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Abstract: For this study, the effects of thermal annealing and compressive strain rate on the complexity
of the serration behavior in a Zr-based bulk metallic glass (BMG) was investigated. Here, as-cast and
thermally-annealed (300 °C, 1 week) Zrsp 5Cuy79Niq4 6AljgTis BMG underwent room-temperature
compression tests in the unconstrained condition at strain rates of 2 x 107 s7! and 2 x 1074 571
The complexity of the serrated flow was determined, using the refined composite multiscale entropy
technique. Nanoindentation testing and X-ray diffraction characterization were performed to assess
the changes in the microstructure and mechanical properties of the BMG that occurred during
annealing. The results indicated that the BMG did not crystallize during annealing in the prescribed
heating condition. Nanoindentation tests revealed that annealing led to a significant increase in the
depth-dependent nanoindentation hardness and Young’s modulus, which were attributed to the
structural relaxation in the glass. Furthermore, both annealing and an increased strain rate resulted in
a marked enhancement in the complexity of the serrated flow during compression. It was concluded
that the increase in the sample entropy with increasing strain rate is related to an increase in the
number of defect interactions during the serrated flow.
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1. Introduction

Due to their desirable properties, such as high strength and strength-to-weight ratio, as well as
good room-temperature wear and corrosion resistance [1-6], bulk metallic glasses (BMGs) are potential
candidates for many industrial applications. Furthermore, BMGs have exhibited excellent combinations
of strength and toughness that cannot be achieved by conventional metals [7]. Despite these positive
aspects, brittle fracture features are still an issue for most BMGs [8].

Like crystalline materials, defects play an integral role during the plastic deformation in BMGs.
For instance, plastic strain in BMGs is often localized into thin shear bands (~20 nm [9]) that can lead
to cracking and subsequent fracture of the alloy [10]. Greer et al. suggested that shear bands can
initiate from either the percolation of shear transformation zones (51Zs) [11] or casting defects (such as
voids and surface notches) that can act as nucleation sites [12]. In addition to shear bands and STZs,
soft-zone (SZ) (or liquid-like zone [13]) defects can affect the deformation behavior of BMGs, since they
can deflect or defer shear bands and crack propagation [14,15]. Furthermore, it has been reported that
a loss of these defects, due to the thermally-induced structural relaxation, can lead to the embrittlement
in BMGs [14].
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One way that shear banding manifests itself in BMGs during plastic deformation is in the form of
the serrated flow behavior [16-23]. This type of behavior is characterized by repeated cycles of a sudden
stress drop followed by an elastic reloading [24], and is typically associated with significant changes in
the microstructure [25,26]. The serrated flow in BMGs can be affected by extrinsic parameters, such
as the strain rate and temperature, or intrinsic properties, including the elastic modulus [16,27,28].
For instance, serrations can be inhibited at low temperatures or high strain rates [29].

Different types of analytical techniques have been used to analyze the serration behavior in BMGs.
These methods include the mean field theory technique [16,17,30], statistical analysis methods [31],
and complexity analysis techniques [23]. One such complexity technique is known as the refined
composite multiscale entropy (RCMSE) method, which estimates the degree of complexity of time-series
data [32]. Higher complexity values (sample entropy) are typically characteristic of a less predictable
time series, while lower values typically indicate that a time series is more regular [33]. The higher
complexity values have also been attributed to a higher degree of “meaningful structural richness” [34].
In physiology, the complexity of a time series is indicative of the ability of a biological system to
adapt and function in an ever-changing environment [35]. As for the serrated flow in alloys, higher
complexity values have been attributed to a greater variety of defect interactions, which is indicative
of more complex behavior [23,36,37]. For instance, it was reported that in a Zr55CusyNisAljg BMG,
the increase in the complexity values for the serration behavior corresponded to the creation and
interaction of more SZ defects at the higher strain rates [23].

The purpose of the current investigation is to expand upon the work done in [23]. More specifically,
the present work will examine how the thermally-induced structural relaxation affects the dynamical
complexity of the serration behavior in a similar Zr-based BMG during compression. Importantly, it is
believed that this study will build upon the previous knowledge regarding the influence of structural
relaxation on the dynamics of the serrated flow.

