
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(Fig. 5c¢), similar to the compression tests of BMGs with the predominant-mode-II
failure [24]. Clear boundaries of the cell-like vein patterns have been observed in Fig.
Sc, implying that the cell-like vein patterns may form at an individual shear process,
where the mode-II failure plays a dominant role. The formation of the fracture-surface
features are, then, summarized in a schematic diagram in Figure 6. Under applied
loadings, smooth regions are firstly formed at a mode-II fracture process by shearing,
where no separation of the solid parts occurs (Fig. 6a). Then the two solid parts
separate partially under a combined effect of both mode-I and II components,
resulting in the formation of the ridge-like vein patterns, and radiating veins
coexisting with diamond-shaped smooth cores. At this stage, some fluids may not be
fully separated, but assemble to several regions (Fig. 6b) due to the Tailor instability
[24,42,44]. Finally, the specimen is fully separated at a mode-II fracture process,
resulting in the formation of cell-like vein patterns, similar to the compressive testing

results.

3.3 Mean-field interaction modelling of the serration behavior

The plastic flow in BMGs is characterized by intermittent bursts of stress/load drops,
and the plastic-flow dynamics of the serrated plastic flow are important for
understanding the deformation mechanisms as well as the delay of catastrophic
failures of BMGs [20,35,48-51]. The plastic-flow dynamics under compression [48-
50,52,53] and nano-indentations tests [54] have been studied extensively. Under
mixed-mode loading conditions, it is shown that the change of mode mixity can be
used to tune the criticality of the plastic-flow dynamics [20]. However, for the
predominant-mode-II loading condition in the present work, it is still unknown about
whether such a mixed-mode loading condition can affect the criticality of
corresponding plastic-flow dynamics. In the present work, we show that although
BMGs demonstrate different deformation behavior, as compared with the
compression tests (predominant-mode-II failure) [24] and notched tensile tests
(predominant-mode-I failure) [29], they still demonstrate slip-size statistics of the

plastic flow similar to those seen in compression tests.
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Based on a mean-field theory (MFT) [53,55], the corresponding complementary
cumulative distribution of the load drop, L, in the serrated plastic flow can be
expressed as

C(L) ~ L*DDi(L/Lc) 3)
where Lc is the exponentially-decaying cut-off load drop, « is a power-law exponent,
and Dy (L/L¢) is a universal scaling function [53,56-60]. The MFT-modeling results of
the serrated flow are given in Figure 7. It can be seen that at the loading rate of 0.012
mm/min., a noisy part was observed for the lowest slip sizes, whose distribution is
consistent with the predicted distribution for brittle materials where the small
avalanches should follow a power law distribution with an exponent of x-1 = -1/2.
The scaling exponent of k-1 = 1/2 has been reported to be universal for the avalanches
in solids from nanocrystals to earthquakes [56]. The present findings suggest that
even with the change of the dominant loading conditions, the power-law scaling of the
load drops in BMGs might also be universal. At the relatively-large load drops, the
distribution does not have a power-law scaling [20], which is also consistent with the
model predictions for brittle materials [61] and the compression tests of BMGs
[62,63]. At higher loading rates (0.3 and 0.06 mm/min.), although the data become a
bit more muddled, they are still qualitatively consistent with the model (Fig. 7). This
muddle of the data may be due to that the distinction between small and large load

drops is a bit mixed, and it is harder to analyze them separately.

The power-law critical dynamics of BMGs have been observed in conventional
compression tests [35,53,64], compression tests with external disturbances [48,50,52],
double-side-notched BMGs with complex stress fields [20] and nano-indentation tests
[54]. Combining with the mixed-mode (I/I) condition in the present work, it seems
that the change of the loading condition may not change the power-law critical
dynamics in the plastic flow, except tension. Due to the brittle fracture nature of
BMGs under tension, it is still challenging to study the plastic-flow dynamics of

BMGs under tension, and is worthy of further investigations. Nevertheless, recent
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work has shown that the plastic flow of flawed BMGs can still exhibit a power-law
critical dynamics under tension [65]. The authors would like to mention that although
a plastic-flow plateau stage has been obtained, the number of load drops is still small,
as compared with the compressive-testing results of BMGs [53], or the specimens
with delayed catastrophic failures [20]. The collection of more serration data might be

useful for separating the muddled results of the BMG specimens at high strain rates.

