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a b s t r a c t

Severe plastic deformation induced by high-pressure torsion (HPT) causes significant changes in the
microstructure and thermo-mechanical properties of Zr55Cu30Al10Ni5 bulk metallic glass. Although HPT
does not directly lead to clear crystallization of the amorphous alloy, transmission electron microscopy
reveals changes in the medium-range order. This is accompanied with an increase in the alloy microstrains
and a slight decrease in the crystallization enthalpy. These effects are due to the combined action of the
eywords:
etallic glasses
igh pressure
icrostructure
echanical properties

large shear strains and the temperature rise that occurs during HPT. Indeed, the time evolution and spa-
tial distribution of temperature during HPT, calculated using a heat-conduction equation, evidence that
values of temperature close to the glass transition, Tg, are achieved throughout the HPT disk. However,
contrary to conventional sub-Tg thermal annealing, which induces mechanical hardening and embrit-
tlement of the glass, HPT increases the net amount of excess free volume in the amorphous structure,

often
alorimetry
-ray diffraction

leading to a mechanical s

. Introduction

Severe plastic deformation (SPD) techniques are convention-
lly used to refine the microstructure of crystalline materials to
chieve a significant increase of hardness, in accordance with the
ell-known Hall–Petch relationship [1]. One of the SPD techniques
ost frequently used for producing bulk nanocrystalline samples

s high-pressure torsion (HPT). The HPT method allows obtaining
orosity and impurity-free specimens. For example, HPT process-

ng of pure Ni was reported to result in an increase of hardness
rom 1.4 to 3 GPa while the grain size was reduced from 100 �m
o 170 nm [2]. The use of HPT in the processing of metallic glasses
s still rather limited. So far, it has been successfully applied as a
ompacting method for amorphous ribbons, in order to obtain a

omogeneous bulk (nanocrystalline) material with improved prop-
rties compared to the initial ribbons [3–5]. Very recently, metallic
lass was produced by HPT directly from a crystalline ingot, thus
urpassing the size-limiting issues of rapid cooling techniques [6].

∗ Corresponding author. Tel.: +34 935811401; fax: +34 935812155.
E-mail address: jordi.sort@uab.es (J. Sort).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.195
ing effect.
© 2010 Elsevier B.V. All rights reserved.

In some cases, processing of metallic glasses by means of HPT main-
tains the amorphous structure of the alloy but introduces a large
structural anisotropy [7].

The effects of plastic deformation (induced by rolling, bend-
ing, nanoindentation or compression) on the microstructure and
properties of bulk metallic glasses are, in fact, under discussion
[8]. It is generally accepted that plastic flow leads to dilatation
(i.e., creation of free volume), an effect which has been charac-
terized by different experimental techniques such as calorimetry,
density measurements, synchrotron radiation or positron anni-
hilation [9–12]. Dilatation causes mechanical softening leading,
for example, to an indentation size effect [13,14]. Besides dilata-
tion, nanovoids are often observed inside shear bands as a result
of coalescence of excess free volume [15,16]. Depending on the
glass composition and the applied shear strains, deformation at
room temperature can induce a variety of additional microstruc-
tural changes, such as nanocrystallization [17–21] phase separation

within the amorphous structure [22] or other types of phase transi-
tions [23]. Similar changes have been reported upon deformation at
high temperatures [24,25] and even at cryogenic temperatures [26].
In certain cases, these “in situ” microstructural changes are thought
to be responsible for the observed improved mechanical behavior

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jordi.sort@uab.es
dx.doi.org/10.1016/j.jallcom.2010.03.195
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e.g., enhanced plasticity). Furthermore, deformation techniques
nd HPT in particular introduce an inhomogeneous stress state.
hese residual stresses have their influence as well on the mechan-
cal response of metallic glasses [27].

