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Bulk metallic glasses having a disordered amorphous structure have been in the focus of recent intensive materials research due to their
special mechanical properties, however, these materials exhibit brittleness in conventional unconstrained deformation modes. High-pressure
torsion as a special severe plastic deformation method, which applies constraints on the material, can induce significant plasticity in metallic
glasses. Apart, the deformation can promote structural changes in the glass, such as anisotropy and nanocrystallization. The inhomogeneity
generated by torsional shear deformation in bulk metallic glasses can be detected in internal surfaces. The final structure and morphology of the
deformed material depend on the processing parameters (deformation rate, shear strain, temperature and pressure) of the high-pressure torsion
apparatus. [doi:10.2320/matertrans.MF201917]
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1. Introduction

Bulk metallic glasses (BMGs) lacking long range atomic
order and extended structural faults such as dislocations and
grain boundaries,14) have been achieving increasing attention
in the last couple of decades due to their outstanding
mechanical properties,57) however, their applications are
strongly limited because of expensive components, require-
ment of careful preparation conditions and low ductility.1,8)

Plastic deformation of BMGs can occur in two different
ways. At low temperature, usually below the glass transition
temperature (Tg) inhomogeneous deformation takes place at
high stresses with the nucleation and propagation of sharp
shear bands before brittle fracture.811) These shear bands are
very thin (³10 nm) and characterized by remarkably
enhanced atomic mobility and occasionally local temperature
rise.12,13) Spatial inhomogeneity often affects the mechanical
properties of these materials.14,15) As the applied temperature
approaches Tg, the localized deformation shows a transition
to homogenous mode throughout the entire volume of the
specimen.2,3) The deformation behavior strongly depends
on the applied strain rate: at lower strain rates the flow is
Newtonian, whilst at high rates BMGs obey a non-
Newtonian behavior.16) In this regime the viscosity of the
glass drops by several order of magnitude.17,18) The
mechanical properties, especially the ductility of BMGs can
be improved by dispersing the macroscopic deformation
among large number of competitive shear bands either by
introducing structural or compositional inhomogeneity into
the microstructure19,20) or by surface constrains tech-
niques,21,22) e.g. by high pressure torsion (HPT).2328)

Among the large variety of the different severe plastic
deformation (SPD) techniques, HPT has been devoted a
focused attention in the last decades due to the very high
applied shear strain in a practically large sample volume.29)

Probably known only by few, the HPT technique was
invented in 1935 by Bridgman, as was highlighted its
historical importance by Edalati and Horita.30) During the
HPT deformation process, a disk-shape specimen is placed
between two stainless steel anvils and subjected to
simultaneous compressive force and concurrent torsional
straining for several rotations (N) under an applied hydro-

static pressure of several GPa.31,32) The accumulated shear
strain for torsion deformation can be represented by

£ ¼
2³Nr

L
; ð1Þ

where r an L are the distance from the rotation axis and the
thickness of the disk, respectively.29,31) Eventually, the
technique was originally applied to prepare porosity-free
bulk ultrafine-grained materials,3133) recently it has become a
powerful technique to produce low-porosity metallic glass
compacts from amorphous ribbon pieces24,34) and reach large
plastic strains in bulk glassy alloys.35) Since HPT operates in
constrained geometry without free surfaces, see the schematic
illustration in Fig. 1,36) room temperature plastic deformation
can only be estimated on average from sample dimensions
and the relative rotation of the anvils.37)

In this overview paper we demonstrate that severe shear
deformation in a HPT experiment can promote (partial)
amorphization in high glass forming systems (Section 2) and
deformation induced crystallization in monolithic metallic
glasses (Section 3). In Section 4 several models estimating
the temperature conditions in an amorphous HPT-disk are
presented and correlated with the observed microstructure. In
some cases HPT is applied to BMGs at different external
temperatures, the role of the processing parameters is

Fig. 1 Schematic illustration of the HPT device with the compression (I)
and compression+torsion (II) stages.36)
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discussed in Section 5. Plastic deformation during HPT
induces structural anisotropy in BMGs, as it is highlighted in
Section 6. The inhomogeneity generated by torsional shear
deformation in BMGs can be detected in an internal surfaces
of a HPT-disk and in free surfaces of cylindrical specimen
(Section 7). In the last part of the manuscript (Section 8),
outstanding properties, such as induced tensile plasticity and
enhanced hydrogen storage performance of the severely
deformed BMGs will be summarized.