2. Materials and Methods

2.1. Mechanical and Microstructural Characterization

The Zrs; 5Cuy79Niqg Al Tis BMG (also known as BAM-11) in atomic percent was fabricated
at the University of Tennessee by arc melting in a Ti-gettered argon atmosphere, using a mixture of
base pure metals (weight purity >99.9%). The ingots were remelted at least four times, to ensure the
compositional homogeneity. Subsequently, the cylindrical rod samples with a diameter of 3 mm and a
length of about 60 mm were prepared by suction casting into a water-cooled copper mold. The alloys
were then remelted and drop cast in a Zr-gettered helium atmosphere. Subsequently, the rod was
remelted and drop cast into a water-cooled 7-mm-diameter cylindrical Cu mold contained within a
Zr-gettered helium atmosphere. After fabrication, 6-mm-long samples were cut from the rod using a
diamond saw. To examine the effects of thermal annealing on the mechanical behavior, samples were
encased in a vacuum-evacuated quartz tube and subsequently annealed. The annealing condition was
300 °C (ramp rate of 5 °C/min) for one week. The above temperature was chosen since it is well below
the reported glass transition temperature (393 °C [38]) of the alloy.

Bulk X-ray diffraction (XRD) was performed on the as-cast and thermally-annealed specimens at
the Joint Institute for Advanced Materials (JIAM) Diffraction Facility at the University of Tennessee.
The XRD was performed using a PANalytical Empyrean diffractometer equipped with a Xe proportional
detector that employed the powder Bragg-Brentano geometry. The X-ray consisted of a Cu beam with
a K-alpha wavelength of 1.54 A, in addition to an accelerating voltage and current of 45 kV and 40 mA.
The diffraction angle, 26, ranged between 20-80°, in which data was recorded every 0.013 degrees.
Before running the experiment, samples were placed on a zero-background holder to shield out any
diffraction patterns that were not associated with the sample.

Room-temperature nanoindentation hardness and Young’s modulus measurements were
performed using a KLA-Tencor G200 Nano-indenter with a Berkovich 3-sided pyramidal diamond
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tip in a continuous stiffness-measurement mode with a constant loading rate of 400 uN s~!. Before
indenting, samples were polished to a mirror finish using colloidal silica (50 nm). The hardness and
Young’s modulus were measured as a function of depth from the point of contact of the nanoindenter
tip with the surface to a depth of ~2000 nm. For each test, ~20 indents were performed, in which the
indent was placed at least 50 um from other indents, large scratches, and sample edges to avoid the
effect of strain fields [39]. Hardness was calculated using the Oliver and Pharr method [40,41]. Due
to the large data scatter that is associated with surface roughness, hardness and modulus values for
depths below ~200 nm were omitted.

For the compression tests, the as-cast and thermally-annealed (300 °C, 1 week) Zrsp 5Cu17,9Nijg ¢ Al Tis
BMG specimens underwent room-temperature compression tests at strain rates of 2 x 107 s~ and
2 x 107 s7! using a computer-controlled MTS 810 materials testing machine. The samples had a length
of 6 mm and diameter of 3 mm (unconstrained condition). Before testing, the two compression faces of
each sample were carefully polished such that they were parallel to one other, ensuring adequate contact
with the platens during compression. A data-acquisition rate of 100 Hz was used to record the stress vs.
time measurements.

2.2. Refined Composite Multiscale Entropy Technique

Below is a basic outline describing how to apply the RCMSE technique to analyze the
serration behavior:

(1) First, eliminate the trend that arises in the strain-hardening regime [42]. This step can be
accomplished by either fitting the data using either third order polynomial or moving average
methods, and then subtracting the fit from the original data set [43]. One can next define the kth
coarse-grained time series from the detrended data set, y;,], [32]:

jr+k-1 N
Vi = Y x ;1sjs— , 1skst ey
i=(j—1)t+k

where x; is the ith point from the detrended time-series data, N is the total number of data points
from the series data, 7 is the scale factor, and k is an indexing factor that designates at which data
point in the series to begin the analysis.

(2)  Write the time series of y; as a vector for each t:

vi ={vi1 Yio o Vium) )

where M = N/t and each y]:j is determined using Equation (1).

(3) Construct the template vectors of dimension m, (typically m = 2):
Tm __ . ; .
i —{y;,i ylf,i+1""yl€,i+m—1} ; 1< i < N-m;1 <k<rt (©)]

(4) Determine whether two template vectors match by measuring the distance between them via the
infinity norm [44]:

(4)
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where 7 is a predefined tolerance value, defined as r is chosen as 0.15 times of the standard
deviation of the data [33,34,45]. This value of r is chosen since it imposes a normalization effect
on the data such that the sample entropy will not depend on its variance [46]. If d]T.l’m is less than r,

the two vectors will match.
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(5) Repeat steps (1-4) form =m + 1.

