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Aspect ratio effects on the serration dynamics
of a Zr-based bulk metallic glass
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ABSTRACT

Based on the constant strain rate compressive experiments to a Zr-based bulk
metallic glass, the aspect ratio effects on the statistical properties of serration is
systematically investigated. In the plastic deformation state, as the aspect ratio
decreases, the stress drop magnitude increases dramatically and the reloading
time in one serration event increases significantly. Moreover, distribution of the
elastic energy density of each serration event is predicted, which obeys the
squared exponential decay law. The size effect law is adopted to describe the
serration dynamic-related parametric variation with different aspect ratios. It is
noted that the scaling exponent reduces with the increase of the aspect ratio. In
general, the effect of aspect ratio on the serration flow could be explained by the
shear-band stability index.
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curve correspond with the shear-band formation
directly [6-9]. Serrated flows are known as repeated
yielding of BMGs during plastic deformation, which
is associated with the shear-band nucleation and
propagation [10]. There has been a great amount of

Introduction

The mechanical properties of bulk metallic glasses
(BMGs) have been studied extensively due to their
excellent mechanical properties, such as high

strength, large elastic limit, and other unique physical
properties [1-5]. However, most of the BMGs fail in a
brittle or quasi-brittle manner with limited ductility
at room temperature, which severely restricts their
potential engineering applications [1-5]. The plastic
deformation of BMGs is strongly related to the for-
mation of highly localized shear bands [1-4]. The
serrations during compression on the stress—strain

attempts to explain the mechanism during plastic
deformation  experimentally and theoretically
[11-28]. Generally, material compositions, strain rate,
temperature, mean stress drop magnitude (burst
size), elastic energy density, and duration time could
affect the serration characteristics of the BMGs.
Recently, the micro-alloying effect on the plasticity
and serration behavior was studied [29]. It reveals
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that the statistical parameters of serration behavior
changes with subtle variation of the composition.
Based on the spatial temporal dynamic model and
squared exponential decay function, the self-orga-
nized critical (SOC) behavior could be predicted
[30-32]. Moreover, nanoindentation test [33, 34] was
also conducted to study the serrated behavior, which
shows that slower indentation velocity assists the
serration, and vice versa. The relationship between
serrations and shear bands nucleation/propagation
dynamics was studied extensively [35—46]. The pre-
vious studies reveal that the BMGs can exhibit large
inelastic deformation under confinement [42, 43],
especially when the aspect ratio is lower than one.
The plasticity with lower aspect ratio is due to the
shear-band nucleation and propagation [40]. More-
over, considering the sample size and machine stiff-
ness, the serration flow could be characterized by the
shear-band instability index, which is proportional to
the sample size and inversely to the machine stiffness
[47].

In the present work, the influence of sample aspect
ratio on the serration dynamics was investigated
combining with statistical analysis. The characteristic
duration time, burst size, and distribution of the
elastic energy density in the serration events under
different aspect ratios were studied and discussed.
The size effect law proposed by Bazant [48, 49] shows
that size effect is induced by the mismatch between
the required energy to propagate shear band and the
internal energy released. This model was adopted to
describe variation of the parameters such as plastic
strain, yield stress, scaling exponent, and the average
elastic energy density. The ZryoTisCugBe,; BMG was
selected in the current research due to its good glass
formation ability and thermal properties [50]. Good
plasticity at room temperature was observed in the
compression tests.

Experimental procedures

The ingots of master alloy with nominal composition
of ZrsTirsCugBey; (at.%) BMG were fabricated. The
rod samples (3 mm in diameter, 70 mm in length)
were obtained by water-cooled copper mold suction
casting. The amorphous nature of these rods was
confirmed by X-ray diffraction and differential scan-
ning calorimetry. The test samples were obtained
from the lower half part of the as-cast rods and

subsequently prepared with nominal aspect ratios of
6:3, 5:3, 4:3, and 3:3, respectively. Both ends of the
sample were carefully grinded parallel to each other
within the accuracy of 20 pm and perpendicular to
the longitudinal axis. Uniaxial compression tests
were conducted with a constant strain rate of
8 x 10°s™! at room temperature. At least three
samples with the same aspect ratio were tested to
ensure the reliability of results.

