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CugoZr3oTiio metallic glass sample was subjected to different amount of continuous rotational straining by
high pressure torsion. Deformation dependent morphology, microstructural and thermal properties were
characterized by scanning electron microscopy, synchrotron radiation, X-ray diffraction, and calorimetry,
respectively. In order to estimate the temperature rise in the metallic glass during high pressure torsion,
quasi three-dimensional heat conduction equation with a source term was considered. Solutions indicate
that the final temperature strongly depends on the total amount of plastic deformation while details of
the microstructure are mainly determined by the balance between the local shear rate and temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) lacking long range order and
microstructural faults such as grain boundaries, are attaining
increasing number of applications in different industrial fields.
However, shear band formation during deformation below the glass
transition temperature (Tg) limits the plasticity and therefore also
the possible applications of BMGs [1]. In narrow regions with a
thickness of ~10nm the plastic flow is extremely localized, the
atomic mobility is remarkably enhanced and the temperature rises
locally resulting in shear softening that leads to the failure of the
material [1-4]. As the external temperature approaches the glass
transition temperature (Tg), the localized inhomogeneous defor-
mation mode shows a transition to homogeneous viscous flow [4].
The plasticity of metallic glasses can be enhanced by dispersing
the macroscopic deformation among large number of competitive
shear bands either by surface constraints techniques [5,6], or by
introducing inhomogeneity into the microstructure [7,8].

Cu-based metallic glasses with high glass forming ability (GFA)
and good mechanical properties, such as large tensile strength
and intrinsic plasticity are attaining increasing interest [9-11].
The remarkably high GFA of Cu-Zr alloy allows casting in bulk
form exceptionally among binary systems [12]. Besides, Eckert and
co-workers developed Cu-Zr-based BMGs, which polymorphically
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precipitate nanocrystals during tensile deformation. The formation
of such structural heterogeneities, e.g. plastically deformable inter-
metallic phases, hampers shear band generation, may dictate the
strain-stress behavior of the BMG and results in macroscopically
detectable plastic strain and work hardening [13,14]. Recently, high
pressure torsion (HPT) [15] based on severe plastic deformation
was also successfully applied to induce nanocrystals in amorphous
alloys [16-18]. During this process, a disk-shaped sample placed
between two anvils is subjected to compressive force and concur-
rent torsional straining for several revolutions, where hydrostatic
conditions are fulfilled in the interior of the disk [19,15]. It was
shown, that in spite of the strong radial dependence of the strain,
the microstructure and the correlating mechanical properties [20],
e.g. the value of the Vickers-hardness is almost constant along the
diameter after 5 turns in case of crystalline materials [21,22]. In
addition the Vickers-hardness was found to be identical in different
horizontal layers of each disk [21].

Egami and co-workers recently examined the structure of HPT-
deformed Cu-Zr-Al bulk metallic glass disks using high-energy
X-ray diffraction, comparing atomic pair distribution function
(PDF) from deformed and undeformed reference samples [23]. The
observed difference indicates that both short and long inter-atomic
distances are altered by deformation. The changes in PDF are oppo-
site to the changes observed for structural relaxation, and suggest
that deformation significantly increases the fictive temperature of
a glass, effectively rejuvenating the structure.

In a recent study, the observed morphological and microstruc-
tural features introduced by HPT of an amorphous CuggZr3Tiig
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alloy were interpreted by temperature profiles obtained from a
simple model based on one-dimensional heat-conduction [24,25].
Later the effect of the instrumental parameters on the temper-
ature rise was discussed in terms of a quasi three-dimensional
model [26], and the role of the most important parameter, i.e. the
shear rate on the microstructure and thermal stability was investi-
gated in detail [27]. In the present study the effect of accumulated
shear strain on the microstructure and morphology of amorphous
CugoZrsgTiig alloy developed during HPT is demonstrated and
explained in terms of the maximum temperature achieved during
the process.

2. Experimental

An ingot of nominal composition of CugpZr3oTi;p was prepared by induction
melting of high purity (99.9%) Cu, Zr and Ti metals. Ribbon was obtained by using
single roller melt spinning technique in inert atmosphere with a Cu-wheel rotating
at a tangential velocity of 3800 rpm. Subsequently the fully amorphous ribbon has
been cut into flakes and then placed between HPT-anvils and compressed into sev-
eral porosity free, round shaped disks with a radius of R=2.8 mm and a maximum
thickness of L=250 wm under an applied pressure of 6 GPa, with various N num-
ber of rotations. Torsion straining was performed at t., = 1 min revolution time. The
accumulated shear strain for torsion deformation at a distance r<R and at a time t
can be represented by

2aNr  2mtr

AT (1

y(r.t) =

According to the number of rotations three different samples, N=0.5, N=5 and
N=10 have been involved in the investigations.