(6) Calculate the RCMSE value (typically denoted as the sample entropy) for a given 7 by first
summing the number of matching pairs for each m, m + 1 from k = 1 to 7 and then taking the
logarithm of their ratios, as shown in the following equation [32]:

Z‘Zzl nlrcn’(
RCMSE(X, t, m, r) = Ln| ———— (5)
ZT nm+1
k=1"kz
where nZZT and nl’fjl are the number of matching for a given k, 7, and m.
3. Results

Figure 1 presents the bulk XRD patterns for the as-cast and annealed samples (300 °C for 1 week)
for scattering angles ranging from 20 to 80°. For the figure, both patterns exhibit a broad hump that does
not contain any distinct, sharp peaks. The above result indicates that the BMG retained an amorphous
structure during annealing. It is important to note that the exhibited resistance to the crystallization of
the BMG, during annealing at 300 °C, was also observed in a previous investigation [47].

——300°C, 1 week
—— As-cast

Normalized Intensity (a.u.)

20 30 40 50 60 70 80
Scattering Angle (20)

Figure 1. The XRD patterns for the as-cast and annealed Zrs; 5Cuy79Nij4 6 Al1gTis bulk metallic glass
(BMG) samples.

Figure 2a,b displays the nanoindentation hardness and Young’s modulus vs. indentation depth for
the as-cast and thermally-annealed (300 °C, 1 week) Zrs; 5Cuy7.9Nij4 6AljgTis BMG specimens. As can
be seen, the hardness and Young’s modulus both decreased with an increase in the indentation depth.
Furthermore, a pronounced indentation size effect can be seen, as indicated by the rapid increase in the
measured hardness with decreasing indent depth. It was also found that the hardness and modulus
values were significantly higher for the annealed samples at all indentation depths. This significant
increase in both the hardness and modulus indicates that in the annealed sample, the short-range
atomic rearrangement due to the structural relaxation of the glass occurred [47].
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Figure 2. (a) Nanoindentation hardness vs. indentation depth for the as-cast and annealed (300 °C,
1 week) Zrs; 5Cuy79Niyg 6AljgTis BMG samples. (b) Nanoindentation Young’s modulus vs. indentation

depth for the as-cast and annealed (300 °C, 1 week) Zrs 5Cuy79Nijg6Al1gTis BMG samples for
indentations depths ranging from 200 to 2000 nm.

Figure 3a-d shows the detrended stress vs. time data for the as-cast and thermally-annealed (300 °C
for 1 week) Zrs; 5Cuy79Niy4.6Al10Tis BMGs that were compressed in the unconstrained condition at
strain rates of 2 X 10™° s™! and 2 x 10™* s™1. As can be seen, the serrated flow curves for the annealed
samples consist of a more irregular structure, compared to the as-cast sample. For instance, the serration
curves for the annealed samples contain a greater number of relatively smaller fluctuations (stress
drops) that are interspersed within the greater stress drops. The smaller fluctuations likely correspond
to the secondary shear banding [48]. Furthermore, the elapsed time between serrations is significantly
shorter for the samples compressed at the higher strain rate in Figure 3a,b, indicating that the frequency
of serrations is greater in this condition.
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Figure 3. Graphs for the detrended stress vs. time curves for the (a) as-cast Zrsp 5Cuy79Nij4 6AljoTis
BMG compressed at a strain rate of 2 X 107* s71, (b) thermally-annealed (300 °C, 1 week)
Zrsp 5Cuy79Nig 6AljgTis BMG compressed at a strain rate of 2 X 107% s, (c) as-cast
Zr5;5Cu179Nig 6AljTis BMG compressed at a strain rate of 2 x 1072 s7! and (d) thermally-annealed
(300 °C, 1 week) Zrsp 5Cu179Niq4 6AloTis BMG compressed at a strain rate of 2 X 1075571,