2. Amorphization by HPT

Besides rapid quenching of the melt to solidify the liquid
structure38,39) amorphous and partially amorphous systems
can be produced via crystalline-to-amorphous transformation
of the solid state by SPD. It was shown by high-resolution
transmission electron microscopy (TEM) studies that this
phase transformation initiates from grain boundaries of the
(nano)crystals and the dislocation cores located in the grain
interiors.40) Due to variation of the applied strain, the
microstructure of a ternary Cu60Zr20Ti20 alloy exhibits a
strong radial dependence.41) In the vicinity of the torsion axis
large blocks of about 50 µm are embedded in a matrix, while
at larger distances the blocks break up and transform into
partially amorphized lamellae. The hardness of the disks
shows a remarkable maximum (5GPa) at around half radius,
which then decreases at the perimeter of the disk, in
accordance with the refining microstructure.42) The extreme
shear deformation generated during the HPT process can
promote the formation of some amorphous content in an only
two component Cu64.5Zr35.5 crystalline alloy having an
exceptional glass forming ability, as was confirmed by
calorimetric and local X-ray diffraction (XRD) measure-
ments.43) During the crystalline-to-amorphous transformation
process, no intermetallic phase formation was detected in
the CuZr system which enables the production of the
amorphous phase in a wide composition range.44) It was
found that HPT can induce a significant amount of
amorphous volume fraction in the bulk glass forming Zr
CuAl system, i.e. a fully amorphous structure can be
obtained from crystalline master alloys after N = 50
revolutions.45) The volume fraction of the amorphous
structure strongly depends on the HPT processing temper-
ature, i.e. an increase of the external temperature significantly
promotes the amorphization.46) Tg of the alloys produced
by the solid state reaction process is very similar to that of
the as-quenched counterparts.45) In some particular cases the
accumulation of deformation yields not only the crystalline-
to-amorphous transformation, nonetheless a cyclic crystal-
line ¼ amorphous ¼ crystalline sequence can take place, as
was demonstrated for the TiNiCu system.47) In a systematic
review of Glezer et al. the phenomenon of deformation
induced phase transformation from crystalline compounds to
single phase amorphous state and vice versa have been
analyzed in the frame of non-equilibrium thermodynamics.48)

Starting from ZrCzAlNiTi amorphous metallic glass
powders and crystalline Cu, it was shown that the refinement
of the microstructure can be tuned by varying the applied
shear strain during the HPT procedure. Namely, rotations up
to N = 500 provide sufficient deformation to obtain a single

phase massive bulk amorphous piece with enhanced me-
chanical behavior.49) In some cases the crystalline component
can be replaced by a second glassy powder, as was recently
reported by Pippan and coworkers.50) In their work, gas-
atomized Zr-based and Ni-based glassy powders were mixed
together and subjected to HPT. At the highest applied strain
a transition to a single phase state can be obtained, which
illustrates the potential to produce novel BMGs by
deformation induced mixing.50)

3. Deformation Induced Crystallization in Amorphous

Alloys by HPT

Typically, metallic glasses can be produced in a wide
composition range by fast cooling in good glass former alloy
families. On contrary, BMGs require orders of magnitude
lower cooling rate to avoid crystallization and therefore they
can be cast only at specific compositions.51) To extend the
available compositions for BMG production, low temperature
severe shear deformation compaction methods, such as HPT,
were successfully applied for rapidly quenched AlRE
TM,52) CuZr53) and MgCuRE54) alloys. These systems
crystallize easily via various devitrification routes on different
external impacts. In the following, we will discuss these
devitrification routes in detail for different AlRETM alloys.

3.1 Severe plastic deformation of Al-based metallic

glasses

Due to their low density, Al-based alloys are widely used
in structural applications, however, their yield strength cannot
be increased over 500600MPa in crystalline structures.51,55)

In the late 1980s, rapidly quenched Al-based alloys with
non-periodic atomic structure have been discovered possess-
ing a yield strength close to 1GPa.5658) Since these metallic
glass alloys can only be produced in ribbon form due to
the required high cooling rate to avoid crystallization, HPT
was applied to obtain pore free bulk pieces from 20100
micrometer thin ribbon flakes59) (see Fig. 2). As a side effect
of SPD, Al-based metallic glasses exhibit partial devitri-
fication into metastable states which also consist of

Fig. 2 Optical micrographs of the Al85Ce8Ni5Co2 metallic glass material
at different stages of the compaction process. (a) Plane view of flake
particles and the cross-sectional view of (b) pre-compacted, (c) HPT
N = 1 and (d) HPT N = 5 disks. The scale bar corresponds to all of the
images.59)
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crystalline phases different from the equilibrium phase
mixture of the corresponding alloy. While, thermal treatment
of the as-quenched Al85Ce8Ni5Co2 ribbon results in the joint
formation of several crystalline phases, plastic deformation at
room temperature induces only primary precipitation of fcc-
Al nanocrystals52,60) (see Figs. 3 and 4). Nevertheless, minor
decrease in the rate of the deformation procedure leads to
change in the devitrification product and results in a mixture
of sparsely distributed Al11Ce3 crystalline blocks and Al
nanocrystals.61) On the other hand, both thermal treatment
and HPT deformation results in the nucleation of the primary
fcc-Al phase in fully amorphous Al85Y8Ni5Co2 alloy.62) In
HPT, no detectable crystalline product was observed up to
high shear strain (Fig. 5), however, subsequent thermal
investigations reflects significant structural changes, i.e.
different thermal stability and different degree of ordering
in the residual matrix, even at lower strain.62)