Microstructure was examined by powder X-ray diffraction (XRD) on a Philips
X'pert diffractometer using Cu Ko radiation in the range of 30-80° in 6-20
geometry. Position sensitive 2D X-ray diffraction measurements were carried out
at the ID-11 beamline of the European Synchrotron Radiation Facility (ESRF) using
monochromatic photons of 90 keV. The X-ray beam with a size of 10 wm x 10 um
passed through the sample in transmission mode. The sample-detector distance was
calibrated by a LaBg polycrystalline specimen. The disks were mapped by taking a
series of 2D diffraction patterns along a diameter with a step size of 0.3 mm, using
a charge coupled device (CCD) detector (Bruker) coupled to an image intensifier,
with an exposure time of 15 s. The two-dimensional patterns were integrated, after
dark-current and spatial distortion correction using Fit-2D software [28].

Morphology studies were performed on a Philips XL 30 scanning electron
microscopy (SEM) in backscattered electron (BSE) mode on the mechanically
polished cross-section of the disks, while the compositional changes were quantita-
tively determined by energy dispersive X-ray (EDX) analysis with a relative accuracy
of 3%.

A Perkin Elmer power compensated differential scanning calorimeter (DSC) was
applied to investigate the thermal behavior and crystallization applying continuous
heating experiments performed at scan rate of 40 K/min. All measurements were
carried out under argon atmosphere. The temperature and the enthalpy were cali-
brated by using pure In and Al. Each measurement was followed by a second run in
order to obtain the baseline.

3. Results

Fig. 1 presents the XRD measurements taken on the surface of
the HPT-disks subjected to different rotational straining (N=0.5,
N=5 and N=10). In general, each pattern averaging the X-ray
scattering from the whole surface is dominated only by a broad
symmetric halo at around 2®=41°, without any visible Bragg-
peaks, similarly to the as-quenched amorphous ribbon (see Fig. 1).

The microstructural differences associated with the different
amount of rotational straining at the center and at the perimeter
of each disk are visualized in the SEM BSE images (Fig. 2a-c). As
a consequence of compaction and simultaneous shearing the indi-
vidual ribbon pieces cannot be resolved even in the least deformed
N=0.5, see Fig. 2a. The cross-section is homogeneous along the
diameter and characterized by several bunches of parallel very thin
elongated dark grey bands with a length of 10-15 wm dispersed in
the amorphous matrix close to the rotational axis as well as at the
perimeter.

Higher amount of strain results in significantly different mor-
phology for the N=5 sample (Fig. 2b), i.e. the center of the disk
is fragmented by a couple of branching cracks aligning parallel to
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Fig.1. XRD patterns of the as-quenched CugoZr3oTi;o ribbon and HPT disks subjected
to different amount of torsional deformation (N=0.5, N=5 and N=10).

the sample surface, while several elongated dark grey blocks with
a length of around 20-30 wm are dispersed in the matrix. At the
perimeter their size (~5-10 wm) and density are much smaller than
close to the rotation axis. Quantitative EDX analysis revealed that
the composition of the matrix (CuggZr3gTiig) is similar to that of
the as-quenched alloy, while the blocks are slightly enriched in Cu
(CugaZryoTirs).

Further deformation changes the average size and structure of
these particles, the N=10 sample contains several robust blocks of
25-50 pm (Fig. 2¢), with eutectic-like decomposed morphology. A
typical devitrified block decomposed into dark Ti-rich (Cus7Zr;Tiszs)
and light (almost Ti-free Cu;gZri9Ti3) zones is shown enlarged in
the inset. At larger radius the microstructure is more homogeneous,
with fewer cracks and smaller blocks characterize the cross-section.

Fig. 3 summarizes synchrotron experiments carried out on the
amorphous alloy and on samples N=5 and N=10. As seen the
transmission X-ray diffractogram of the as-quenched ribbon is
dominated only by two broad symmetric halos centered at around
28nm~! and 47 nm~!, respectively. As an effect of shear deforma-
tion some of the patterns corresponding to the N=5 sample exhibit
sharp crystalline peaks as well, indicating a strong microstruc-
tural inhomogeneity along the diameter. The dominant crystalline
peaks characterizing mainly the central region of the disk can be
indexed as hexagonal Cu, ZrTi (p63/mmc, a=0.505 nm, c=0.82 nm).
Subsequent deformation (N=10) results in the shift of the first
amorphous halo by approximately +0.5 nm~!. Simultaneously the
Bragg-peaks practically disappear at each measurement point. Note
that the different intensity of the amorphous halos corresponding
to different positions is a consequence of the variation in sample
thickness.

