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b HUN-REN Centre for Energy Research, Institute of Technical Physics and Materials Science, H-1121 Konkoly-Thege Miklós út 29-33, Budapest, Hungary 
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A B S T R A C T   

Disk of a Cu38Zr54Al8 bulk metallic glass was subjected to severe plastic deformation by high pressure torsion up 
to 25 revolutions. X-ray diffraction was utilized to investigate the microstructure of the deformed sample, while 
the thermal behavior of the glass was analyzed by differential scanning calorimetry. To examine the effect of 
plastic straining on structural changes, micropillars were fabricated on the cross-section of the disk along the 
radius at specific locations, i.e. center, half radius and perimeter. Compression tests of these micropillars were 
conducted in a scanning electron microscope with simultaneous recording of continuous acoustic emissions. 
Present paper captures the effect of competition between thermal relaxation and deformation induced structural 
changes. Specifically, probability distributions were constructed for a series of acoustic emission events, 
revealing that the occurrence of acoustic emission bursts at larger deformations is in correlation with the shift of 
the X-ray diffraction halos and change in thermal characteristics. Accordingly, a transition was identified from 
random to correlated acoustic emission behavior parallel with a progressive increase in the accumulation of 
excess free volume from negative to positive values.   

1. Introduction 

Disordered amorphous structures and distinct mechanical charac
teristics of metallic glasses (MGs) have attracted significant attention in 
recent decades [1]. MGs can be formed in massive form via rapid 
quenching by copper mold casting by surpassing crystallization during 
solidification resulting in bulk metallic glasses (BMGs) [2]. The 
outstanding properties of BMGs include high tensile strength, superior 
elasticity and good wear and corrosion resistance [1,3], however, they 
usually exhibit negligible ductility, resulting in catastrophic fracture 
upon tension, compression and bending experiments. All these positive 
and negative features are directly related to the absence of structural 
defects down to sub-nanoscale [4]. 

Tailoring the microstructure and mechanical behavior of BMGs is 
crucially determined by the composition of the glassy alloy [5,6]. Zr- 
based [7,8] and CuZr-based [9,10] BMGs have been in the forefront of 

basic and applied research, since they are built-up from inexpensive 
components and exhibit enhanced thermal stability, high glass forming 
ability (GFA) [10] and intrinsic plasticity [11,12]. The Cu-Zr binary 
system possesses such a high GFA that facilitates to cast the alloy into a 
bulk glassy form in wide composition range [13]. Thermal annealing 
below the glass transition (Tg) of a CuZr-based BMG yields an increase in 
its thermal stability [12], while another CuZr-based BMG with extreme 
high stability (Vitreloy) shows a wide supercooled liquid range (SCLR) 
[14]. Isothermal pre-annealing in the SCLR results in the increase of the 
viscosity via the formation of nano-quasicrystals. 

In order to enhance the ductility of BMGs by dispersing the macro
scopic external strain among a large number of localized plastic events 
and large number of shear bands, severe plastic deformation (SPD) 
methods can be applied by incorporating surface constraints [15–18]. 
Among the large variety of different SPD techniques, high-pressure 
torsion (HPT) exhibits the highest equivalent strain [19]. During HPT 
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Contents lists available at ScienceDirect 

Materials & Design 

journal homepage: www.elsevier.com/locate/matdes 

https://doi.org/10.1016/j.matdes.2024.113113 
Received 17 April 2024; Received in revised form 5 June 2024; Accepted 21 June 2024   

mailto:revesz.adam@ttk.elte.hu
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2024.113113
https://doi.org/10.1016/j.matdes.2024.113113
https://doi.org/10.1016/j.matdes.2024.113113
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Materials & Design 244 (2024) 113113

2

a thin, disk-shaped specimen is subjected to simultaneous pressure and 
torsional shear deformation between two stainless steel anvils [20,21]. 
Applying HPT on MGs and BMGs can significantly enhance their plas
ticity [22], additionally, this deformation process can provoke structural 
changes in the glass, such as change in microstructure, development of 
free volume and anisotropy. [23–26]. By analyzing the changes in the 
pair distribution functions, it is assumed that structural rejuvenation can 
take place during severe plastic deformation in HPT [27]. Molecular 
dynamic simulations have shown that shear bands can be suppressed 
and constrained during HPT in a Cu50Zr50 glass, resulting in “forced 

cooperative flow” [28]. Applying nanoscale strain mapping on a 
Zr50Cu40Al10 metallic glass subjected to HPT, it was found that the local 
structure was distorted in various directions with various intensities, 
whereas the overall structure was distorted along the rotational direc
tion [29]. 