Results and discussion

The compressive stress—strain curves of the BMG
exhibit serrated flow behavior after yielding under
different aspect ratios, as shown in Fig. 1a. Mechan-
ical and statistical properties of the BMG are listed in
Table 1. The serration event is known as cyclic
yielding of the BMG in the plastic steady-state
deformation, which is characterized by the cycles of a
sudden stress drop and followed by the reloading, as
shown in Fig. 1b. The elastic energy density (AJ) is
defined as AgA¢/2, where Ac and Ae are the range of
stress and strain in one serration event [31, 32]. The
serrated flow is related to the shear banding [40].
Scanning electron microscopes (SEM) images were
recorded in 20 kV with a beam current of 2.4 nA on a
Focus ion beam scanning electron microscopes sys-
tem of FEI Nova Nanolab 600, installed at Utrecht
University of the Netherlands. Figure 1c—f shows the
SEM images of different aspect ratios; only one
dominant shear band is shown in Fig. 1c, while sev-
eral dominant shear bands are shown in Fig. 1d, e.
Meanwhile some secondary shear bands are located
away from the fracture surface, which are randomly
generated. With the aspect ratio reducing to 3/3,
profuse shear bands can be observed which are
caused by the geometry constraints, as shown in
Fig. 1f. Under lower aspect ratio, higher density of
the shear bands occurred, which is induced by the
geometry constraints [42, 43]. The dominant shear
bands form and propagate continually, and eventu-
ally cause fracture under non-geometry constraints.
As the aspect ratio reduces continuously, the fracture
mode transits from one dominant shear-band catas-
trophically fracture to the geometry constraints duc-
tile fracture. In other words, it corresponds to the
transition from chaotic (non-serration) to SOC
behavior. As shear bands consume part of the energy,
the large elastic energy density in one serration could
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be correlated to more than one shear band, which is
consistent with the previous study [31, 32].

In the plastic steady state, the temporal dynamics
of the serration events (Fig. 2) under different aspect
ratios was investigated. Initially, the stress gradient
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Figure 1 a Stress—strain curves of the ZryoTiysCugBe,; BMG
compressed under different aspect ratios. b Elastic energy density
for one serration, the serration is extracted from the curve of aspect
ratio 4/3. c—f SEM images for the shear bands morphology with
various aspect ratios.

Ide/dt| curves within plastic stain range show that
the time interval t, between any two neighboring
serrations is stochastic and inhomogeneous, which
reveals that the serration flow events are lack of
typical time scale [31]. In general, the serrated flow
has clear and well-defined time scales [40]; however,
the diffused shear bands caused disappear of char-
acteristic time scale in the present study. This is the
thread of time-free activity with the absence of the
characteristic time in the BMG. Secondly, the elastic
stress reloading time ¢ is much larger than the stress
drop time tp, which represents that internal stress
relaxation is much faster than the increase of external
stress to reach a dynamic equilibrium, i.e., SOC state.
In other words, the plastic deformation of BMGs
should be considered within a non-equilibrium
framework because the scale-free process is involved
[31].

It should be noted that with the decrease of the
aspect ratio, the value of tg/tp increases dramatically;
it manifests that the serrated flow behavior is
dependent on the aspect ratio in this BMG, which is
consistent with previous research [42-45]. The aver-
age amplitudes of stress drop are 11, 20, 22, and
27 MPa, corresponding to aspect ratio of 6/3, 5/3,
4/3, and 3/3, respectively, which also accounts for
the dependence of serrated flow behavior to the
aspect ratio, as shown in Fig. 2.

To investigate the serration dynamics and its cor-
relation with shear stability under different aspect
ratios, statistical analysis of the elastic energy density
was performed, as shown in Fig. 3. Under different
aspect ratios, the values of dc changed because the
shear band assists plastic deformation. It is shown
that the cumulative probability distribution, P(>AJ),
is non-linear with respect to the value of Aé [31].
Smaller values of Ad follow a power-law distribution,
which indicates that the serration flow has a SOC
behavior. Meanwhile, the larger values of AJ
decrease exponentially in probability, and the chaotic
dynamics starts to play a dominant role in the

Table 1 Fracture strain (gg), plastic strain (g,), Young’s modulus (E), yield stress (ay), scaling exponent (f3), normalization constant (A),
and cut-off value for the elastic energy density (d¢) of the Zr4oTi,sCugBe,; BMG, where T, = 578 K

Aspect ratio & & E (GPa) ay (MPa) p S¢ (Jm*) A

6/3 0.028 0.011 99.4 1690 0.18 8185 2.60
5/3 0.049 0.031 93.6 1685 0.40 12000 10.20
4/3 0.092 0.075 98.2 1670 0.26 11039 4.38
3/3 0.173 (not fracture) 0.156 97.6 1660 0.20 5614 3.04
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deformation process [6, 11, 12]. These serration
behaviors could be approximated by power-law dis-
tribution with a squared exponential decay function
[31, 511

P(> A%) = AAS ™ expl—(A3/5c), (1)

where A is the a normalized constant, f§ is a scaling
exponent, and Jc represents the cut-off elastic energy
density.