In amorphous Al85Gd8Ni5Co2 alloy, which exhibits
primary crystallization of the fcc Al phase above 560K and

a mixture of fcc-Al and a metastable phases below 560K,
SPD by high-pressure torsion results in partial devitrification
into a dual microstructure containing nanocrystals (³5 nm)
and blocks (³50mm) of the crystalline mixture. The largest
blocks initiate in the early stage of the HPT when the
deformation is inherently inhomogeneous and the average
temperature is well below Tg. On the other hand, the smallest
crystals grow homogeneously, which is reminiscent to the
microstructure obtained by heat treatments in the supercooled
liquid state.63)

Detailed thermal and structural study on isothermal heat
treatment, high pressure torsion and ball milling revealed
several different devitrification routes for amorphous
Al85Ce8Ni5Co2 alloy depending on the process and the
processing parameters.64,65) Devitrification routes of the HPT
process shows similarities to that of low temperature heat
treatments near the glass transition temperature, possessing
limited mobility for crystal nucleation.65) In nucleation
theory, the pressure (p) modified nucleation activation energy
barrier can be expressed as

�GðT ; pÞ ¼
16³·

3

3

V c
m

�Gm þ p�V

� �2

; ð2Þ

where the ¦Gm and · are molar free energy difference and
the interfacial free energy between the amorphous and
crystalline phases, respectively. As an effect of the applied
pressure in HPT, the ¦G nucleation barrier of dense
crystalline phases can decrease significantly due to the ¦V
difference in molar volume (V c

m) of the nucleating phases.

4. Temperature Rise in BMGs during HPT

Until now very little information is available on the
temperature rise that occurs in the amorphous glassy alloys
during the HPT straining procedure. In order to estimate
the temperature generated by extensive shear deformation of
bulk metallic glasses, a macroscopic quasi three-dimensional
thermoplastic model based on heat conduction has been
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Fig. 3 XRD patterns of the as-quenched (a) and plastically deformed
(b) Al85Ce8Ni5Co2 alloy. The linear heating of the as-quenched ribbon up
to 592K results in the formation of several crystalline phases (c). The
symbols , , + and ? denote the Bragg-peaks of ¡-Al, orthorhombic
Al3Ni, orthorhombic Al11Ce3 and unknown phase(s), respectively.52)

550 600 650

T
3

T
3

T
2

T
2

T
2

T
1

T
1

Sector C

Sector B

Sector A

ribbon

H
e
a
t 
fl
o
w

 (
a
.u

.)

Temperature (K)

exo T
1

T
2

T
3

T
g

Fig. 4 DSC curves of the as-quenched Al85Ce8Ni5Co2 ribbon and different
sectors of the HPT disk obtained at 40Kmin¹1 heating rate. The glass
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Fig. 5 XRD patterns of the {2 2 0} fcc-Al Bragg-peak recorded along a
diameter of the Al85Y8Ni5Co2 HPT disk as indicated schematically. The
inset shows the integrated intensity of the {2 2 0} fcc-Al Bragg-peak as a
function of the distance from the center of the disk.62)
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constructed.66) As it is confirmed by a series of calculated
temperature curves with the same revolution time (trev = 60 s)
but different disk thickness (L = 0.1mm1.0mm), the
temperature can exceed the glass transition, see Fig. 6. Here
t+ denotes the characteristic time to reach the glass transition
for different sample thicknesses. Once Tg is reached, the
slope of the temperature profiles decreases rapidly, which
corresponds to a drastic decrease of mechanical energy
input.67) It is apparent that the temperature of the thickest
sample (L = 1.0mm) does not reach Tg during reasonably
long processing time. Fairly different behavior corresponds to
longer revolution times, i.e. the rate of temperature rise is
considerably lower, in conjunction with only a moderate
increase saturated well below Tg.