By analyzing the radial variations along the diameter of a HPT- 
processed BMG-disk, a detailed insight into the spatial and strain- 
dependent anisotropic microstructural features and mechanical prop
erties of the glass can be explored. For instance, the Young’s modulus of 
a CuZr-based disk has remarkable decrease as a function of the radial 
distance from the rotation axis [30]. This trend is mainly attributed to 
the increase in the free volume due to the nucleation and propagation of 
shear bands [31]. In-situ synchrotron studies supported that there exists 

Fig. 1. (a) Schematic of the cross section of the HPT disk showing different sectors and pillars locations. (b) SEM image taken on the cross section of the disk showing 
the location of pillars made on the perimeter (r = R) and half radius (r = ½ R). 

Fig. 2. The XRD pattern corresponding to the as-cast Cu38Zr54Al8 BMG and 
different sectors of the HPT-disk. Inset shows the vicinity of the first halo with 
the Gaussian- fit confirming the shift of its maxima due to SPD. 

Fig. 3. Excess free volume (C) corresponding to different sectors of the 
HPT-disk. 
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a varying structural anisotropy along the radius of a HPT-deformed 
CuZr-based BMG [25]. Molecular dynamics simulations also confirmed 
the variation of the local atomic structure, i.e. a transition of icosahedral 
units into other type of clusters of a Cu50Zr50 glass was obtained from 
perimeter to center of the sample during torsion deformation [32]. 
When the applied shear strain exceeds a critical value, a crystalline- 
amorphous transition can take place, resulting in enhanced hardness 
of the amorphous phase at the periphery of the disk [33]. On the other 

hand, HPT is also capable to promote deformation dependent nano
crystallization, especially in glasses with lower GFA [34]. The size and 
volume fraction of these deformation induced nanocrystals are signifi
cantly different at the center and periphery of a CuZr-based HPT-disk, in 
correlation with the total crystallization enthalpy release [35]. At the 
same time, an abrupt transition occurs in the morphology when flakes of 
a rapidly quenched MG ribbon is deformed by HPT. Namely, the flakes 
embedded in the amorphous matrix close to the center transform into 
thin lamellae at the perimeter, due to the extreme large and mostly 
homogeneous shear deformation in the outer region [36]. Creep tests by 
Ebner et al. have pointed out that HPT-deformed CuZr-based alloy ex
hibits increase in total creep with respect to its as-cast counterpart and a 
strong spatial correlation develops along the cross-sectional area, caused 
by a gradient structure. In addition, an increase in the fraction of the 
rejuvenated amorphous volume was also observed as the radial distance 
from the center of the disk increases [37]. Applying synchrotron radi
ation in transmission on a high stability Zr-based Vitreloy1b BMG sub
jected to severe plastic shear deformation by HPT reveals the absence of 
any nanocrystallization, independent of the local strain [38]. In addi
tion, the radial dependency is evidenced by the monotonously 
increasing shift in the position of the first diffraction halo, indicating a 
gradual structural change along the radius of the HPT disk [38]. 2- 
dimensional mapping of the disk confirmed the change of the average 
effective volume. A volume decrease at the center of the deformed disk 
was observed, analogously to a relaxed state of an as-cast glass, never
theless, a larger effective volume was detected at higher deformation 
[26]. The extreme stability of Zr-based BMGs against crystallization in 
the whole volume of a HPT-disk was also confirmed by calorimetry [39]. 

In absence of high hydrostatic pressure, deformation in BMGs ex
hibits severe strain localization and accompanied synchronization of 
localized plastic events. Acoustic emission (AE) signal can describe these 
dynamically synchronized events as they emit elastic waves during 
structural stress relaxation [40,41]. Since AE events precede macro
scopic stress relaxation [42] and AE detection collects data with 
microsecond time resolution from the emitted acoustic events, the 

Fig. 4. HR-TEM and the corresponding SAED (insert) taken on the cross section 
at the perimeter (r ~ R) of the HPT-disk. 

