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In-situ compression of CusgZrs4Alg metallic glass micropillars in a scanning electron microscope was performed
together with continuous acoustic emission recording on samples in the as-cast state and after pre-deformation
by high pressure torsion. A size effect was detected in both shear band operation and acoustic emission signal,
irrespective of the preliminary deformation. This phenomenon was explained by the size dependent compliance
of the pillar/indenter system. Differences between acoustic emission signals from the as-cast and pre-deformed

states indicated changes in the shear band formation mechanism due to high pressure torsion. These differences
were clear in the elastic regime of the in-situ compression and supported the role of rejuvenation in stabilization

of unstable shear bands.

1. Introduction

Metallic glasses (MGs) are a special class of material, which lack long
range order but have metallic characteristics with the ability to re-
arrange their local atomic environments (via so-called shear trans-
formation zones) under stress [1,2]. Metallic glasses have attracted
considerable interest due to their disordered amorphous structure and
distinctive mechanical properties, like high strength and superior elastic
properties, good wear and corrosion resistance [3,4]. These special
characteristics of MGs are basically related to the absence of defects and
other structural features above the atomic scale. Intrinsic structure,
which is free from the limitations of defects, makes MGs promising
structural materials in applications having feature size as small as about
ten nanometers [5].

Metallic glasses can be formed by rapid quenching from their liquid
state, provided the cooling rate reaches a critical value at which the
disordered liquid state solidifies without crystallization [6]. In recent
decades, special alloys with low critical cooling rate were developed to
form bulk metallic glasses (BMGs) having all dimensions larger than a
millimeter [3]. Metallic glasses exhibit very different mechanical
behavior in bulk state than in small size. Macroscopic MG samples
mostly show instant fracture along a shear band (SB) in uniaxial
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deformation tests [7]. Such a SB is a few nanometer (~10 nm) thick
plane along which plastic deformation localizes [8]. This strain locali-
zation leads to poor macroscopic plasticity, i.e. to a brittle like behavior,
with no ductility in conventional unconstrained deformation modes [9,
10]. However, MGs can also exhibit inherent plasticity, which can be
revealed by inhomogeneous stresses and mechanical constraints.
Notable plastic deformation can be reached in e.g., bending [11], torsion
[12], by inducing a large number of SBs and dispersing the plastic strain.
With increasing plastic deformation, plasticity first appears as serra-
tions, later these serrations become less intense and finally they prac-
tically disappear as SB density increases continuously [12]. Accordingly,
deformation methods producing high SB density can reveal plasticity in
MGs. Shot peening and high-pressure torsion (HPT) are examples of such
pre-deformation treatments, that have proved to produce plasticity [13,
14]. Among similar methods, HPT is routinely used to produce severe
plastic deformation in various bulk crystalline samples [15,16] and also
in several MG [17-20] and BMG samples [21-23]. In MG samples, stress
inhomogeneities down to micrometer scale [24] and beyond [23] are
produced by the high shear band density formed in HPT deformed BMG
disks.

Deformation in small samples shows the same transition from brittle
behavior to full plastic deformability (even in uniaxial tests) solely by
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decreasing the sample size. Micropillars produced by focused ion beam
(FIB) milling often exhibit serrations and gradual fracture along several
SBs [25-28] Shear localization in such SBs is strongly influenced by
decreasing the sample size, leading to the dramatically increased plas-
ticity or even homogeneous flow in the submicrometer regime [26-28].
In details, three different size regimes (d) have been observed in MGs
during deformation [29]. I) A macroscopic regime (d > ~10 um), in
which a single SB appears and slips through the entire sample. II) A
micron-sized regime (0.1 pm < d < 10 pm), in which transition occurs
from single SB mode to multiple SB mode involving partial slips along
SBs [26]. III) A nano regime (d < ~100 nm), in which homogeneous
plastic deformation can be observed [27]. Beside sample size, elastic
modulus, temperature and other parameters also have effects on the
serrations [30,31]. These effects can be well characterized by the stress
drop amplitude and the strain burst speeds, due to the instability of
plastic deformation in the propagating shear band [30].