Figure 4a—d displays the results of the complexity modeling and analysis for the as-cast and
annealed Zrs 5Cu79Nijg Al Tis BMG specimens compressed at strain rates of 2 x 10~° s! and
2 x 1074 For all the graphs, the sample-entropy values increased with increasing scale factor. This result
indicates that for all the experimental conditions, the serrated flow exhibits complex behavior across
multiple scales [34]. Furthermore, the sample-entropy curves were affected by both annealing and
strain rate. As displayed in Figure 4a,b, the sample-entropy curves were significantly higher for the
samples that were annealed. As for the strain rate, the curves were markedly greater for the higher
strain rate condition (see Figure 4c,d). This increase in the sample entropy with an increasing strain
rate was also observed in [23]. Finally, from the graphs, it is apparent that the annealed sample that
was compressed at the highest strain rate exhibited the greatest sample-entropy values, as compared
to all the other conditions. Conversely, the as-cast sample that was compressed at the lowest strain rate
exhibited the lowest values.
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Figure 4. A comparison of the sample entropy vs. the scale factor for the (a) as-cast and annealed
(300 °C, 1 week) Zrsp 5Cuy79Nijg6AljoTis BMG specimen that was compressed at a strain rate of
2 x 1072 571, (b) as-cast and annealed (300 °C, 1 week) Zrsp 5Cuy7 9Niqg 6Al;oTis BMG specimen that
was compressed at a strain rate of 2 X 107 s71, (c) as-cast samples compressed at strain rates of
2% 107 s and 2 x 107 s71, and (d) the annealed sample (300 °C, 1 week) compressed at strain rates
of 2x107° s and 2 x 1074 s71.

To quantitatively analyze and compare the data from Figure 4a—d, the area enclosed under the
sample-entropy curves (denoted as Agg) was calculated. Here, a greater Agg value corresponds to a
time series that is relatively more complex [49]. The results of the analysis are tabulated in Table 1.
From the table, a few things can be inferred. For both the as-cast and the annealed samples, the Agg
values increased with respect to the applied strain rate. Here, the Agg value increased for the as-cast
and the annealed samples by 75% and 85%, respectively. Furthermore, for both strain rates, the Agg
was markedly higher for the annealed sample.

Table 1. Comparison of the Agg value for the as-cast and thermally annealed (300 °C, 1 week)
Zr5p 5Cui79Nijg ¢Al;oTis BMG, for strain rates of 2 x 1072 s~ and 2 x 1074 s71.

Sample Condition Strain Rate (s71) Asg
As-cast 2x107° 24

s-cas 2% 104 4.2

o 2x107° 15.4

300 °C, 1 week 2 % 104 285

4. Discussion

For this investigation, the effects of annealing and strain rate on the microstructure and mechanical
behavior of a Zrsp 5Cuy79Nij4 Al Tis BMG were examined. The microstructure was examined using
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the bulk XRD, while nanoindentation and compression experiments were employed to examine
the deformation behavior. Importantly, the XRD results (see Figure 1) suggest that the alloy did
not crystallize during annealing at 300 °C for one week. This result is corroborated by a previous
investigation, which found that the same alloy did not crystallize during annealing at 300 °C for up to
two weeks [47].

As observed in Figure 2a, annealing the specimen at 300 °C for 1 week was found to significantly
increase the nanoindentation hardness of the alloy. This increase in the hardness arises from the
thermally-induced structural relaxation of the alloy. Moreover, the structural relaxation is a consequence
of the thermal annihilation of the SZ defects in the alloy [47]. For example, Li et al. estimated that in the
Zrsp 5Cuy79Nijg 6Al1gTis BMG, annealing at 300 °C for 1 week (the same alloy and thermal conditions
as the present study) reduced the density of these defects by almost two orders of magnitude [14].
These defects consist of loosely-packed regions and structural heterogeneities that can accommodate
shear deformation under an applied load, relative to the glass matrix [15]. Moreover, the loss of
SZ defects during structural relaxation can result in an increased difficulty of shear-band initiation.
Consequently, their destruction would lead to an increased resistance to deformation that corresponds
to an increase in the hardness.

Similar to the hardness results, the nanoindentation Young’s modulus (see Figure 2b) also
significantly increased during annealing. The increase in the modulus is accompanied by a decrease in
the interatomic spacing. It has been shown that an increase in the interatomic spacings, via structural
rejuvenation, results in an increase in the number of liquid-like sites (or SZ defects) in the glass [50,51].
Therefore, the converse should also hold true, i.e., a decrease in the interatomic distance caused by
thermally-induced structural relaxation will result in fewer SZ defects. This hypothesis is corroborated
by Li et al. [14], where it was reported that the structural relaxation led to a decrease in the SZ defect
density of the Zrsp 5Cu179Ni4 6AlTis BMG. Thus, the increase in the Young’s modulus of the alloy is
linked to the annihilation of the SZ defects during thermal annealing.