Fig. 5. DSC curves of the as-cast BMG and different sectors of the HPT-disk obtained at the heating rate of 20 K/min.  
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experimentally recorded AE signal accounts for the structural rear
rangements and provide unique dynamic information on shear band 
formation in metallic glasses [43,44]. Statistical analysis of the time 
evolution of such AE events in plastically deformed BMG provided evi
dence on the formation of AE event bursts [45]. It was demonstrated that 
sample size have a strong effect on shear localization in metallic glasses, 
for example, deformation tests on sub-micron sized micropillars exhibit 
plasticity or even homogeneous flow [44–48]. For micrometer size pil
lars of MGs, generally, shear bands form during straining. However, the 
deformation in these shear bands can be stabilized temporarily by elastic 
interaction between the micropillar and the indenter [49–51]. Recently, 
AE detection was carried out for crystalline [52] and BMG micropillars 
[53] and a coincidence was observed between the timing of AE events 
and plastic events [53]. 

Metallic glass structure can be tuned in terms of free volume content 
towards either negative (relaxation) or positive (rejuvenation) 

directions. In a single HPT experiment, spectrum of such glassy struc
tures can be obtained as a function of radial position [26]. Since these 
structural variations can effectively change plastic deformation [22], the 
dynamic behavior in microplastic experiments is targeted presently to 
reveal connection between the structural variation and synchronization 
of plastic events. Therefore, a series of micropillar compression tests 
coupled with simultaneous AE detection were carried out and reported 
in the present paper. The micropillars were fabricated from a high GFA 
Cu38Zr54Al8 BMG subjected to HPT up to extreme shear deformations. 
AE events due to the micro deformation are analyzed statistically for 
pillars in located at different positions along the diameter of the HPT 
disk. Radial variations of thermal and structural characteristics of the 
HPT-deformed BMG disk are discussed and compared to changes in the 
statistical behavior of AE events. 

2. Experimental methods 

2.1. Sample preparation 

A BMG cylinder of Cu38Zr54Al8 nominal composition and a radius of 
R = 3 mm was fabricated by suction casting into a Cu mold using an arc 
furnace operating under a protective argon atmosphere. Details of 
sample preparation can also be found in [53,54]. Subsequently, disks 
with an approximate thickness of h = 0.8 mm were cut from the as-cast 
cylinder. Afterwards, these disks were exposed severe plastic deforma
tion by high-pressure torsion with N = 25 number of complete turns 
with the angular velocity of ω = 0.2 revolution/min at room tempera
ture under the applied pressure of 8 GPa. The accumulated shear strain 
(γ) for torsion deformation at a radius r can be given by [21], 

γ(r,N) =
2πNr

h
(1)  

Accordingly, the achieved strain by HPT at the perimeter of the disk can 
reach exceptionally high values: γ≈600. For further investigations the 
HPT-disk was cut along its diameter and the cross section was manually 
polished to 50 nm using Al2O3 powder. In order to explore any possible 
strain dependent variation along the cross section, three distinct sectors 
were taking into account, as illustrated schematically in Fig. 1a. Here
after these regions will be denoted as r = 0 (center), r= ½ R (half radius) 
and r = R (perimeter). 

2.2. X-ray powder diffraction 

The atomic-level microstructural analysis of the as-cast BMG and the 
cross section of the HPT-disk was performed on a high resolution double 
crystal X-ray powder diffractometer (XRD) applying monochromatic Cu 
Kα radiation (λ = 0.154 nm) with negligible instrumental broadening. 
The small spot size of the X-ray beam (100 × 300 μm2) enables high 
spatial resolution along the cross section of the HPT-disk. The device was 
equipped with a fine focus rotating copper anode (Rigaku Multmax-9) 
operating at 40 kV and 100 mA. Scattered photons were detected by 
a static imaging plate, where high precision was maintained in the im
aging plate positioning between the subsequent measurements. The 2- 
dimensional patterns registered by the imaging plate were integrated 
after spatial distortion correction. Data acquisition spanned in the range 
of 2θ = 25–80◦. 

2.3. Transmission electron microscopy 

For high-resolution transmission electron microscopy (HR-TEM) 
study the sample was prepared using focused ion beam (FIB) milling (FEI 
Scios 2 DualBeam System). The HR-TEM analysis was performed using a 
FEI Themis 200 G3 transmission electron microscope with a Cs corrected 
objective lens (FEG, point resolution is around 0.09 nm in HR-TEM 
mode) operating at 200 kV. Selected area electron diffraction (SAED) 

Fig. 6. (a) glass transition temperature (Tg), (b) crystallization peak tempera
tures (Tx1 and Tx2), (c) width of the supercooled liquid region (ΔTx) and (d) the 
integrated enthalpy (ΔHg) of the SCLR for the as-cast BMG and different sectors 
of the HPT-disk. 
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pattern was taken from an area of approximately 650 nm diameter, 
following standardized procedure allowing 0,1% accuracy without in
ternal standard. Further details of the sample preparation procedure are 
reported in a previous work [55]. 