As the size effect in MG materials usually shows itself in terms of
shear banding, an explanation for size dependent deformation behavior
was suggested via planar defect formation based on the Griffith theory
by Volkert et al. [26]. In this theory, a high energy surface extends at the
expense of available elastic energy of the system. Beyond a critical point,
surface formation can accelerate and lead to sudden formation of a high
energy defect plane, i.e. to the appearance of a SB. This modified Griffith
theory predicts a critical sample size, based on the excess surface energy
of a shear band. For various MGs, this critical size (cca 100 nm) is in
agreement with the transition from homogeneous plastic deformation to
localized shear banding between regimes II and III [25,26,32,33]. For
larger samples, dynamics of the shear band propagation, casting defects
and the interplay with elastic environment can explain the transition
between regime I and II [33,34]. In situ information on the transition,
other than the measured stress signal and surface imaging, is practically
absent in the literature for micro deformation tests; therefore, the
alternative information source of acoustic emission signal, which was
successfully used for macroscopic deformation tests in BMG samples
[35] and recently for micro-scale structures [36,37], is employed in the
deformation tests on MG micro-pillars in the present work.

Acoustic emission (AE) signal measurement is a unique indirect
experimental technique that provides real-time dynamic information on
abrupt structural changes in materials. These structural changes emit
elastic waves by the rapid energy release from mostly localized sources
[38,39]. Since elastic waves can also be produced by the collective
activation of plastic events, AE can give an insight into SB nucleation
and propagation in MGs [35,40,41]. Strong AE events are mostly in
exact correlation with the formation of large SBs in deforming BMGs as
reported by Dalla Torre et al. [41]. Therefore, AE events precede stress
drops and account for the structural rearrangements and localization of
shear transformation zones during SB formation.

In this study, we present micro-compression tests with in-situ scan-
ning electron microscope imaging on micropillars made of as-cast and
pre-deformed Cu-Zr-Al metallic glasses. We investigate the effect of
pillar size, and pre-deformation generated by HPTPZH by following
distortions of micropillar shape and recording acoustic emission signal
simultaneously.

2. Experimental methods
2.1. Sample preparation

Bulk metallic glass cylinder with CusgZrs4Alg nominal composition
and radius R= 3 mm was cast by suction casting into a Cu-mold in an arc
furnace from liquid state under protective argon atmosphere [42,43].
Sample disks were prepared from the as-cast cylinder with a thickness of
appr. 1 mm. A series of these disks were subjected to severe plastic
deformation by HPT for various numbers of whole turns with an angular
velocity of ® = 0.2-2n rad/min under an applied pressure of 8 GPa at
room temperature [44]. The HPT procedure was performed in
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constrained mode using tools with cavities in both anvils [45]. In the
present paper, we used a HPT disk with 5 whole turns and a reference
as-cast BMG disk for in-situ local mechanical characterization. An op-
tical micrograph taken on the surface of the HPT-disk is presented in
Fig. 1. As one can see, there is some outflow of the material at the
perimeter due to the reduction of the average sample thickness from
1.15 mm to 0.93 mm and adaption of sample to the anvil shape during
compression and subsequent torsion in the constrained geometry. In
order to monitor a possible slippage between the stainless steel anvils of
the HPT apparatus and the BMG disk, a radial marker line has been
drawn on the surface of the disk. The continuous marker line observed
after the HPT-process confirms the lack of any significant slippage.

2.2. Micropillar preparation

Micropillars were prepared in both the as-cast and HPT deformed
samples for the local mechanical tests in a FEI Quanta 3D dual beam
scanning electron microscope (SEM). For both specimens, the pillar
fabrication has been performed at approximately r~0.5R from the
torsion axis. To fabricate the pillars, the disks were cut and the cut
surface of the disks were manually polished to 50 nm (AlyO3 polishing
powder size) in order to have a clean and smooth surface for the milling.
The samples were washed in acetone in an ultrasonic bath to get rid of
contamination. Then micropillars were fabricated on the polished sur-
face by Ga ion milling using FIB inside the SEM under vacuum. The
milling process was carried out on each sample providing various sizes
(a=4, 8, 12 um) of square shaped pillars with proportional height (L) to
have an aspect ratio of approximately L/a= 3. At first a thin hard layer of
Pt cap was deposited to minimize the Ga ion contamination during
milling and then the pillars were fabricated by FIB milling with gradu-
ally decreasing ion current. For imaging the sample preparation process
and the subsequent in-situ compression test, secondary electron images
were captured in the same SEM. Images of the early stage of fabrication
and a completed pillar are shown in Fig. 2a and b, respectively.