The observed deformation-induced nanocrystallization of
etallic glasses has been a topic of investigation during the last

ears. Several factors, such as temperature rise due to localized
eating at shear bands, enhanced diffusion induced by the larger
mounts of defects (dilatation) or growth of pre-existing nanocrys-
alline nuclei during deformation, can explain this effect. It should
e noted that in addition to the temperature raise [28,29], the shear
train rate also plays an important role on deformation-induced
tructural changes [30]. Actually, the strain state itself (compres-
ion versus tension) appears to be important as well, whereas the
emperature rise is expected to be independent of this strain state
31]. Lee et al. ascribed nanocrystallization during uniaxial com-
ression to a decrease in the energy barrier due to the applied
tresses. These stress states not only reduce the energy barrier for
verall crystallization but can also lower the energy barrier for dif-
usion. Therefore, compression can enhance the nucleation rate,
hus promoting nanocrystallization [20]. Another possibility is that
hearing affects not only the kinetics but also the thermodynam-
cs of glass-forming alloys. Short-range chemical and topological
rdering might be altered by the non-equilibrium conditions asso-
iated with strong shear flow. Since a large portion of the activation
arrier for homogeneous nucleation in glass-forming liquids comes
rom the need to establish compositional fluctuations, chemical
rdering may significantly lower the activation barrier for crystal-
ization [8].

In this work, we investigate the changes in microstructure, ther-
al properties and mechanical behavior of Zr55Cu30Al10Ni5 bulk
etallic glass after being processed by HPT. This technique offers

he possibility to apply a large amount of deformation, without
ailure, even in brittle materials like metallic glasses. Although no
rystallization occurs in this alloy for the HPT conditions of our
xperiment, changes in the amount of free volume and medium-
ange order are evidenced by differential scanning calorimetry and
igh-resolution transmission electron microscopy, respectively.
hese microstructural changes result in a softening of the metallic
lass, in contrast to the mechanical hardening typically observed
fter HPT of crystalline materials.

. Materials and methods

Metallic rods with nominal composition Zr55Cu30Al10Ni5 (at.%) were prepared
y injection casting the arc-melted ingots, obtained from high-purity (>99.9%) ele-
ents, into a Cu-mould. The rods were cut into pieces and subsequently subjected

o N = 2 whole-turn torsion under an applied pressure of 6 GPa, using a modified
ridgemann anvil type device. Porosity-free disks with a diameter of R = 10 mm and
= 300 �m in thickness were obtained. Heat treatments of the initial as-cast rods
ere also performed under vacuum with Ti as oxygen-getter in a tubular furnace,

ntroducing the samples into a preheated furnace at 623 K (just below the glass
ransition) and 723 K (below the crystallization temperature). Once the samples
eached the desired temperature, they were immediately cooled down, in air, to
oom temperature.

The amorphous nature of all samples was verified by X-ray diffraction (XRD),
sing a Philips X’Pert diffractometer with monochromatic Cu K� radiation. For
hermal analysis, a Perkin-Elmer differential scanning calorimeter (DSC-7 model),
perating at a heating rate of 0.667 K/s, was employed. Microstructural charac-
erization of as-cast, HPT disk and heat-treated samples was performed using a
00 kV Hitachi 600AB transmission electron microscope (TEM). Samples for TEM
bservations were mechanically thinned to 30 �m and then further thinned by elec-
ropolishing them using a solution of 30% HNO3 in methanol at a temperature of
53 K. Due caution was taken to maintain the same conditions for the preparation
f each sample. Afterwards, ion beam thinning at 2 keV and an incident angle of 4◦
as applied for a short time. To observe medium-range order within the amorphous
tructure, a high-resolution transmission electron microscope with a corrector for
pherical aberration (Cs-corrected F20-SACTEM Tecnai HRTEM, operating at 200 kV)
as employed. Nanoindentation experiments were carried out with an MTS nanoin-
enter XP, at room temperature, in load control mode using a Berkovich indenter tip.
rior to nanoindentation, the samples were carefully polished to mirror-like appear-
and Compounds 500 (2010) 61–67

ance using diamond paste. The indentation function consisted of a loading segment
of 40 s, followed by a load holding segment of 30 s and an unloading segment of
10 s. The hardness and Young’s modulus were calculated using the method of Oliver
and Pharr [32], from indentation curves acquired to a maximum load was 250 mN.
Proper calibration for the contact area was performed on fused silica specimens. The
thermal drift was always kept below ±0.03 nm s−1. Lower loads were used to study
serrated plastic flow (or pop-in events) during deformation of the metallic glass.