2.4. Differential scanning calorimetry 

For thermal investigations, a half of the HPT-disk was fragmented 
into three parts according to their distance from the torsion axis. Mea
surements on these fragments as well as on the as-cast BMG was carried 
out on a Perkin Elmer power-compensated differential scanning calo
rimeter (DSC). A linear heating ramp with a scan rate of 20 K/min was 
applied in all measurements. Enthalpy of the SCLR (ΔHg) was calculated 
as the integral of the DSC-signal after baseline substraction. All experi
mental procedures were conducted under a controlled Ar atmosphere. 
Calibration of temperature and enthalpy was performed using pure In 
and Al. 

2.5. Pillar fabrication, compression and acoustic emission detection 

Micropillars were fabricated in both the as-cast and HPT deformed 
samples to facilitate localized mechanical tests. After surface polishing 
of the cross section of a BMG-slice and HPT-disk, an acetone wash was 
performed. Afterwards, micropillars were prepared on these polished 
surfaces by Ga ion milling with FIB inside a FEI Quanta 3D dual-beam 
scanning electron microscope (SEM) under vacuum conditions. The lo
cations of the micropillars on the cross section of the HPT-disk was 
chosen at r = 0, r= ½ R, r = R. Two pillars were fabricated close to each 
other in each sector to get insight into the repeatability of the me
chanical tests, see the corresponding SEM image in Fig. 1b. The milling 
process yields square-shaped pillars with an edge length of a = 4 µm and 
a corresponding height (L), achieving an aspect ratio of approximately 
L/a = 2. Before this process, a thin Pt cap was deposited onto the top of 
each micropillar to minimize Ga ion contamination during milling. 
Subsequently, the pillars were produced through FIB milling in the same 
SEM by gradually reducing the ion current. Deformation tests were 
performed in-situ with an on-site built nanoindenter device in the same 
SEM equipment coupled with continuous AE detection [52,56]. During 

Fig. 7. Correlation between serrations of the deformation curves (black) and the amplitudes of the acoustic emission events (red) in micropillar compression tests for 
4 µm pillars of HPT deformed samples at r = 0, r= ½ R and r = R. Insets show the SEM images of the corresponding micropillars after plastic deformation and 
unloading. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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micro compression tests, 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. The platen velocity of the indenter was 
set to 10 nm/s. Indenter displacement was determined from the platen 
position and from the elastic length change of the spring [52,53]. In each 
micro compression test, indenter movement was reversed in a few sec
onds after plastic regime was reached (plasticity was observed in the 
SEM) and then the pillar was unloaded completely. 

3. Results 

3.1. Structural analysis 

The XRD pattern of the Cu38Zr54Al8 BMG shown in Fig. 2, presents 
two distinct halos at around 2θ ~ 37◦ and 2θ ~ 64◦. The presence of the 
first broad peak and the lack of sharp crystalline reflections refer to the 
fully amorphous nature of the alloy. As one can also notice, severe shear 

Fig. 8. AE event counts vs. the log of waiting time (ΔT).  

Fig. 9. Probability distribution of a sequence of n events for the two experi
mental (original) datasets and randomized one (shuffled data) presented as a 
function of number of events. 
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deformation by HPT does not yield any drastic change in the diffracto
grams, independent of the local strain. The lack of any crystallization 
Bragg-peaks confirm the extreme structural stability of the amorphous 
alloy against external mechanical influence. The addition of Al to the 
high glass forming binary Cu-Zr can prevent the growth of crystalline 
embryos that might formed during fast cooling of the liquid alloy [54]. 
Nonetheless, a slight shift in the position of the main halo can be notices 
for all HPT-sectors with respect to the as-cast BMG. The inset of Fig. 2 
presents the magnified vicinity of the more reliable first halo maximum 
for the as-cast glass (Ias-cast(2θ)) and the peripheral region of the HPT- 
disk (I(2θ)). Indeed, a clear shift in the 2θ peak position towards lower 
values is visible for the deformed state. 