2.3. Deformation tests and acoustic emission measurement

In-situ micro compression tests were carried out in the same FEI

Fig. 1. Optical micrograph taken on the surface of the CusgZrs4Alg BMG disk
after HPT. Radial marker line has been drawn on the surface of the disk before
the HPT process is also indicated.
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Fig. 2. SEM images of different steps of the micropillar preparation and in-situ compression tests. (a) Early stage of the milling process. (b) Finished micropillar. (c)
Initial and (d) a deformed state of the 12 ym micropillar in as-cast BMG during in-situ compression test. Evaluation lines for Ax in axis length change (blue) and Az off

axis misalignments (green) are indicated.

Quanta 3D SEM with an on-site built nanoindenter device and with
continuous AE detection [37]. During micro compression tests, the
platen velocity of the indenter was set proportionally (20, 40 and
60 nm/s) to the size of the micropillars (for samples a=4, 8, 12 um,
respectively) in order to get a constant nominal strain rate for all the
measurements. Micropillars were compressed with a doped flat head
diamond indenter, which was attached to the platen of the in-situ
indenter by a soft elastic spring. Indenter displacement was deter-
mined from the platen position and from the elastic length change of the
spring. In each micro compression test, indenter movement was reversed
in few seconds after plastic strain of about ~0.1 was reached.

SEM images were captured continuously (with about 1-3 frame/s,
1024 x943 resolution) during each compression test and these images
were graphically evaluated to obtain an alternative “optical” deforma-
tion of the micropillars. As marked in Fig. 2c and d, evaluation lines for
optical deformation readings are shown in selected SEM images. As an
example, at one stage of the compression, the distance between the blue
dashed and solid lines shows the in axis length change (Ax) of a com-
pressed pillar. Off axis motion (Az) of the pillars were also evaluated by
measuring inclination which was indicated by the green markers in
Fig. 2c and d. These parameters allowed to determine the &;,(t)= Ax/L
in-axis and y(t)= Az/L off-axis strains as a function of time. Addition-
ally, the initial y(t = 0) pillar misalignment and yper pillar taper (see

Table 1

Characteristic parameters of the pillars. Initial misalignment angle ( y(t = 0)),
average taper (Yeper), yeld stress (oyielq) and compression modulus obtained
from indenter displacement (Eeyp).

Sample y (t=0) (deg) Yraper (deg) Gyield (GPa) Eexp (GPa)
as-cast 4 um 1.3 0.0 2.32 50.9
as-cast 8 ym 0.9 0.1 1.83 33.2
as-cast12 pm 0.8 0.2 1.80 32.5
HPT 4 um 3.2 0.8 2.55 16.9
HPT 8 um 3.0 0.5 2.03 225
HPT 12 um 3.3 0.8 2.22 27.6

Table 1) were determined with higher accuracy from the slopes of the
visible edges of the pillars.

Acoustic signals were detected during the compression tests by a
piezoelectric transducer which was attached to the back side of the
samples. The nanoindenter device was equipped with a Physical
Acoustics Corporation (PAC) WSa wide-band (100-1000 kHz) AE
sensor, which showed a superior combination of frequency and sensi-
tivity characteristics. Data acquisition and processing were performed
by the computer controlled Vallen AMSY-6 system. AE events were
identified in the continuous AE signal by a threshold value of 11 pV in all
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cases.
3. Results

Uniaxial micro pillar compression tests were conducted at room
temperature to investigate the size and pre-deformation dependence of
mechanical properties in CusgZrssAlg BMG. Fig. 3, shows the com-
pressed pillars in the as-cast (a-c) and the HPT deformed (d-f) states for
various pillar sizes. As can be seen in the figures, shear band formation
and slip planes are visible in all compression tests irrespective of the
sample size and preliminary deformation. On the other hand, a clear
indication on size effect can be observed for both the as-cast and HPT
samples (Fig. 3). For 4 um size pillars, deformation was stopped and
reversed successfully before serious distortion of the original pillar ge-
ometry, while apparent changes in the pillar shape can be observed for
8 um size pillars and sample pillar fracture occurred along one major
shear band in both 12 um size pillars. This indicates that the larger the
pillar, the stronger the effect of a major shear band during the defor-
mation process.