Depending on the deformation and geometrical parame-
ters, the temperature can either exceed Tg at t+ followed by
a subsequent homogeneous deformation, or remain lower
corresponding to localized deformation during the entire
process, as it is summarized in a parameter map in Fig. 7.
The measured temperature increase for a CuZr(Al) metallic
glass is in good accordance with the calculated values.44)

Since important structural changes in BMGs occur at Tg, the
HPT-process can result in different microstructure. Recent

experiments on amorphous BMGs deformed by HPT are in
agreement with the results of this model. For example,
applying severe torsion with smaller angular velocity
preserves the fully amorphous nature of a Zr57Ti5Cu20Al10Ni8
BMG,68) see also Chapter 6. On the other hand, partial
crystallization occurs in a Cu60Zr30Ti10 metallic glass when
the torsion was conducted at trev = 60 s,67,69) however, due
to the radial dependent shear deformation, the disk exhibits
gradient microstructure, i.e. the interior is characterized by
large deformed crystalline blocks, while the perimeter is
abundant in homogeneously dispersed nanocrystals em-
bedded in the amorphous matrix. The observed
microstructural and morphological changes are the con-
sequences of low viscosity during the high temperature
annealings (³Tg) and the simultaneous shear deformation.
When trev = 60 s is applied to a Zr55Cu30Al10Ni5 BMG, high
resolution TEM equipped with a corrector for astigmatism
reveals the formation of two face-centered cubic clusters/
nanocrystals with different lattice parameters, see Fig. 8.70)

The first type most likely corresponds to (pure) Cu-clusters,
which might indicate that the observed structural changes
are similar to those occurred at low temperature annealing.
The second type of cluster has a lattice parameter of 5
5.2Ǻ.

Fig. 6 Temperature evolution as a function of the processing time at r = 0,
for different L values with trev = 60 s.66)

Fig. 7 Characteristic time t+ for reaching Tg as a function of the sample
thickness L for different trev revolution times. In the upper right region of
the plot t+ does not exist indicating that temperature remains below Tg.66)

Fig. 8 Analysis of the clusters/nanocrystals in a Zr55Cu30Al10Ni5 glass
deformed by high pressure torsion by high-resolution transmission
electron microscopy with a Cs corrector. Two main clusters have been
analyzed: (a) pure Cu-clusters and (b) an fcc-type cluster with lattice
parameter around 55.2Ǻ.70)

Á. Révész and Z. Kovács1286



Based on finite element modelling, Figueiredo et al.

evaluated the thermal behavior and temperature increase
during HPT-processing.71) The temperature evolution in the
HPT-disk follows similar general trends under constrained,
quasi-constrained and unconstrained geometries.72) It was
also shown by a constructed normalized master curve that the
temperature rise is proportional to the angular velocity of
the apparatus,71,73) however, the increase is less significant for
crystalline materials71,74) than for amorphous systems.66)

Because of the robust construct of HPT apparatus, in-situ
investigations are very difficult during the procedure. Torque
(M) is one of the process parameter that can be measured
easily in-situ. As seen in Fig. 9, simulated M(t) curves
corresponding to different trev revolution times approach an
Mss steady state value.75) For faster HPT experiments (trev =
1min, 2min and 5min) peak (Mpeak) on the M(t) curves
can also be observed, indicating that Tg has been reached
during these deformation strainings. For comparison, an
experimentally recorded M(t) curve obtained with trev =
5min obeys a qualitative agreement with the results of the
simulations.76) Applying longer periodic times (trev = 10min,
20min and 50min), the M(t) curves monotonously converge
to Mss beyond the yield point, indicating that the temperature
remains below Tg during the whole HPT process.

Based on the solution of the quasi three-dimensional heat
conduction model, the temperature remains below Tg for
slower rotations (trev = 120 s and trev = 180 s) during an
entire process of N = 5 whole revolutions for CuZrTi
metallic glasses, indicating that the extreme deformation
promotes the formation of narrow shear bands.77) At the same
time, the corresponding XRD pattern indicates that the alloy
is almost fully amorphous,78) however fine nanocrystal may
nucleate from the amorphous matrix in the vicinity of the
locally heated deformation zones.69) For low shear rate, the
observed morphology is independent of the deformation (i.e.
the distance from the torsion axis).78) When the Cu-based
metallic glass is deformed by higher shear rate (trev = 60 s)
the temperature reaches Tg in a relatively short time, results
in the intensive formation of hcp Cu51Zr14 and hcp Cu2ZrTi
phases even at the centre of the disk.78) Nevertheless, as the
temperature exceeds Tg, the further growth and coalescence

of these nanocrystals are strongly limited by the persistent
shear in the perimeter, resulting in a deformation dependent
microstructure and morphology.53,78) When a Cu60Zr30Ti10
metallic glass was subjected to different amount of rotational
straining at a fixed deformation rate (trev = 60 s), it was found
that the center of the N = 5 HPT disk is abundant in
elongated blocks which transforms into more robust, eutectic-
like morphology after further deformation (N = 10). It was
obtained from synchrotron X-ray diffraction that these blocks
contain (nano)crystallites.79) The remarkable different micro-
structure developed across the diameter of the disks can be
explained by the competition of local strain rate and thermal
mobility. In a comparative study of Asgharzadeh et al.,
CuZrTi metallic glass powder was compacted by HPT until
different ultimate strains and they found that the consolidated
disks exhibit high relative density at larger rotation numbers
(N = 5) without detectable devitrification.80)