In order to quantify the microstructural changes associated with the 
variation of the excess free volume content (C) along the cross section of 
the HPT-disk, the following formula was applied [57,58]: 

C = 1 −

(
QHPT

Qas− cast

)3

(2)  

where Q = 2πsinθ
λ . The exact determination of the halo position was 

accomplished by fitting these halos with a Gaussian function, see also 
Fig. 2 inset. As can be seen from Fig. 3, the excess free volume content 
dropped below value of the as-cast BMG in the center of the HPT disk 
and shows a notable and monotonous increase along the disk radius, 
changing from C = − 0.7 % at r = 0 to C = 1.2 % outward to r = R. 
Precisely, these changes report only about an excess free volume change 
in the sense that, in a multicomponent glass, the halo maxima reflect 
only the weighted average of the different atomic contribution. 

The disordered nature of the most deformed peripheral region of the 
HPT-disk was undoubtedly confirmed by the HRTEM study presented in 
Fig. 4. The lack of any contrast and visible atomic planes in the micro
graph and the presence of several diffuse halo in the corresponding 
SEAD pattern indicate a homogeneous fully amorphous structure. 

3.2. Thermal analysis 

Linear heating calorimetric thermogram of the as-cast Cu38Zr54Al8 
BMG obtained at 20 Kmin− 1 exhibits the typical features of a glass, 
including the glass transition (Tg = 671 K) followed by two distinct 
exothermic crystallization transformation peaks (Tx1 = 759 K and Tx2 =

860 K), see Fig. 5. The high Tg and large value of SCLR (ΔTx = 80 K, 
where ΔTx = Tx1, onset − Tg) confirms the extremely high GFA of the Cu- 
Zr-Al system [59]. Detailed thermal investigation of this alloy was pre
sented in an earlier study [54]. 

In addition to outstanding structural stability (see Figs. 2 and 4), the 
Cu38Zr54Al8 glassy alloy possesses remarkable thermal stability against 
extreme shear deformation, as confirmed by the DSC curves of the 
different sectors of the HPT-disk (Fig. 5). Each thermogram of the 
deformed states is very similar to that of the as-cast glass, presenting Tg 
and the subsequent Tx1 and Tx2 transformations. The inset of Fig. 5 de
picts the endothermic glass transition region, with a slight increase in Tg 
due to the severe plastic deformation. 

Quantitative analysis of the characteristic values obtained from the 
DSC measurements are summarized in Fig. 6. As one can realize form 
Fig. 6a, Tg undergoes a ~15 K increase due to torsion. Since Tg is one of 
the key GFA parameters [1], it is concluded that the thermal stability of 
the Cu38Zr54Al8 glassy alloy is improved by exposing the material to 
HPT. As it is also seen in the figure, Tg varies slightly with increasing 
deformation along the radius of the disk. The minor variation in Tx1 and 
Tx2 peak crystallization temperatures confirms again that Cu38Zr54Al8 
glass is extremely stable alloy against extreme plastic deformation 
illustrated in Fig. 6b. For example, the decrease in Tx1 is less than 2 K for 
the HPT sample, irrespectively from the magnitude of the shear strain. 
As we approach the perimeter of the disk (r = R), a marginal increase 
occurs when compared to the center (r = 0). Conversely, the Tx2 char
acteristic temperature presents an opposite behavior, i.e. a slight 

increase is observed for the HPT-disk, while a downward trajectory takes 
place at larger distance from the center of the disk. Fig. 6c illustrates ΔTx 
for the as-cast BMG and the different HPT-sectors. As one can see, the 
ΔTx parameter, which is more responsible for the stability of the 
supercooled liquid, decreases slightly from 80 K to 65 K-70 K after severe 
shear deformation. Nevertheless, the deformed glass still exhibits a 
remarkable GFA and thermal stability, especially at the perimeter (r =
R). Similar to the variation of excess free volume determined for X-ray 
experiments (see Fig. 3), the integral of the DSC-signal for the SCLR 
(ΔHg) can also indicate structural changes between the different glassy 
states. As seen in Fig. 6d, the ΔHg value shows a significant increase up 
to positive values for the center of the disk (r = 0) with respect to the as- 
cast BMG. At higher deformation states (r= ½ R and r = R) ΔHg de
creases monotonously down to negative values. Here we note that the 
ΔHg values have relatively large uncertainty and they contain contri
butions also from the heat capacity difference between the glass and the 
supercooled liquid states. 