A stress-strain curve was plotted for each micro compression test in
Fig. 4. As can be seen, all the deformation curves exhibit a general
elastic-plastic behavior, but the smallest (4 pm size) pillars also poses
several stress drops (serrations) of low amplitude. For the 12 um size
pillars, the amplitude of the stress drops becomes comparable to the
yield strength and practically one serration dominates the plastic
regime. This behavior is also an indication of the size effect, since the
size of the pillar has a profound effect on the number of serrations. Such
a strong and nearly instantaneous stress decay along one serration and in
the same time the appearance of a single major shear band in Fig. 3c and
f for 12 um size pillars suggest generally that each serration along the
stress-strain curve is caused by the formation of a single shear band.

Interestingly, the deformation characteristics are reproduced also for
the HPT deformed samples irrespective of the sample dimensions (c.f.
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Fig. 4a to b). However, the compression curves of the HPT pre-deformed
samples show a specific feature which is absent for pillars prepared in
the as-cast BMG. While deformation curves of the pillars in the as-cast
state begin with an ordinary linear-elastic regime, the same part of the
compression curves for HPT samples starts with a gradual increase in the
slope (see the inset of Fig. 4b). Appearance of such a gradual slope
change in compression tests is typical for sample/cross-head misalign-
ment in macroscopic tests. In present tests, it can also have a similar
explanation, however the different sample misalignment for HPT and as-
cast pillars have a clear structural origin. All the pillars made of the as-
cast sample have smaller distortions (even the 4 uym size pillars), at the
same time visible misalignment and larger sample edge tapers were
formed in the pillars made of the HPT samples (Table 1). This indicates
that internal stresses were mainly relaxed at the length scale of pillars
during the casting process, but subsequent HPT deformation induced
strong and inhomogeneous stress field into the HPT sample.

During the micro-pillar compression tests, AE events were detected
simultaneously. Correlation between the serrations and the AE signal
can be observed for both the as-cast and the HPT samples as shown in
Fig. 5. Specifically, the major AE events of the 4 um pillars are mostly in
coincidence with the load drops of the deformation curve as shown in
Fig. 6, but no correlation was observed between the sizes of the serra-
tions and the amplitudes of the corresponding AE signal Videos of the
corresponding in-situ SEM compression tests for the as-cast (Video S1)
and HPT (Video S2) samples are uploaded as supplementary material.
Regarding the size of the micropillars, a gradual change in the AE signal
is also visible in the elastic (microplastic) regime. Namely, in the as-cast
sample, large AE events with 0.04 mV<Aag< 0.10 mV amplitudes are
visible before the yield point in the 12 pm pillar, while considerable
smaller (Apg<0.05 mV) events can be observed for the 8 ym pillar and
practically no AE events emerge from the background noise for the
smallest 4 um pillar. The pillars in the HPT sample produce significantly
less and smaller AE events in the elastic region without this size

Fig. 3. SEM images of compressed as-cast 4-12 um (a-c) and HPT deformed 4-12 pym (d-f) micropillars after unloading, respectively.
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Fig. 4. Stress-strain curves of micro pillar compression for (a) as-cast and (b) HPT pre-deformed samples for various pillar sizes. Initial part of the stress-strain curves

is magnified in the inset.
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Fig. 5. Correlation between serrations of the deformation curve (black) and the amplitudes of the acoustic emission events (red) in micropillar compression tests for
4,8 and 12 pm pillars in as-cast (a-c) and HPT deformed samples (d-f), respectively.
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dependent trend.

Supplementary material related to this article can be found online at
doi:10.1016/j.jallcom.2023.171295.

Supplementary material related to this article can be found online at
doi:10.1016/j.jallcom.2023.171295.