5. The Role of External Processing Temperature

High-pressure torsion carried out at different external
temperatures can serve as a chance to tune the inherent
properties of bulk metallic glasses to achieve notable thermal
stability and desirable mechanical properties for specific
applications. It was shown very recently that a Vitreloy
Zr44Ti11Cu10Ni10Be25 bulk metallic preserves the the mono-
lithic amorphous nature of the alloy up to processing
temperatures reaching Tg (³620K), however, destabilization
takes place at 630K, when the nucleation of a metastable
quasicrystalline phase (QC) and Zr2Cu occurs, as seen in
Fig. 10.81) At the same time, HPT performed at 630K results
in a remarkable decrease in the thermal stability, while a
pure isothermal annealing at similar temperature seemingly
preserves the amorphicity and thermal behavior of the as-cast
glass. An amorphous-nano(quasi)crystalline composite struc-
ture has also been attained by a simple linear heating
experiment up to 690K.81) Depth sensing hardness measure-

Fig. 9 Simulated torque evolution curves, M(t), for different HPT
revolutions periods (trev = 1, 2, 5, 10, 20 and 50min) and a measured
M(t) curve for trev = 5min.75)

Fig. 10 XRD patterns of the as-cast Vitreloy Zr44Ti11Cu10Ni10Be25 bulk
metallic glass and different samples deformed by high temperature
HPT method. For comparison, the XRD pattern of the relaxed state
(iso@630K) and the thermally devitrified state which was obtained by
linear heating above the first crystallization peak to 690K, are also
depicted.81)
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ments confirms a significant hardening on the HPT-disk
obtained at 630K which can directly be correlated with the
change of the nanostructure of the glass and the appearance
of the QC phase.81) Remarkable changes in the structural
properties, mechanical and thermal behavior were obtained
by Eckert and coworkers on a Zr55Cu30Al10Ni5 bulk metallic
glass processed by HPT at temperatures close to the glass
transition.82) They found that variation of the processing
temperature results in structural changes, i.e. the reconfigura-
tion of the ZrZr and ZrCu atomic pairs. The obtained
difference in the thermal behavior at different processing
temperatures can be related to the competition between
structural relaxation and free volume generation.82) A
significant change in the local atomic environments can also
take place when HPT is applied at cryogenic temperature
(77K), i.e. an increase of Fe and B atoms on the first
coordination shell of Fe in a FeNiB metallic glass.83) This
low temperature shear deformation leads to a more non-
equilibrium amorphous state in which the short-range order
is almost completely missing. If a gas-atomized Cu-based
metallic glass is subjected to HPT at elevated temperatures,
the densification and drawability of the material increase. The
coupled rise in the crystallization enthalpy with increasing
processing temperature suggests that a net free volume
generation takes place.80) Structural characterization of melt-
spun TiNiCu amorphous ribbons compacted by HPT for
N = 10 whole rotations at 423K revealed the formation of
amorphous nanoclusters which are separated by amorphous
boundaries of different topology.84) The size of these clusters
are altered by the HPT processing temperature.85) The
obtained less homogeneous microstructure leads to a broader
crystallization event.84) The change in fracture surface from
vein-like pattern of the as-quenched alloy to a “small-dimple”
structure of the HPT-disk corresponds to a more ductile state.

6. Structural Changes in Metallic Glasses during HPT

Generally, plastic deformation induces structural aniso-
tropy in metallic glasses, which was demonstrated by Suzuki
et al. using energy dispersive X-ray diffraction in creep
experiment.86) By the advent of high brilliance and high
stability monochrome synchrotron X-ray radiation, the small
distortions (order of 10¹2

10¹3) of the amorphous diffraction
halo became directly measurable.87) In such an experiment,
typically, two dimensional diffraction patterns are recorded
in transmission mode (see the inset of Fig. 11(a)) and
distortions of the halos are analyzed directly (Figs. 11(a) and
11(b)) or shifts of the peak positions of the reduced pair
distribution function are compared to a reference state.
Accordingly, Ott et al.88) measured strain dependent struc-
tural anisotropy and excess free volume increase in
homogeneous creep deformation (for <80% reduction of
area) near the glass transition temperature. In creep experi-
ments around the Tg, the induced anisotropy is due to
anelastic behavior and the related cluster rearrangement by
bond reformation.86,89)