3. Theory and calculation

The thermo-mechanical behavior of the HPT disks can be
explained in terms of a three-dimensional thermoplastic model
based on heat conduction [33]. In brief, the disk-shape sample with
a radius of R and thickness L is placed between two cylindrical
stainless steel anvils. The temperature evolution in the disk can
be derived from the heat-conduction equation:

c(r) · �(r)
∂T(r, t)

∂t
− �(k(r) · T(r, t)) = S(r, t) (1)

where c(r), �(r) and k(r) are the heat capacity, the density and
the heat conductivity, respectively. S(r, t), the plastic deformation-
induced heat release, can be calculated as

ˇ · � · d�

dt
, if T < Tg

ˇ · �
(

d�

dt

)2

, if T > Tg

(2)

where ˇ, �, � and � are, respectively, the fraction of plastic work
converted to thermoplastic heating, the yield stress, the shear strain
and the viscosity that can be obtained from the Vogel–Fulcher equa-
tion [34]. The accumulated shear strain during the HPT process at
a radial distance r can be represented by

�(r, t) = 2� · N · r

L
= 2� · r

L · trev
· t (3)

where N and trev are number of rotations and the revolution time
(60 s in our case) of the rotating anvils, respectively [35]. Note that
the shear strain increases with the radius in a simple linear way
at a fixed time and also linearly increases with time at a fixed r.
Hence, larger shear strain develops at the edge of the disk during
the HPT process. Solving the above equations with proper values
of k, c and � for the bulk metallic glass [28] and the stainless steel
anvils, allows obtaining the evolution of temperature with time, as
a function of the disk radius, during the HPT process (see Fig. 1). The
figure indicates that the dependence of temperature as a function
of time is similar for all r values, just become a bit lower at the
edges of the disk due to the thin air layer that surrounds the HPT
disk. Actually, after two whole revolutions (120 s) temperature is
between 650 and 700 K throughout the compressed disk, thus close
to the glass transition (which is 702 K, as will be described in Section
4.1).

4. Results and discussion

4.1. Thermal characterization

Thermal analysis by means of DSC (Fig. 2) shows that SPD
preserves the general amorphous character of the initial, unde-
formed, rod. Both specimens (as-quenched and HPT disks) exhibit
an exothermic event, corresponding to thermally induced struc-
tural relaxation, and a clear glass transition at Tg = 702 ± 1 K [see
inset (a) for details]. Structural relaxation is followed by a crystal-
lization peak. The onset of crystallization occurs at Tx = 777 ± 3 K

for both the center and edge of the HPT disk and at Tx = 780 ± 3 K
for the as-quenched rod. A slight decrease (≤4%) in crystallization
enthalpy, �Hx, is observed in the HPT disk (�Hx = 49 ± 1 J/g) as
compared to the as-cast sample. Although the difference in crystal-
lization enthalpy between as-quenched and deformed specimens
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Fig. 1. (a) Temperature profiles, along the disk radius, during the HPT process,
obtained from the heat-conduction equation (Eq. (1)); (b) dependence of tempera-
ture as a function of processing time during high-pressure torsion (HPT), at different
d
i
c

s
p
o
T
t

F
Z
p
t

istances from the rotation axis. These temperature profiles were calculated tak-
ng into account heat dissipation through the HPT steel anvils. Note that t = 120 s
orresponds to two whole HPT turns (N = 2).