4. Discussion
4.1. Compression modulus and micropillar misalignment

By analyzing the deformation curves of the micropillar compression
tests, the maximum stress (oyjelq) and elastic modulus (Eexp) of each
sample were determined. In correlation with the change of deformation
mode from single slip to multiple slip, the maximum stress of the 4 um
pillars is significantly higher than that of the larger pillars (Table 1). This
is in qualitative agreement with a general strain gradient theory
(initially proposed by Ashby [46]), which describes an inverse feature
size dependence of the strengthening effect. Additionally, an increase of
the maximum stress can be observed for all samples when HPT
pre-deformation is applied. Based on the same strain gradient theory,
the HPT generated hardening indicates that inhomogeneous glass fea-
tures have already been formed during the plastic deformation of the
HPT process. The Young’s moduli calculated from the different pillar
compression tests show large scatter and are at least a factor of 2-5 times
smaller than the Young’s moduli (E = 103-117 GPa) reported in the
literature for Cu-Zr-Al metallic glasses with similar composition [47].
This discrepancy between macroscopic compression and micropillar
compression tests may be resolved by taking into account the
misalignment (buckling) of the pillars since the compression tests were
not ideally uniaxial. Micropillar misalignment originates mainly from
inhomogeneous internal stresses, which are present in most materials
(except high purity single crystals) and released partially by sample
distortions during pillar fabrication. This concept is supported by the
observation, that HPT samples should contain large stress in-
homogeneities due to the pre-deformation induced dense shear band
structure [24].

To quantify the misalignments, SEM images acquired during the in-
situ pillar compression were analyzed and both in-axis and off-axis de-
formations were measured visually (see Fig. 2¢c and d). Fig. 7 shows the
time dependence of this off-axis strain (y(t)) with the in-axis strain
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(ein(t)) and the experimental indenter strain (exp(t)) for all the tests.
Comparing the off-axis strains with the difference of in-axis and exper-
imental strains, we can state that y correlates with the difference of &;,
and eexp. For as-cast samples, €j, and eexp nearly overlap and there is only
a small difference in the slopes. While the HPT samples, which exhibit
higher initial yo misalignment compared to the as-cast samples, show
large difference between &;, and €ey,. The difference is especially clear in
the initial part of these curves.

This indicates the presence of an additional in-axis elastic deforma-
tion due to the initial small off-axis misalignment. Therefore, off-axis
deformation, i.e. the buckling of the micropillars, cannot be neglected
and the buckling effect significantly modifies the elastic behavior of the
indenter pillar system. Similar difference between the microscopically
measured and macroscopic moduli is very common in deformation tests
disclosed in the literature.

4.2. Acoustic emission signal and shear band formation

Size effects have been observed in various deformation characteris-
tics of the present micro-pillar compression tests. Change in the sample
shape was observed for both the as-cast and HPT pre-deformed micro-
pillars. For larger micropillars single shear band fracture was observed,
while micropillars with 4 um size exhibited plastic deformability by
having multiple shear bands (Fig. 3). Similarly, the plastic regime of the
deformation curves (Fig. 5) have changed as a function of micropillar
size. These observations are in qualitative agreement with the literature
on MG micropillar deformation [25-28]. Although each test was unique
in the present compression series, the above statements are independent
of either the size parameter or the deformation state, therefore, the
statements were deduced from the results of either 2 or 3 compression
tests.

The sum of the total elastic energy in the sample and the surface
energy of a plane defect exhibits a maximum as a function of defect size
(2d) at a given ¢ external stress. Based on the Griffith theory [48], this
maximum occurs at a critical defect size,

2ET
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Fig. 7. Time dependence of experimental strain (eexp(t)) and optical strain (gi,(t)) with off axis displacement (y(t)) for the 4, 8, and 12 um pillar sizes in the as-cast (a-

c) and HPT deformed samples (d-f), respectively.
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in a MG and is able to extend to minimize the total energy [25,28]. When
sample size is small, i.e. it is agir < derie/ V2, shear band formation is
energetically impeded and homogeneous plastic flow can be observed
[26]. For the present micropillar compression tests djt=~ 50 nm is
estimated based on E~110GPa [47], I'=1J/m2 [26] and
G = Oyjeld™~ 2.1 GPa (see Table 1). Accordingly, unstable shear band
formation (regimes II or III [33]) can be predicted beyond the yield point
for all deformation tests of the present work. The Griffith theory also
predicts unstable shear band growth below the yield stress as the theory
basically bases on a linear elastic approach. Therefore, Eq. 1 is valid also

in the elastic regime. A critical stress ocri = \/@ can also be calcu-

lated from Eq. 1 (64 = 0.3, 0.2 and 0.15 GPa for a=4, 8 and 12 um size
pillars, respectively, cf. with Fig. 5). Above the critical stress the largest
preexisting defects should lead to shear band formation well below the
yield point of the material.