As was aforementioned, deformation become inhomoge-
neous in BMGs and the plastic deformation localizes in shear
bands at lower temperatures. Although, anelasticity is not
anticipated in this temperature range, difference was found in

the first integrated halo positions between diffractions
captured in the radial and axial directions of HPT disks68)

(see Fig. 12). This indicates that anisotropy can be generated
even at room temperature by severe shear deformation.68)

Interestingly, shift of the satellite halo position were found to
depend linearly in HPT deformed Vitreloy1b BMG on the
magnitude of the diffraction vector76) (Fig. 13). Similarly,
Dmowski and Egami also obtained anisotropy in a
Zr50Cu40Al10 BMG alloy compressed at room temperature
and it compared to the anisotropic behavior of a crept
metallic glass.89) In a subsequent detailed analysis, Dmowski
et al. found that the changes due to HPT deformation in the
pair distribution function were opposite to the changes
observed for structural relaxation indicating significant
increase of the fictive temperature of the glass.90) For
inhomogeneous deformation, the detected anisotropy of the
glass can originate from two sources. One is the real
structural anisotropy of the glass, the second is the residual
stress which can be produced by the inhomogeneous
deformation. Specific residual stress states can induce change
in the hardness. In accordance, a drop of the hardness was

Fig. 11 (a) Integrated diffraction patterns corresponding to different
positions on the sample surface of the HPT disk and to the as-cast
BMG alloy. The inset shows a typical image recorded by the CCD camera
exhibiting only broad diffuse scattering features, which is consistent with
a fully amorphous structure. (b) First halo of the reference and a selected
position in the HPT disk and the intensity difference plots.68)

Fig. 12 Shift of the halo positions (Qshift) for N = 1 and N = 4 torsion
numbers along the diameter on the surface and along the cross section of
the HPT disks.68)
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observed near the torsion axis due to the HPT deformation
induced structural changes in a Zr-based BMG.91) In a recent
work, Adachi et al. demonstrated in ZrCuAl BMG that a
hardness decrease is due to the built up residual tensile
stress92) which decrease the apparent hardness of the indented
material.

7. Inhomogeneity Generated by Shear Deformation in

BMGs

Inhomogeneous deformation takes place in metallic
glasses below the glass transition temperature due to the
formation of shear bands.6) In the following, this inhomoge-
neity is revealed for HPT deformation and compared to the
shear band pattern observed in low pressure free-end torsion
tests.

Torsion is a traditional deformation technique which
allows to reach severe plastic deformation in various ductile
materials at ambient pressure. It has also been applied to
plastically deform bulk metallic glass samples, mainly from
the Vitreloy 1b series. Due to the profound softening in shear
banding and the associated instabilities of plastic deforma-
tion, the shear strain reached at fracture in torsions scatters
between £ = 0 and the order of £ µ 1.93,94) Advantage of
torsional deformation is the relatively simple deformation
geometry which initially can be approximated with a radial
strain gradient without hydrostatic stress component. There-
fore, it can be more directly compared to the results of other
low pressure deformation techniques such as uniaxial tests,
off axis tests or bending. Evolution of the torque, stress and
various acoustic emission parameters in torsion indicates that
different stages prevail during plastic straining of BMGs
(see Fig. 14). First, followed by the elastic regime the
deformation curve is monotonously increasing. This is
typical for the microplastic deformation in uniaxial test,
while in torsion this stage is more extended due to the stress
gradients along the sample radius which control shear bands
motion. With increasing deformation, degree of the control
is decreases gradually in agreement with the monotonous

increase of the acoustic emission amplitude and rate.94) In this
initial regime macroscopically no softening or hardening has
been observed.93) In the second regime the control of the
shear band become negligible. This results in sporadic
serrations which exhibits acoustic events with extremely high
amplitude. These extreme events are composed of a trail of
smaller correlated events with rapidly decreasing time
difference.95) With increasing plastic strain at about £ = 0.4,
slight strain hardening can be observed in coincidence to the
disappearance of serrations and the large acoustic emission
events in the subsequent stage.95,96) Finally, gradual softening
and very large events indicate the formation of cracks. This
stage ends with the fracture of the sample.94,95) Presumably,
the transitions between the subsequent stages are induced by
the varying inhomogeneity and the corresponding internal
stress field in the BMGs. Therefore we also anticipate an
evolution in in the shear band structure of BMG samples
during HPT deformation.