eems negligible, a clear change in the shape of the crystallization

eak is observed after HPT [see inset (b)], similar to the broadening
bserved in the crystallization peak after heating to 623 K, i.e. sub-
g annealing (see Fig. 3). This is probably due, at least in part, to the
emperature raise that accompanies the HPT processing (Fig. 1).

ig. 2. Differential scanning calorimetry (DSC) curves of the as-quenched
r55Cu30Al10Ni5 rod and the central and edge portions of a disk processed by high-
ressure torsion. Inset (a) is an enlargement of the endothermic halos corresponding
o the glass transition regions, while inset (b) is a zoom of the crystallization peaks.
Fig. 3. Differential scanning calorimetry (DSC) curves of the as-quenched
Zr55Cu30Al10Ni5 rod before and after annealing to 623 and 723 K. The inset shows
an enlargement of the crystallization peaks.

Plastic flow induced by HPT is typically inhomogeneous along
the disk radius, with a larger amount of deformation occurring
at the edge than in the center of the disk, especially for a low
number of revolutions [2]. Deformation at sufficiently low tem-
peratures (below Tg) increases the net amount of free volume,
tending to increase the exothermic halo preceding glass transi-
tion. As shown in Fig. 2, the relaxation exotherm is indeed more
pronounced in the HPT disk (both for the center and the edge of
the disk) as compared to the as-cast, undeformed state. However,
although free volume increases significantly at the onset of defor-
mation, at a certain moment the amount of excess free volume
saturates (when an equilibrium between creation and annihilation
is reached) [22] or can even decrease, due to the formation of more
stable nanovoids [11,36]. This could explain why in fact the cen-
ter of the HPT disk, with a lower amount of deformation, shows a
more pronounced relaxation exotherm. Contrary to the HPT disks,
a clear decrease in the relaxation halo is observed in the annealed
samples in comparison with the as-quenched rod (Fig. 3). It has
been demonstrated that the relaxation enthalpy is actually pro-
portional to the amount of excess free volume frozen within the
amorphous structure of the glass [10]. Upon heating, free volume
tends to progressively annihilate, leading to a topologically relaxed
structure and the concomitant observed smoothing of the relax-
ation DSC exotherm. Hence, the interesting point is that, on the
one hand, SPD seems to introduce analogous changes in the glassy
structure of the rod as low-temperature annealing (resulting in an
similar shape of the crystallization peak) while, on the other hand,
circumventing the competing adverse effect of thermally induced
topological relaxation, which typically leads to embrittlement and
premature fracture.

4.2. Microstructural characterization

4.2.1. X-ray diffraction
Investigation by conventional XRD shows the ‘Bragg amorphous’

nature of the as-quenched, annealed and HPT (whole disk) samples:
two broad diffuse halos are observed, without any sharp diffrac-
tion peaks typical for the presence of crystalline phases (Fig. 4).
The main halos were fit to a pseudo-Voight function. The coherent
diffraction domain sizes and microstrains were calculated from the

integral peak width of the Lorentzian and Gaussian contributions,
respectively. The results, shown in Table 1, indicate that the size of
the coherent diffraction domain comes mainly from the medium-
range order present in metallic glasses (order scale of 1 nm). In turn,
the microstrains accumulated inside the material increase slightly
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Fig. 4. X-ray diffraction patterns of the Zr55Cu30Al10Ni5 alloy acquired in the as-
quenched state and after severe plastic deformation induced by high-pressure
torsion (HPT). Shown in the inset are the X-ray diffraction patterns of the same
alloy, recorded at room temperature, before and after annealing at 623 and 723 K.

Table 1
Structural parameters (coherent diffraction domain, ı, and root-mean-square
microstrains, 〈ε2〉1/2), obtained by fitting the XRD patterns of the as-quenched rod,
HPT disk and undeformed samples annealed at 623 and 723 K, using a pseudo-Voigt
function. Note that 
 G and 
 L represent, respectively, the integral width from the
Gaussian and Lorentzian contributions of the pseudo-Voigt function.