Based on the high stability of the synchrotron beam, the amor-
phous content along the diameter of the N=5 and N=10disks can be
determined by analyzing the individual XRD patterns. During this
procedure the amorphous fraction (¥) as a function of the radius r
can be approximated as

L6k (Qrer)
W(r) = ar) U= (2)
Iribbon(Qref)
where Iijphon and I}, are the intensity of the diffraction patterns at

the largest measured Q value (Q.f=110nm™") for the ribbon and
for the disk at r, respectively. It is noted that the scattered intensity
at Qqef is practically proportional to the transmitted sample thick-
ness, i.e. IT; . (Qref)/Iribbon(Qref) = ddisk()/ dribbon, Where dgs(r) and
dribbon are the thickness of the disk at r and the amorphous ribbon,
respectively. The «(r) coefficient of Eq. (2) was determined as the
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Fig. 2. Couples of SEM BSE images of the cross-section of HPT-disks subjected to different torsional deformation (a) N=0.5, (b) N=5 and (c) N=10. Images of the left and right
column are taken at the center and perimeter of the corresponding HPT disks, respectively. The inset shows enlargement of a devitrified and decomposed block in N=10 disk.

maximum value for which the I}, (Q) — &(7) - Liibbon(Q) > 0 condi-
tion is fulfilled for all Q, as presented in Fig. 4a and b. The calculated
values of the amorphous content indicate a discrepancy for sam-
ples N=5and N=10 (Fig. 5), i.e. ¥(r) decreases monotonically with
increased amount of torsional deformation to 72% and 49%, respec-
tively. At the same time, the effect of ¥(r) along the diameter is
remarkably higher for the less-deformed specimen, while for the
most deformed disk ¥(r) fluctuates in the range of the experimental
error.

Continuous heating DSC curves corresponding to the different
parts of the HPT disks and the amorphous alloy are plotted in Fig. 6.
The as-quenched ribbon presents an endothermic glass transition
(Tg) followed by two sharp exothermic peaks with characteristic
temperatures of T; and T,. As a consequence of continuous shear,
Ty becomes less and less pronounced with increasing deformations.
Albeit the endothermic effect is practically unchanged for the whole
N=0.5 disk, nevertheless it remains barely noticeable for the cen-
tral parts of N=5 and N=10 disks and almost disappears for the

perimeters. At the same time T; shifts gradually to higher temper-
ature (from 750 K to 761 K) with increasing deformation, indicating
increasing thermal stability, while T, slightly decreases from 819 K
to 814 K. Transformation enthalpies (AH;, AH;) obtained as the
area of the first and second exothermic peaks are plotted as a frac-
tion of the values corresponding to the as-quenched amorphous
ribbon (Fig. 7a and b). As seen, severe shearing occurs a signifi-
cant drop of both AH; and AH,, characterizing all regions of the
least deformed disk (N=0.5). However, after subsequent deforma-
tion (N=5 and N=10 samples) the perimeter and the center of
the disks behave differently. On one hand, AH; remains almost
unchanged in the perimeter (saturating at ~80%) but AH, drops
down to ~50%. On the other hand, for the central parts of the N=5
and N=10 samples the area of both exothermic peaks are signifi-
cantly smaller compared to N=0.5, however, a detectable increase
is observed for the most deformed state, especially in AH,. As a
summary, Fig. 7c presents the evolution of total enthalpy released
(AHwot = AHq + AH3) as a function of the number of rotations.
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Fig. 3. Series of transmission synchrotron X-ray diffractograms taken perpendicu-
lar through the disk plane of the (a) N=5 and (b) N=10 HPT samples at different
distances (r) from the center. Diffractogram of the fully amorphous as-quenched
ribbon is also depicted as a reference.