The localized narrow shear bands at ambient temperature
can be observed on the free surfaces of the deformed samples
in different unconstrained deformation methods, such as in
uniaxial tension, compression, bending. Since, HPT is a
method without free surfaces, homogeneity of the plastic
deformation can only be estimated on average from the
relative rotation of the anvils and typically no information
is available on the distribution of plastic shear or even the
presence of shear bands within the sample. Hafok and Pippan
recognized this problem and analyzed the homogeneity of the
HPT deformation successfully in a strain hardening Ni disk
consists of two parts and having markers on the internal
surface.37) We applied first this procedure for BMGs and
studied the distribution of plastic shear strain in the HPT
deformed BMG disks.97) Figure 15(a) shows the optical
image of Vitreloy1b BMG disk consists of two parts with
focused ion beam marker grid on its polished inner surface
(Figs. 15(b) and 15(c)). After HPT deformation, displace-
ment of the focused ion-beam marker lines in an internal

Fig. 13 Variation of the relative halo position shifts for the first and second
halos. The inset shows the position dependence of the shift of the first four
halos.76)

Fig. 14 Changes of the torque, the amplitudes and the event rate of AE
during torsion. The strongly fluctuating amplitude and rate of the acoustic
emission events are represented by solid bars. Different deformation
stages are indicated by the stage number in circle.94)
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surface of the HPT disk showed that the average plastic shear
deformation in the interior of the disk scattered from test to
test and it was significantly lower than the nominal £pl = 2.0
shear strain (the arrows in Fig. 16(a) shows the end points of
the sheared marker lines). Rest of the plastic strain localized
to either the top or bottom contact surface of the HPT disks.

The measured plastic strain in the interior of the disk
distributed homogeneously among the large number of short
and wavy shear bands (Fig. 16(a)). The typical shear band
distance and shear offset were an order of magnitude smaller
than the average band distance and shear offset in the
pressure free and open surface torsion tests with comparable
average plastic strain, respectively (cf. the shear pattern in
Fig. 16(b) and the shear pattern of the same material after
free end torsion up to a comparable (£pl = 0.03) and a larger

(£pl = 0.92) shear strain in Figs. 16(c) and 16(d), respec-
tively). The apparent difference in the shear band distribution
of the zero and high pressure deformation torsion indicates
a strong pressure dependence of the shear band formation
process.

8. Special Properties of Severely Deformed Metallic

Glasses

8.1 Enhanced ductility and changed mechanical be-

havior

Metallic glasses have several advantageous mechanical,
chemical and structural characteristics, most of these features
are based on the homogeneity of the microstructure down
to atomic scale. Therefore, the extremely localized shear
band formation does not interfere with any microstructure in
BMGs and often lead to the fracture along the formed straight
and single shear band under stress.11) Interaction between
soft, atomic size inhomogeneities and the homogeneous
external stress field in metallic glasses can induce stress
gradients and a less localized shear pattern which is
incompatible with formation of straight shear bands. There-
fore the atomic size inhomogeneities can effectively promote
the formation of multiple shear bands and induce macro-
scopic plasticity in these amorphous alloys. In a recent study,
Joo et al. has reported yield stress drop, work hardening
and the appearance of tensile ductility in room temperature
HPT deformed Zr-based BMGs (Fig. 17). They revealed by
positron annihilation lifetime measurements that vacancy
clusters with size of a few atoms appear as atomic level
inhomogeneities in the HPT process.98) In agreement, Ebner

Fig. 15 (a) Optical image of the two parts of an as-cut HPT disk. (b)
Schematic view of the larger part of a disk with a focused ion beam milled
grid marker imprint on the internal surface. (c) Optical image of the
internal surface of a HPT sample with a 0.4mm © 0.4mm FIB milled grid
marker.97)

Fig. 16 (a) Scanning electron microscopy image of an opened up interior surface of an HPT deformed Vitreloy 1b BMG disk with average
shear deformation of £pl = 0.035. The ends of the marker lines are indicated by arrows.97) (b) Enlarged view of the rectangular area
indicated in (a) showing the shear bands and the marker lines.97) For comparison, the scanning electron microscopy image of the free
surface of Vitreloy 1b BMG samples after free-end torsion deformation with (c) £pl = 0.03 and (d) £pl = 0.92 shear strain.
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et al. revealed an increase in the mean atomic volume and
increase in the microscopic scale inhomogeneities in HPT
deformed BMG samples.99) Feng et al. has pointed out in a
molecular dynamic simulation that HPT induce structural
evolution on atomic scale and decrease the number of the
strongly bounded environment having five-fold symmetry.100)

In contrast, a La-based alloy processed by room temperature
HPT (which is about 0.7Tg for the La-based BMG)
deformation resulted in no tensile plasticity, however
significant increase in the thermal conductivity and minor
increase in the fracture strength were observer.101) As an
effect of the formation of short but multiple shear bands,
room temperature HPT deformation of a ZrCuAlFeDy BMG
lead to slight increase in the strain rate sensitivity parameter
and visible change of the deformation from localized to
homogeneous mode near nanoindentation imprints.102)