 L ı (nm) 
 G 〈ε2〉1/2

a
t

4

l
p
i
g
a
f

t
s
(

F
a

As-quenched 6.1 1.65 5.4 0.024
HPT disk 6.1 1.65 6.1 0.028
Annealed 623 K 6.1 1.65 5.3 0.024
Annealed 723 K 6.0 1.67 4.9 0.022

fter deformation, as expected, whereas thermal annealing leads
o structural relaxation, i.e., a decrease of microstrains.

.2.2. Transmission electron microscopy
As it has been shown in Section 3, HPT introduces not only a

arge shear strain in the material but also causes a significant tem-
erature increase. In order to shed light into the structural changes

nduced by severe plastic deformation on the Zr55Cu30Al10Ni5
lassy structure, comparative TEM observations were performed
fter HPT deformation and after thermal annealing of an unde-

ormed specimen at 623 and 723 K.

Observation by TEM reveals a clear difference in the microstruc-
ures of the as-cast and annealed samples (Fig. 5). While the as-cast
ample shows a homogeneous, featureless microstructure [(panel
a)], the microstructure of the annealed samples [panels (b) and

ig. 5. Microstructural features of the Zr55Cu30Al10Ni5 alloy, observed by transmission ele
nnealing) and (c) sample annealed to 723 K (sub-Tx annealing). Shown as insets are the c
and Compounds 500 (2010) 61–67

(c)] consists of a bright matrix with darker regions, with sizes in
the order of 5–10 nm. The selected area electron diffraction (SAED)
patterns, shown in the respective insets, indicate the conservation
of an overall amorphous structure, although the outer rings become
each time a bit sharper upon annealing, pointing towards increased
ordering, at least at local length scales. More detailed analysis using
high angle annular dark field in combination with high-resolution
scanning transmission electron microscopy (not shown) revealed
that annealing at these temperatures brings about compositional
fluctuations, i.e. some regions become richer in Cu than the sur-
rounding matrix [37].

Similar to the annealed Zr55Cu30Al10Ni5 glass, the TEM images
obtained after HPT processing do not immediately show any sign
of clear deformation-induced crystallization. This is in agreement
with the results from DSC, where the crystallization peaks of
both heat-treated and deformed specimens are very similar (cf.
Figs. 2 and 3). At a first glance, the overall images after SPD,
shown in Fig. 6, appear homogeneous and amorphous. Looking
into further detail shows the presence of some variations within
the microstructure. Indeed, there seem to be elongated zones with
different “orientation”, repetitively found throughout the whole
sample (delimited with discontinuous white lines in the figure).
This effect could be caused by thickness variations, but note that
they are on the order of 15–20 nm which is unlikely to be caused
by sample preparation. Most likely structural variations are caused
by the large HPT shear strains and might be related to formation of
shear band upon deformation (note that typical shear band thick-
ness is on the order of 20–30 nm [38], thus similar to the regions
indicated in Fig. 6). It is worth mentioning that shear bands are
likely to form during the first stages of HPT processing, when the
temperature rise associated with the shear strain is still rather low.
Nevertheless, as temperature during HPT increases, plastic flow will
tend to become more homogeneous, in agreement with the defor-
mation map developed by Schuh et al., which predicts a transition
from heterogeneous plastic flow (with shear band formation and
propagation) to homogeneous deformation (without shear bands)
for T > 0.8Tg [8]. Note that indeed the temperature rise during HPT
after two whole revolutions is already quite close to Tg (see Fig. 1).