The fitting parameters of four different aspect
ratios are listed in Table 1. The f§ value increases with
higher variations of serration elastic energy density.
It indicates that the f parameter reflects size evolu-
tion of the serration events, and larger f value rep-
resents fast shear bands propagation and eventually
fractured, which is consistent with the experimental
results. For lower aspect ratios, the effect of geometry
constraint is pronounced and subsequently the shear-
band propagation could be hindered by the pressure

head. In addition, when the elastic energy density
exceeds oc (cut-off value), the squared exponential
decay factor comes into play.

The parameter Jc is related to ductility of the
BMGs, and with the aspect ratio being reduced, the
ductility is increased with larger Jc value. Therefore,
the three parameters in Eq. (1) reflect a serration
dynamics of the BMG. Han et al. [47] proposed a
shear-band stability index, which is proportional to
sample size and inversely proportional to machine
stiffness, for the cylindrical samples:

See = nED/4RKy, (2)

where E is the Young’s modulus, Ky is the testing
machine stiffness, D is the sample diameter, R is the
aspect (height-to-diameter) ratio. Below S, the shear
bands mobility is stable, and vice versa. In the pre-
sent study, the values of E, D, Ky, are constants, and
therefore, S., is inversely related to R, ie., when
R reduces, S, increases simultaneously and enhances
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Figure 3 Cumulative probability distributions P(>A0d) for the
elastic energy densities of the four aspect ratios. The data points
are experimentally measured from the compressive stress—strain
curves. The red solid lines are fitted based on Eq. (1).

the shear-band stability, which is consistent with the
experimental observations.

To further understand the aspect ratio effect on the
serration dynamics of BMG, the size effect law
[48, 49] was used to analyze the deformation process,
which indicates that dissipation of the strain energy
could be affected by the macroscopic geometry.
Microscopic shear bands initiation and propagation
are correlated with the macroscopic crack formation,
and they are induced by the dissipation of strain
energy. In other words, serration is a microscopic
discontinuous energy dissipations process. The size
effect could cause stress redistribution and dissipa-
tion of the storage energy, and subsequently affects
the serration dynamics. The size effect law is
expressed as

o= oo(1+L/Lo) *(1+ (1 + L/Lo) (1 +L/Lo)) ),
(3)
where 7, Ly, and ¢, are empirical constants deter-
mined from the experimental data. The size effect law

is applicable to evaluate the deformation parameters
as well as the correlated parameters in Eq. 2. The
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Figure 4 Size effect curves for various parameters. a Plastic strain
&p. b Yield stress gy. ¢ Scaling exponent 5. The red solid lines are
predictions using the size effect law, i.e., Eq. (3).

statistical distribution of the elastic energy density is
calculated from the stress—strain curves. As shown in
Fig. 1, the average elastic energy density is 3302,
3530, 4448, and 4932 J/m°, corresponding to the
aspect ratio of 6/3, 5/3, 4/3, and 3/3, respectively.
The elastic energy density is higher with lower aspect
ratio except for 6/3, which may be due to the limited
serration events. With respect to the deformation-re-
lated plastic strain, yield stress, and the serration
dynamics, the size effects caused by scaling exponent
are shown in Fig. 4. In general, the average elastic
strain energy density fits well with Eq. 3. The size
effect law indicates that the serration dynamic is
closely related to the aspect ratio, especially from the
energy dissipation point of view.

Conclusions

In summary, the stability of serration events is
affected profoundly by different aspect ratios in the
plastic steady state. The SOC behavior is prone to
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occur and leads better ductility under lower aspect
ratio, especially less than one. From energy dissipa-
tion perspective, the size effect law could predict the
relation between aspect ratio and serration dynamics.
The shear-band instability index reflects the aspect
ratio effect on serration behavior with reasonable
accuracy. The experimental analysis to the effects of
aspect ratio on serration dynamics and plastic
deformation could help in understanding the physi-
cal mechanisms of BMG ductility.
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