4. Discussion

As was demonstrated by SEM and DSC, the increasing amount
of accumulated shearing during high pressure torsion of the
CugoZr3gTi;p amorphous alloy resulted in significantly different
microstructure, morphology and thermal behavior. Though the
characteristic features of N=0.5 disk slightly differ from those of
the as-quenched alloy, further shearing (N=5 and N=10 samples)
drastically changes the morphology (see Fig. 2). Large crystalline
blocks embedded in the amorphous matrix dominate the regions
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Fig. 4. X-ray diffractograms taken by high brilliance synchrotron radiation of the
as-quenched ribbon (I;ippon) and HPT disks (Igisx) with N=5 and N=10 torsional
deformation. By subtracting the amorphous component of the ribbon with a proper
weight («), the residual diffraction (Igisk—0ibbon ) Of the remaining (nano)crystallite
phase mixtures is resolved.

close to the rotational axis (see Fig. 2b and c), nevertheless in the
perimeter the size of these blocks decreases drastically for both
samples. As can be observed, the detailed characteristics of these
blocks in the central areas are strongly diverse, i.e. in the less
deformed N=5 disk they are elongated (with a maximum length
of 15-20 wm) and exhibit homogeneous dark grey colour in the
image. The average composition of these blocks is only slightly
different from the amorphous matrix (CugyZryoTiqg). On contrary,
the blocks are notably larger (25-50 wm) in the most deformed
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Fig.5. Volume fraction of the amorphous component, ¥(r), obtained by synchrotron
X-ray diffraction along the diameter of the N=5 and N=10 HPT disks.

N=10sample, composed of a eutectic-like decomposed structure of
dark Ti-rich (Cus7Zr;Tizs) and light Ti-free (CuygZr19Tiz ) zones (see
Fig. 2cinset). The corresponding transmission X-ray diffractograms
taken on the two most deformed samples have surprising features
(see Fig. 3). While the series belonging to the N=5 disk confirm the
formation of a stable hexagonal phase (Cu,ZrTi) close to the rota-
tion axes (see Fig. 3a), the N=10 disks seems to be homogeneous
along the diameter (Fig. 3b).

The above conflict obtained between the SEM images and the
synchrotron data, however, can be resolved by a recently developed
three-dimensional thermoplastic model based on heat conduction
[26]. In brief, the temperature evolution in the disk-shape sample
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Fig. 6. DSC thermograms of the as-quenched CugoZr3Tijo ribbon and HPT disks
processed by different amount of torsional deformation.

8645
(@) 104 o center
o— perimeter|
0,84
:
Bl 0,64
El
E 0,4
0,24
0,04+ . . T
0 N=05 N=5 N=10
Number of rotations
(b) 104 —o— center
’ —c— perimeter]
0,8
T 0,6+
=
™
T
< 0,44
0,2 1
0,0 - T T
0 N=0.5 N=5 N=10
Number of rotations
(C) 10 —— center
Ll —o— perimeter|
+average
0,84
§__ 064
g5 &
T o I]
<
k]
& 0,44
<
0,24
0,0+ - T T
0 N=05 N=5 N=10

Number of rotations

Fig. 7. Normalized enthalpies for the (a) first, AH;/AH®", (b) second,
AH,/ AHSPP" and (c) for the sum of the first and second AHior/ AH["°" DSC peaks
corresponding to the center and the perimeter of the HPT disks. Rectangular boxes
indicate the range of the different amorphous volume fractions, ¥, obtained from
synchrotron diffraction patterns.

during the HPT-process can be derived from the heat conduction
equation with a source term, S(r,t):

JaT(r, t)

)Pt =,

— A(k(r)T(r, t)) = S(r, t) (3)

where ¢, p and k are the heat capacity, the density and the thermal
conductivity, respectively. The heat source term in the model, S(r,t),
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Table 1
Material parameters introduced in the numerical model, heat conductivity (k), heat
capacity (c), density (p), glass transition temperature (Tg) and flow stress (ty).

kWm'K'] c[Jkg'K'] plkgm=3] Tg[K] 77[GPa]
CUGOZI’?,DTi]g 7.7 420 6125 710 0.104
Steel 30 460 7800 - -
Air 0.024 1000 1.2 - -

is a plastic deformation induced heat release which is kept zero
outside the BMG disk and can be given inside the sample as follows:

Ty 8)/53;’ 2 ifT <Tg
S(r, t) = 2 (4)
n(T)<aygrt’ t)> ifT > T,

where 7¢, ¢ and n(T) are the flow stress, the shear strain and the
temperature dependent viscosity, respectively. In the model the
parameters of the Vogel-Fulcher formula, n(T) = ng exp(QTyg/(T —
Tvr)) [29,30], were adjusted in order to satisfy the boundary condi-
tion:

dy(r)
dt |7—t,.r=r

as Typ=620K, Q=0.84, no=590Pas.

The material parameters for the CuggZrsgTiqg disk [3,7], steel
anvils and air applied in the numerical calculations are listed
in Table 1. Noteworthy that the material parameters of widely
investigated metallic glasses have only a slight influence on the
temperature evolution [26]. The more detailed description of the
model is given elsewhere [26].