3.3. In-situ micro deformation tests with acoustic emission detection 

As illustrated in Fig. 7(a-f), the applied stress and the simultaneously 
acoustic emission signal during compression is plotted as a function of 
time. The inset of each figure presents the corresponding SEM image 
taken on the pillars after the compression test. As seen, the deformation 
curves exhibit elastic–plastic behavior, including a linear elastic regime 
followed by smaller and larger stress drops in the plastic regime. 
Notably, a substantial stress drop is observed for all pillars within the 
plastic regime. However, this drop occurs more rapidly (approximately 
at 500 s, Fig. 7c and 7d) at r= ½ R compared to r = R (at around 1000 s, 
Fig. 7e and 7f). Accordingly, strong fluctuation can be observed in the 
yield strength comparing micropillars in different sectors. The yield 
strength of the r= ½ R pillars is about σyield = 1 GPa, while it is about 
σyield = 2 GPa at the perimeter and in the center of the HPT disk. The AE 
events illustrated in Fig. 7 signify the development of shear bands 
beyond the yield point, even extending into the elastic regime for σ <
σyield. Additionally, the relationship between the AE amplitude and 
stress drop is highlighted in red in Fig. 7. (As a supplementary infor
mation on the dynamics of the micropillar deformation, a SEM image 
sequence of a deformation test is also available as Video 1). Major stress 
drops are in coincidence with the larger AE events for all sectors, except 
for the r = 0 (Left) pillar (Fig. 7a). Precisely, the significant acoustic 
emission events align with the load drops can be observed in the 
deformation curves. However, large number of minor evens can also be 
observed in the different samples at varying stresses within the elastic 
regime. These events seem to be correlated in time (see for example the 
event series at about 600 s in Fig. 7a). 

To reveal the presence of these event series and handle large and 
small time differences equally, we computed the ΔT waiting time (the 
time difference between the subsequent events) and then calculated the 
distributions of the log10(ΔT) with equal binning. Fig. 8 shows these 
distributions (precisely the sum of the counts from the left and right 
pillars obtained for each sector). The plot demonstrates a substantial 
variability in event duration, ranging from ΔT = 10-4 s to ΔT = 103 s. 
Fig. 8a illustrates a span of seven orders of magnitudes in waiting times 
for the r = 0 pillars, with a significant concentration of events occurring 
around ΔT = 100 s. Accordingly, the waiting times are mostly occurring 
in the range of 0.1 s up to 10 s. Noteworthy this significant event con
centration is less pronounced for the pillars located at r= ½ R and r = R, 
instead a strong peak occurs at very short time differences at around ΔT 
= 10-4 s, see Fig. 8b and 8c, respectively. This evaluation indicates a 
radial dependency of the AE event series as we approach the perimeter 
of the HPT-disk. 

To assess the temporal correlations of AE events, we conducted a 
statistical analysis by calculating the probability distribution of the 
number of events (n) within the same burst, considering an arbitrary 
inter-event time parameter (τ). Because of the lack of large number of AE 
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events, the two tests obtained for the same sector were unified into a 
single data series. The evaluation was conducted using this unified data 
set (experimental data) and several randomized data series with the 
same ΔT distribution (shuffled datasets). For further details of this 
evaluation procedure see Ref [60]. In brief, this method provides in
sights into the probability of a series of n events, which have smaller 
event time differences than the τ parameter. In the present study we 
considered n = 8 events and τ = 2 s. Thereafter we determined that an 
event series (with a length of n) is a kind of event burst with large 
number of successive events during a short period of time. Fig. 9 shows 
these special probability distributions of the original experimental data 
(blue dots) and five shuffled datasets (purple region) for the different 
sectors. Difference between the original and the average of the randomly 
shuffled datasets (denoted by black line) can indicate the presence of 
such bursts of events in the AE signal. As evident from Fig. 9a, the 
original and shuffled data exhibit very similar exponential decay for the 
least deformed region of the HPT-disk (r = 0 position). On the other 
hand, a significant deviation is observed between the original and 
shuffled data for r= ½ R and r = R positions, see Fig. 9b and 9c, 
respectively. These observations align well with those in Fig. 8 and 
underscore a radial dependency of AE event distribution detected during 
compression of micropillars in a Cu38Zr54Al8 HPT-disk. 