As an alternative method, second phase containing BMGs
can be also produced to favor shear band multiplication.
However, these composites often become more brittle, than
their fully amorphous counterparts. To overcome the problem
of the brittleness, few nanometer size soft particles with
good particle-matrix bonding are preferred in these systems.
HPT and thermal treatments are capable to produce such
nanostructure in e.g. Al-based primary crystallizing metallic
glasses (see Section 3). As an alternative method, Sun et al.

have produced nanocomposite material by shearing half-half
disks of a high stability Zr-based BMG and Cu by HPT up to
N = 50 rotations.103)

8.2 Hydrogen storage of Mg-based glassy alloys

Hydrogen as the most abundant element can serve as
potential energy carrier, since it can generate 34 times more
energy per mass compared to the conventional sources. In
order to commercialize the hydrogen energy, production,
transmission, conversion and usage must achieve a threshold
of effectiveness. Hydrogen storage in the solid state seems to
be a promising solution, however, substantial technological
challenges must be solved if hydrogen is to be applied as
a fuel as a part of the hydrogen-powered energy grid.104) In
the last couple of decades systems like simple and complex
metallic hydrides resulted in a great interest, since they
exhibit high gravimetric and volumetric hydrogen capaci-

ties.105,106) Among them magnesium hydride is considered
as one of the most promising hydrogen storage materials,
mainly because of high storage capacity (7.6mass%),
lightweight and low cost.107) In order to improve the sluggish
kinetics of commercial magnesium, nano-sized Mg powders
have been synthesized by ball milling world-wide.108114)

Improved hydrogen storage capacity and kinetics on bulky
Mg-based crystalline samples can also be achieved by
extensive plastic deformation during HPT.115119) Edalati
et al. have shown that hydrogen absorption becomes
prominent and the sorption rate is significantly increased
when pure Mg is subjected to the HPT process.116)

Nevertheless, all attempts to bring the desorption temperature
of nanocrystalline magnesium or Mg-based compounds
down to 150°C have so far been unsuccessful.

When fully amorphous Mg65Ni20Cu5Y10 metallic glass
compacts were subjected to heavy shear deformation by high
pressure torsion until different amount of ultimate strain, a
deformation dependent microstructure develops120) as it is
presented in Fig. 18. The high magnification scanning
electron microscope images taken from the inner surface of
ion-milled notches close to the torsion axis is characterized
only by a few crystalline blocks with a maximum diameter
of ³1µm (Sector A), while the most deformed perimeter is
abundant in crystals ranging from 30 to 500 nm embedded
in the amorphous matrix (Sector C). Based on elemental
analysis, it is found that these blocks contain mainly Mg2Ni
crystals. At the same time, the hardness of the alloy increases
during the HPT process due to the formation of harder Mg2Ni
particles.121) High-pressure calorimetry measurements re-
vealed the hydrogen absorption in the fully amorphous
alloy (Tabs ³ 350420K) occurs at a significantly lower
temperature compared to the crystallized state (Tabs ³ 480
550K), see Fig. 19. For the crystallized sample containing
several compound phases (such as Mg2Ni, Mg6Ni, Mg2Cu,
Mg, Ni and Mg24Y5, see Ref. 120)), the exothermic peak can
be assigned to the formation of a solid solution of hydrogen
mainly into the Mg2Ni phase. A less intense H-absorption
peak characterizes the thermogram of the amorphous alloy,
however the transformation occurs at temperatures below
the glass transition, Tg.121) The decrease in Tabs is governed
by enhanced absorption kinetics, in line with its structural
characteristics such as lower atomic density and excess free
volume,122) resulting in faster hydrogen diffusion and shorten
diffusion distances. When the Mg65Ni20Cu5Y10 metallic glass
is subjected to severe shear deformation by HPT, the

Fig. 17 Stress strain curves of Zr-based as-cast and HPT-processed
BMGs.98)

Fig. 18 Scanning electron micrographs taken from the inner surface of the
ion-milled notches corresponding to center and the edge of the HPT-
disk.120)
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hydrogen absorption occurs at a remarkable low temperature
range (Tabs ³ 310420K), similarly to the monolithic glass,
as was also observed in a HPT-deformed Mg65Ce10Ni20Cu5
nanoglass.123) At the same time the enthalpy of hydride
formation increases considerably at the perimeter of the HPT-
disk due to the formation of deformation induced Mg2Ni
crystals that can provide additional H-sites and increase
the storage capacity. However, it is noted that despite the
favorable sorption temperature, the total amount of absorbed
hydrogen in Mg-based HPT-deformed metallic glasses is
significantly lower than that of crystalline magnesium
hydride.120,123)
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