As shown in Figure 4a—d, the sample-entropy curves increased with an increase in the scale factor
for all the experimental conditions. This result indicates that for the Zrs, 5Cu179Niq4 6Al1oTis BMG, the
serrations exhibited complex behavior during compression. Additionally, the complexity of the serrated
flow, as indicated by the sample-entropy values, was affected by both the microstructural changes
induced by thermal annealing, as well as the strain rate. In terms of the former, the sample-entropy
curves, as well as the Agg values (see Figure 4a—d and Table 1), for the samples annealed at 300 °C for
1 week were significantly greater, compared to the as-cast sample. Based on Figure 3a-d, this higher
degree of complexity (or dynamical richness) is characterized by the more irregular serration structure
that can be observed in the stress vs. time graphs. The markedly higher sample entropy for annealed
specimens indicates that the serrated flow exhibits complex behavior that contains a higher degree of
“meaningful structural richness” [34].

Previous investigations involving both crystalline and amorphous alloys reported that the degree
of complexity exhibited by the serrated flow increases with an increase in the variety, number, and
rate of defect interactions that occur during the serrated flow [23,36,37]. In the carburized steel, for
example, an increase in the complexity (sample entropy) of the serrated flow was due to a larger
number of locking interactions that occurred between the carbon impurities and the dislocations
during tension [36]. In a study that examined the compression behavior of the Zrs5CusNis Aljg BMG,
the sample entropy increased with increasing applied strain rate [23]. It was hypothesized that the
increase in the complexity of the serration behavior resulted from a rise in the interaction rate between
free-volume and anti-free volume defects.

Importantly, the annihilation of the SZ defects is accompanied by a decrease in the initiation of
shear bands [15]. This decrease in the quantity of defects suggests that, compared to the as-cast sample,
the complexity of the serrated flow should be lower for the annealed specimen. This discrepancy
may be explained by the following. In a previous investigation, it was observed that in an annealed
Zr-Cr-Fe-Al BMG, secondary shear bands were localized in the vicinity of a dominant shear band after
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compression testing [52]. The above result was in contrast with the as-cast sample, where the shear
bands were more widely distributed within the sample. This wider distribution of the shear bands
suggests that the shear-band initiation occurred randomly throughout the material. If we apply the
above ideas to the present study, it is likely that the shear banding occurred in the as-cast sample in a
more random fashion during the serrated flow. Thus, the stick-slip events probably occurred randomly
throughout the glassy matrix. Such random behavior is indicative of serrations that are less spatially
correlated, and therefore less complex in nature [53].

In the annealed samples, on the other hand, the secondary shear bands were more localized to
one shear band, and thus more spatially correlated. Furthermore, the more rapid onset of serrations,
due to the secondary shear banding (see Figure 3b,d), indicates there may be less time for the alloy
to accommodate the plastic load. This decrease in the plastic relaxation time between successive
drops increases the chance that recurrent plastic events will overlap, resulting in a hierarchy of length
scales [46]. Thus, the annealed samples exhibit serrations that have a greater degree of spatiotemporal
correlations, which is indicative of more complex dynamical behavior.

In terms of the strain rate, it is likely that the dynamical complexity increased due to the increased
rate of defect interactions. However, the type of defect interactions that occurred were different for the
as-cast and thermally-annealed samples. For the as-cast sample, an increase in the strain rate leads to
the creation of free volumes and SZ defects [23,54]. As a result, there are more defects in the glassy
matrix that can interact, leading to a greater variety of interactions during the serrated flow. In contrast,
the increase in the sample entropy in the annealed samples with increasing strain rate is probably due
to an increase in the number of secondary shear-band interactions that occur during the serrated flow.

5. Conclusions

For this investigation, the as-cast and thermally-annealed (300 °C, 1 week) Zrsp 5Cu179Niq4 6Al1oTis
BMG underwent room-temperature compression tests in the unconstrained condition at strain rates
of 2x 107 s7! and 2 x 107* s7!. The X-ray diffraction characterization indicated that the BMG did
not crystallize during annealing in the prescribed heating condition. The results of nanoindentation
testing indicate that annealing led to the annihilation of SZ defects from the glass. Furthermore,
it was observed that both annealing and an increased strain rate resulted in a marked increase in the
sample-entropy values for the serrated flow exhibited by the BMG during compression. As for the
former, it is believed that the reduction of SZ defects is accompanied by secondary shear-banding
behavior that is more spatially correlated, resulting in more complex dynamical behavior during the
serrated flow. In terms of the latter, the increase in the sample entropy with increasing strain rate is
related to an increase in the number of defect interactions. In the context of the as-cast sample, there
was an increase in the interactions between SZ defects, while for the annealed sample more secondary
shear-band interactions were involved during the serrated flow.
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