4. Discussion 

Minor changes in the structural and thermal characteristics of the 
HPT deformed Cu38Zr54Al8 BMG with respect to the as-cast state arise 
from the attained maximum plastic deformation (see Eq. (1) and the 
applied deformation rate in the high pressure environment developed in 
the sample placed between the HPT-anvils. Plastic deformation, espe
cially at high deformation rates, can induce structural changes 
(including structural inhomogeneities, phase separation or nucleation of 
crystalline embryos) in a highly stable glassy structure in competition 
with thermal relaxation [25,26,34,61]. This effect is often referred as 
the rejuvenation of the structure [27,37,62,63], when increase of sample 
volume or evolution of structural inhomogeneities may take place [38]. 
It is also known that sample volume increase stores more elastic energy 
and induces sensitive changes in the atomic mobility [64], leading to an 
increase of excess free volume of the non-periodic glassy structure [58]. 
However, this increased atomic mobility can easily transform the 
deformed glass into liquid state and induce thermal relaxation (melting 
of the glass) in the whole sample volume or mechanical relaxation (shear 
band formation) in highly localized regions [65]. Therefore, SPD is 
resulted in the increase of the excess free volume content of the glass in a 
typical deformation experiment. 

In addition, experimental observations revealed that high hydro
static pressure has an effect on the competition between the two pro
cesses, specifically visible change occurred in the inhomogeneity of 
shear bands formation during HPT process [23]. In present experiments, 
this combined effect, i.e. the interplay between the thermal relaxation 
and structural change are captured quantitatively, since the first XRD 
halo position indicates either decrease (r = 0) or increase (r= ½ R and r 
= R) in the excess free volume content in comparison to the as-cast state 
(see Figs. 2 and 3). The observed reduction of the excess free volume at r 
= 0 reports about a special glass state with very limited atomic mobility 
(see also ref. 26). This state, on the one hand, is similar to a thermally 
relaxed glass due to its reduced mobility, on the other hand, severe 
plastic deformation during the relaxation process has driven the glass in 
a structurally different state. This is also supported by the presence of a 
special exothermic peak within the SCLR for the r = 0 sector (see Fig. 5), 
which refers to the release of stored energy above the glass transition 
temperature (see Fig. 6d). Upon heating, this special glassy state tends to 
relax, however, this process occurs at higher viscosity of the glass, in 
accordance with the smallest free volume content of the r = 0 sector (see 
Fig. 3). 

Shear band formation in these deformed states of low and high free 

volume content were further analyzed experimentally by in-situ micro- 
compression tests (see Fig. 7). Interestingly, the r = 0 sector performs 
different behavior if it is compared to the other two deformed states 
regarding the micro compression induced AE events (see Fig. 7). As was 
demonstrated, the majority of AE events with about ΔT = 1 s average 
waiting time can be observed in this state, while its distribution spreads 
over more equally several orders of magnitudes, covering the 10-4-103 s 
waiting time range (see Fig. 8). This effect is even more pronounced in 
Fig. 9, when the probability distributions are obtained for a sequence of 
n = 8 AE events. As was shown, the probability distribution for the r =
0 sector is practically in coincidence with the average of the shuffled 
distributions, which corresponds to a random behavior of the AE events. 
On the other hand, the probability plots indicate the existence of AE 
event series or AE bursts for larger deformations (r= ½ R and r = R), in 
coincidence with the larger free volume content (see Fig. 3), in a similar 
way as it was observed in free-end torsional experiments at ambient 
pressure [45]. 

5. Conclusions 

Deformation dependence of the microstructure, thermal stability and 
micro-deformation characteristics were investigated on a Cu38Zr54Al8 
bulk metallic glass subjected to HPT. XRD analysis, HR-TEM imaging 
and calorimetry experiments confirmed the exceptional stability of the 
alloy against severe shear deformation. Shift in the positions of the main 
XRD halo indicates decrease in the center and increase toward the 
perimeter in the excess free volume in correlation with increasing plastic 
deformation in the HPT-disk. 

Micro-compression tests with AE signal detection were performed 
along a radius of the deformed HPT-disk. Temporal behavior of the AE 
signal was investigated using a binning process to assess temporal delay 
between the consecutive events. Based on this evaluation, it is evident 
that events follow a random behavior for small deformation at the center 
of the HPT-disk. However, formation of AE event bursts is apparent in 
correlation with larger deformation and larger free volume content. This 
further emphasizes the effect of rejuvenation on the collective plastic 
behavior in BMGs. 
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