Since AE events signal shear band nucleation [35] and are in exact
correlation with the formation of shear bands [41], the AE events in
Fig. 5 indicate shear band formation not only beyond the yield point, but
also in the elastic regime for ¢ < o.. The observed AE events are in
good agreement with the predicted low critical stresses in the elastic
regime of the 8 and 12 um size as-cast pillars (see Fig. 5b and c). The
maximum amplitude of these tests show approximately a® dependence,
which predict a smaller AE amplitude than the AE detection limit for the
4 um pillars. Hence, similar AE events are practically invisible for the
smallest pillars in our experiments. The size dependence indicates that
these AE events in the elastic regime form around the SBs in a slab like
volume which has much smaller thickness than the sample size.

Interestingly, micropillars fabricated from the pre-deformed samples
show weaker AE signal both in the elastic regime and beyond the yield
point (see Fig. 5d-f). This indicates that either fewer shear bands form or
shear band formation is less synchronized in time due to the pre-
deformation. Reduction of strain localization though structural rejuve-
nation, i.e. activation of the glass state due to increased disorder, was
observed recently in similar Cu-Zr-Al BMGs deformed by HPT [49] in
agreement with the present observations. However, the synchronization
and, hence, AE signal formation seems to be more regular in the HPT
sample (cf. Fig. 6a and b), which reports about the larger effect of
random structural features on the synchronization of AE events in the
as-cast material.

Beside the activation due to the stored extra elastic energy in pre-
deformed MGs, as-cast and pre-deformed pillars have also an inherent
difference in terms of the homogeneity of internal stresses [23]. As-cast
pillars are supposed to be relatively homogeneous and lack internal
stress fluctuations, therefore the whole pillar is in the same stress state.
Hence larger sample volume can take place in shear band formation in a
synchronized way. On the contrary, stress inhomogeneities exist down
to sub-micrometer size due to the dense shear band structure in HPT
deformed MGs [23,24]. Such inhomogeneity can induce misorientation
and inhomogeneity also in shear band formation and may lead to the
appearance of higher number, shorter and asynchronized shear bands
segments producing weaker AE signal. This presumption is also in
agreement with the observed plasticity and inhomogeneous shear
banding in HPT pre-deformed macroscopic tensile tests [14].

Finally, the different deformation history of the as-cast and HPT
samples can induce structural differences by rejuvenation in the glass.
These structural differences have effect at the beginning of the shear
band formation due to the different strain gradients as it was showed in a
molecular dynamic study by Tian et al. [50]. In timing, these effects can
be separated from the serrations and the shear band movement; and can
be best captured by the AE signal (Figs. 5 and 6). Rejuvenation and in-
homogeneity can also be induced by other deformation methods with no
constraint [51] and even by simple elastostatic loading [52]. Generally,
the rejuvenated MG samples show better ductility, i.e. improved resis-
tance against fracture [51,52] along unstable shear bands. Based on the
presence of AE signal in the elastic regime of micro compression tests
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(Fig. 5) and the inherent behavior of the rejuvenation process in glasses
[53], we propose that rejuvenation has significant effect also on the
stabilization of the unstable shear bands below the yield point.

4.3. Effects of environment on shear band propagation

Unstable shear band formation is generally followed by continuously
increase in shear offset (shear band propagation) with no AE signal [41].
Those bands, which intersects the whole cross-section of a macroscopic
sample, often reach large offsets comparable with the sample size (see e.
g. the present micro compression tests with the 12 ym size micro-pillars
in Fig. 3c and f). Initially, at the nucleation of the band, the strength of
the shear band is comparable to the strength of the surrounding glassy
material and later it decreases gradually as shear band propagation
occurs in a fraction of seconds. The dynamics of this process depends
strongly on the surrounding elastic environment. Since intense localized
shear deformation relaxes, the external stress in the whole system and
shear deformation of a shear band is an extremely stress sensitive pro-
cess (it is a highly nonlinear process in the non-Newtonian regime of the
plastic flow), stress variation can have a huge effect on shear banding
and the formation of other shear bands in the material.