4. Discussion

As a new class of structural materials, BMGs are poised for widespread structural
applications in industry [7], where the materials deform under varying loading
conditions. The present work uncovers the deformation behavior of a BMG under a
mixed-mode (I/II) loading condition, providing guidance for the practical application
of BMGs under varying loading conditions. We report for the first time that under a
mixed-mode (I/IT) loading condition, BMGs are able to demonstrate a stable plastic-
flow stage, where most of the slip events occur on the fracture plane. This feature is
different for the observations of one-to-one corresponding relationship between the
shear bands and stress drops under compression tests [37]. These findings have
further been validated by the observation of the fracture-surface features. The fracture
morphologies reflect the combined effect of both normal and shear stress. The smooth
regions and the cell-like vein patterns are mainly formed due to the shear stress effect;
the ridge-like vein patterns may result from the normal stress effect; and the radiating
veins coexisting with diamond-shaped smooth cores are formed under a combined
effect of both normal and shear stress. The fracture morphology reveals a better
understanding of the fracture process of the BMGs under varying loading conditions
in practical applications [39]. Additionally, the findings suggest that the slip-size
distributions in the plastic flow of the BMGs following the reported experiment are
remarkably similar to the predictions of a simple mean field model [61] for un-
notched BMGs that are compressed under uniaxial conditions (see Figure 7). Future
experiments will test the detailed effects of the loading geometry on the serration

statistics. The results could be useful for understanding the underlying deformation
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mechanisms of BMGs and achieving stable plastic flows in BMGs by tailoring
complex stress fields or loading conditions. As a promising class of structural
materials, some BMG structures have demonstrated excellent mechanical
performance [66-68]. The present findings may also be helpful for understanding the
deformation mechanisms or developing BMG structures with  unique mechanical
properties, where the struts are always deform under varying/mixed loading

conditions.

5. Conclusion

In summary, the deformation behavior of a Zr-based BMG under a mixed-mode (I/I1)
loading condition has been examined. The results show stable stages of plastic-flow
plateaus in the load-axial displacement curves, which are different from the notched
BMG specimens with the predominant-mode-I failures. Under such a mixed-mode
(I/IT) loading condition, most slip events with large load drops occur on the fracture
plane, resulting in the formation of a wider smooth region with several steps, as
compared with conventional tensile results. The deformation behavior as well as the
fracture process has further been validated and discussed by examining the fracture-
surfaces features. Moreover, despite different deformation behavior, the slip-size
distributions are similar to those predicted by a mean field model [61] and measured
uniaxial compression tests of un-notched samples [62,63]. The present findings give
more insight into the deformation mechanisms of BMGs under varying loading

conditions for practical structural applications.
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Fig. 1. Schematic diagram of the reduced section of the notched specimen (a), where

(b) shows a prepared specimen.
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Fig. 2. (a) Tensile-testing results of the notched specimens at varying loading rates
[20], where the inset shows an example of corresponding load drops (Af) in the
plastic-flow plateau. (b) Two stages of the plastic flow are determined by the first
appearance of a load drop larger than 5 N (Af;), where at stage I, all load drops (Af)

are smaller than 5 N.
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Fig. 3. (a) SEM image of a fractured specimen at a loading rate of 0.06 mm/min. (b)
Schematic diagram showing the shear offset of the fractured specimen. (c,d)

Magnified SEM images of regions, M and N, in (a), respectively.
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Fig. 4. FEM results showing the stress concentration around the notches, where (a) is
in an elastic state, and (b) is after yielding. The regions, M and N, in (a) indicate the

corresponding regions in Fig. 3a.
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Fig. 5. Fracture-surface features of a specimen at a loading rate of 0.012 mm/min.. (a)
The whole image of the fracture surface. (b-e¢) Magnified images of rectangles, B-E,
in (a), respectively, where the yellow arrows indicate the propagation direction of the
ridge-like vein patterns. (b) and (d) Ridge-like vein patterns and radiating veins co-
existing with smooth cores at the side and center of the fracture surface, respectively.
(c) Cell-like vein patterns, where the triangles indicate the boundary. (¢) Smooth
regions at different steps, which indicates that the fracture process consists of many

slip events.
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Fig. 6. Schematic diagram showing the formation of the fracture-surface features at
three stages. (a) The formation of the smooth region during a shearing process. (b)
The formation of ridge-like vein patterns, radiating veins and diamond-shaped smooth
cores under a mixed mode I/II failure. (c) The formation cell-like vein patterns at a

predominant-mode-II failure.
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Fig. 7. Comparison with mean-field theory modeling of the complementary
cumulative distribution functions (CCDF) of serration sizes (i.e., load-drop sizes)
during plastic flow. The CCDF shows the probability of a stress drop on the y-axis to
be larger than size S (on the x axis). The dashed lines with slopes of -0.5 and -1
indicate the predicted slopes of the slip-size distributions for brittle and ductile
BMGs, respectively, for un-notched samples under uniaxial compression. The red,
green, and blue curves show the CCDFs at different deformation rates for the

experiment described here.
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