In a second step, the HPT sample was investigated in a high-
resolution TEM, equipped with a spherical aberration corrector.
This increases resolution significantly [39], and is even capable
of revealing medium-range order of metallic glasses [40]. Analy-
sis of the deformed sample reveals presence of two main types of

clusters/nanocrystals: both are face-centered cubic (fcc), but with
different lattice parameters (Fig. 7). The first type has a lattice
parameter of 3.6 Å and most likely corresponds to Cu-rich clus-
ters. This might indicate that the observed changes are similar to
the structures induced by low-temperature annealing. The second

ctron microscopy, in (a) the as-quenched state, (b) sample annealed to 623 K (sub-Tg

orresponding selected area electron diffraction patterns.
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ig. 6. Transmission electron microscopy images of the Zr55Cu30Al10Ni5 alloy proce
here variations in the amorphous structure can be observed. Panel (c) is the Fouri

ype of cluster has a lattice parameter of 5–5.2 Å. This could be ZrO2
Fm3m with cell parameter 5.07 Å) but no increase in the oxygen

ignal was detected by electron energy loss spectroscopy (EELS)
s compared to the matrix (within the sensibility of this technique,
hich is around 1%). Another possibility could be that these clusters

re the building blocks of the medium-range order of the amor-
hous material in general [41]. Note that 2.9 Å is on one hand the

ig. 7. Analysis of the clusters/nanocrystals in the sample deformed by high-
ressure torsion by high-resolution transmission electron microscopy with a Cs

orrector. Two main clusters have been analyzed: (a) Cu-like clusters and (b) an

cc-type cluster with lattice parameter around 5–5.2 ´̊A.
y high-pressure torsion [panels (a) and (b)]. The dashed white lines indicate regions
sform of image (a).

closest packed direction in these fcc-clusters and is also the distance
where the main halo appears in the electron diffraction pattern of
the amorphous material. It should be noted that the latter type of
clusters was also occasionally detected by the same technique in
the undeformed material (not shown).

It should be noted that in spite of the lack of long-range order,
metallic glasses do, however, exhibit a short-range order. This
short-range order is the consequence of the attractive interactions
between the atoms forming the MG. These interactions lead to the
formation of clusters, where solute atoms are surrounded by atoms
of a more numerous species. The way these atomic clusters inter-
connect to fill the 3D space leads to the concept of medium-range
order. Recent models have suggested that the medium-range order
is the result of fcc, icosahedral five-fold and even more complex
arrangements of neighboring atomic clusters [42–44]. Cs-corrected
transmission electron microscopy allows observing medium-range
order in metallic glasses [40] and our results suggest that in this par-
ticular alloy the medium-range order may follow the fcc symmetry.

4.3. Mechanical characterization using nanoindentation

Crystalline materials deformed/processed by HPT can show
quite inhomogeneous microstructures and a gradient in mechan-
ical properties as a function of the position along the disk radius,
with the finest microstructure and the highest hardness observed at
the edge. The effect of a possible inhomogeneous stress distribution
along the radius of the investigated glassy rod has been investigated
by nanoindentation. The results have been compared with those
obtained on as-quenched and heat-treated glassy specimens.

When contrasting the indentation curves of as-quenched and
HPT samples, the main difference is that the deformed sample
shows reduced shear band activity. Indeed, a decrease in the
pop-in events or serrations is observed in the load-displacement
curve after deformation, particularly for low applied loads (Fig. 8).
Note that this effect can only be investigated through indenta-
tion experiments at sufficiently low loads, when the problem of
lack of resolution is circumvented. Our results are in agreement
with those reported by Jiang and Atzmon [16] and Tang [45], who
also observed a reduced amount of shear banding/pileup and/or a

reduced amount of serrations in the load-displacement indentation
curves of previously deformed specimens. These observations can
be explained by considering the interplay between nucleation of
new shear bands and propagation of pre-existing ones. While clear
serrations in the loading curves of undeformed sample indicate that
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F Ni5 sample and a disk processed by high-pressure torsion. The curves in (a) were obtained
u igher resolution, obtained with a maximum load of 5 mN. Note that serrations (or pop-ins
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ig. 8. Load–displacement nanoindentation curves of the undeformed Zr55Cu30Al10

sing a maximum load of 250 mN, whereas (b) shows nanoindentation curves with h
vents) can be clearly seen in (b), particularly for the undeformed sample.

uring nanoindentation the main deformation mechanism is the
ucleation and propagation of new shear bands, in the deformed
ample the predominant deformation mechanism during nanoin-
entation is likely to be the propagation of pre-existing shear bands,
eveloped during the prior high-pressure torsion processing.