The elastic environment, i.e. the sample modulus and deformation
machine compliance, can be described by a common K spring constant,

K K 1L @

where K*= 17mN/pm is the spring constant of the present deformation
machine, A = a? is the cross section of the micropillar. After shear band
formation the local stress can be expressed as

_ F—Ksin(a)Ax _ 6yiaq — K/asin(a)(Ax/a)

CTA- acos(a)Ax 1 —cos(a)(dx/a) 3)

where F is the external force, @ measures the orientation angle of the
shear band from the compression axis, 6y;,q = F/A is the stress at the
moment of band nucleation and Ax is the shear offset. As it can be seen
from Eq. 3, the shear offset will have two opposite effects on the local
stress. On one hand, the active cross-section of the sample will decrease
with Ax, which increases the stress. On the other hand, Ax shear offset
will lead to instant relaxation of the load in the sample because of the

2 r ; ! '
— as-cast 12 um
— as-cast 8 um
— as-cast 4 um
15 b2 HPT 12 pum
. HPT 8 um
HPT 4 pm
he
3 | T L
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0.5
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Fig. 8. Stress evolution during shear band offset for all micropillar compression
tests, the lower and upper bounding curves of each measurement corresponds
to @ = 50 and a = 45 deg shear band angles, respectively.
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displacement of the machine’s cross-head. Fig. 8 shows the stress along
the shear band as a function of the shear offset for the different test and
sample parameters (a and E.,;) of the present micro-compression tests.
As seen, the local stress can either increase or decrease with Ax
depending mainly on the sample size based on Eq. 3. The boundary
between the two opposite behavior (i.e. 6 = 0) can provide another a;,;,
critical sample size,

_ K-g(a)

= (C)]
Oyield

*
crit

which is close to 8 um for the present test parameters (see Fig. 8a).
Whereas in the calculation of 6(Ax), the @ = 45° —50° range was sup-
posed (higher angle corresponds to the lower bound in ¢) and the effect
of sample misalignment was taken into account by using the experi-
mental compression moduli (Table 1).

It is also seen in Fig. 8 that for large samples ( a > a},;), the stress
increase is monotonous in Ax and it diverges when the offset crosses the
whole sample. This monotonous increasing behavior leads to positive
feedback of the stress and results in fracture during shear band propa-
gation, which is typical for macroscopic samples. In microscopic sam-
ples, i.e. for micropillar tests with adequately small sample size, a < a’;,
the stress decreases with Ax and becomes zero at a finite shear band
offset. This negative feedback reduces the stress rapidly and stops shear
band propagation temporarily even if local softening takes place along
the shear band. Comparing the lower and upper bounds in «a for slightly
different shear band angles, the stress curves show strong sensitivity on
the details, especially for the smaller pillar sizes. Accordingly, mostly,
stress increase occurs in the 12 and 8 pm pillars, while the stress de-
creases in the 4 ym pillars during the operation of each shear band.
Although, with special shear band parameters (@ ~ 50°) the as-cast 8 ym
pillar can show stable shear banding (cf. with Fig. 3). Here we should
note that the compliance of the deformation machine is crucial in the
unstable deformation behavior of shear bands (see Eq. 4). For extremely
high spring constants (K*—c0), Eq. 2 simplifies to K ~ E,A/L, which
corresponds to a stress decrease during shear band propagation in Eq. 4
independent of the sample size. This extreme sensitivity of shear band-
ing to the machine spring constant qualitatively explains the large
scatter of the critical sample sizes in the literature. Nevertheless, it is in
very good quantitative agreement with the observed size dependent
deformation mechanism in the present micropillar compression tests.

5. Conclusions

Micro-compression tests coupled with in-situ SEM-imaging and
simultaneous AE-signal detection have been carried out on CuzgZrs4Alg
glassy and pre-deformed micropillars of different sizes. Micro-
compression tests promoted the formation of shear bands irrespective
of the sample size and preliminary deformation, which is in agreement
with the prediction of the shear band formation model based on the
Griffith theory. However, a clear size effect was detected with improved
plasticity, more serrations, but weaker AE signal with small pillar sizes,
which can be explained quantitatively by the size dependent compliance
of the pillar/indenter systems.

Pillars made of the pre-deformed metallic glass sample have larger
initial misalignments (induced by the rejuvenated structure and stress
inhomogeneities) and showed differences in plastic behavior due to the
larger off axis deformation. AE signal was detected already during the
linear elastic regime in the as-cast pillars, while this signal was signifi-
cantly weaker for the rejuvenated structure of the pre-deformed metallic
glass. Nevertheless, clear correlation was observed between the stress
drops and the AE signal for all the samples. Based on this correlation and
absence of AE signal in the elastic regime of the rejuvenated glass, we
propose that rejuvenation is ubiquitous in the glass structure and should
have significant role on the stabilization of unstable shear bands below
the yield point.
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