Fig. 8 also shows that the maximum penetration depth achieved
t the end of the loading segments of the indentation curves is
arger for the HPT disk than for the as-quenched rod. This suggests
he occurrence of a mechanical softening during SPD, in spite of
he deformation-induced heating of the sample, which would a
riori favor an increase of hardness. The values of hardness, cal-
ulated from indentation curves with a maximum applied load of
50 mN, are plotted in Fig. 9 as a function of the position along
he radius of the HPT disk. A moderate softening indeed occurs
pon deformation, as compared to the undeformed sample, which

s in accordance with the observed increase in free volume (Fig. 2).
similar decrease was observed in the reduced Young’s modulus

Fig. 10), which could be also due to an increase in free volume
nd the concomitant increase in interatomic spacing. However, the
ltered medium-range order, with formation of Cu-clusters (Fig. 7),
ight be a second effect contributing to the observed hardness
nd modulus decrease. It is worth mentioning that the hardness
alues of the samples heat-treated to 623 and 723 K are 6.9 and
.6 GPa, respectively, thus larger than for the as-quenched rod
and HPT specimens). This is probably due to the structural relax-
tion (and consequent decrease of free volume) that occurs during

ig. 9. Dependence of hardness on the position along the HPT disk radius, measured
long the cross-section of the disk. Indicated with a dashed line is the hardness value
f the undeformed sample.
Fig. 10. Dependence of the reduced Young’s modulus on the position along the HPT
disk radius, measured along the cross-section of the disk. Indicated with a dashed
line is the Young’s modulus value of the undeformed sample.

thermal annealing, as evidenced by DSC (Fig. 3). Our hardness mea-
surements indicate that although local heating accompanying HPT
would tend to increase the hardness (as a result of free volume anni-
hilation), the shear strains during SPD are so high that the newly
created free volume during deformation overcomes the thermally
annihilated one, thus causing an overall softening effect. Finally, no
large differences are seen between edge and center of each sam-
ple, except for a slight increase in hardness towards the edge of
the HPT disk. This is interesting since it indicates that deformation
in the whole disk is more or less homogeneous, contrary to what
it usually occurs in crystalline metals, hence reinforcing the possi-
ble use of HPT as a method to produce bulky uniform amorphous
samples.

5. Conclusions

Severe plastic deformation of Zr55Cu30Al10Ni5 bulk metallic
glass induces an increase in the amount of free volume (i.e., dilata-
tion) and formation of nanoclusters with modified medium-range
order. Conversely, thermal annealing (without deformation) of the
as-quenched Zr55Cu30Al10Ni5 rods induces a reduction of free vol-
ume (i.e., densification) and fluctuations in the chemical ordering,

both of which occur simultaneously. Hence, although HPT pro-
duces a local temperature rise in the material being deformed
(bringing it close to the glass transition), the microstructural mod-
ifications observed after heavy deformation are mainly ascribed
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[43] H.W. Sheng, W.K. Luo, F.M. Alamgir, J.M. Bai, E. Ma, Nature 439 (2006)
N. Van Steenberge et al. / Journal of

o the large shear strains, which overcome thermal effects. The
bserved mechanical softening after HPT is, on the other hand,
ather moderate and it occurs quite homogeneously throughout the
rocessed disk, indicating that deformation is certainly a treatment
ith promising potential to manufacture bulky glassy specimens
ith enhanced atomic mobility and uniform properties.
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