The temperature profiles along the diameter calculated at dif-
ferent times during the HPT process are plotted in Fig. 8a. As seen,
the temperature has a local minimum at the center (r=0) at each
time step, furthermore it increases with increasing strain rate up
to r~ 1.3 mm, however, a significant decline is observed at the
perimeter. We note that this decline is a general feature due to the
enhanced heat dissipation at the perimeter of the disk, but details
of the profiles depend on the geometry of the HPT anvil [26]. For the
disk of N=0.5 rotation the temperature at the perimeter is lower
by 10K than in the center. As shearing goes on, the temperature
rises gradually in the whole disk, though flattening of the profiles
is observed once Ty is reached. After N=10 revolution the maxi-
mum temperature is 723 K and at the edge T=719K. As seen on the
temperature evolution curve corresponding to r =0 during the HPT
process, Tg is reached after t* ~ 50 s of continuous rotational shear-
ing, thereafter the rate of the temperature rise decreases abruptly,
yielding a temperature saturation at around 720K (Fig. 8b). Full
circles denote the maximum temperatures achieved at the end
of the HPT processes for the three experimentally studied sam-
ples. Accordingly the temperature increases by ~350 K, but remains
below the glass transition temperature for the N=0.5 disk. How-
ever, for longer deformation (N=5), the temperature exceeds Ty,
while subsequent rotational shearing (N=10) represents a longer
annealing slightly above Tg. Radial dependent temperature evolu-
tion curves of the perimeter (r=2-2.8 mm) indicate that the glass
transition happens barely before the end of the N=5 process (see
the inset of Fig. 8b).

Based on the calculated temperature profiles (see Fig. 8a), the
viscosity (1) can be obtained from the Vogel-Fulcher formula. Fig. 9
presents the inverse of the viscosity, n71(r), along the radius for the
final state of each HPT procedures. Since the ~1(r) correlates with
the atomic mobility [31], the depicted curves in Fig. 9 character-
ize the differences in the local atomic mobilities of the different
samples. Accordingly, as the temperature remains below Tg dur-
ing N=0.5 rotation, the mobility is very small compared to the
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Fig. 8. (a) Temperature profiles obtained from the heat-conduction equation (Eq.
(3)) along the diameter of the HPT-disk. Bold curves indicate the profiles correspond-
ing to the experimentally investigated states (N=0.5, 5 and 10). (b) Temperature
evolution curves as a function of processing time. t* denotes the time at which the
temperature reaches the glass transition (Tg). Full circles denote the N=0.5, N=5 and
N=10states. The inset confirms a relatively small inhomogeneity in the temperature
near (Tg).
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Fig. 9. Variation of the inverse of the viscosity (1) as a function of the distance
from the center (r) obtained from the numerical thermo-mechanical simulations.

other two disks. For the N=5 and N=10 samples 1! is in the
order of magnitude of 1019 Pa~1 s~ associated with a strong radial
dependence. The value of ! is practically constant in the interior
region of the disk (from r=0mm to r~ 1.5 mm), though it sharply
decreases at the perimeter. In the center n=1=2.5x 1010 Pa~1s-1
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and n71=3.25 x 1010 Pa~"s~1, while in the perimeter it decreases
to 1.75x 101°Pa~1s~1 and 2.8 x 101°Pa~1s~1 for the N=5 and
N=10 samples, respectively.

These results obtained from the numerical solution of the
three-dimensional thermoplastic model give a hint for a better
comprehension of the morphology evolved in the different stages
of the HPT process. Until the temperature remains below Tg, i.e.
t<t*~50s (during the total N=0.5 process, see Fig. 8a and b), the
plastic deformation is localized in shear bands, resulting in local
temperature rise in small volumes [1-4]. As a consequence, plenty
of nuclei may form in the amorphous matrix near these locally
heated deformation zones, that partly coalesce in the plane of shear
deformation, forming bunches of elongated crystalline bands, as
seen in Fig. 2a. The nucleation of these nanocrystals yields the drop
of AHo: compared to the as-quenched amorphous state (Fig. 7¢).

As seen in Fig. 8, the temperature is above the glass transition
during the majority of the shearing (~250 s and ~550 s for the sam-
ples N=5 and N=10, respectively), meaning homogeneous viscous
flow deformation [4]. Accordingly, the HPT-process can be divided
into two distinct stages on the basis of the deformation mode. Dur-
ing the first stage plenty of nuclei form in the entire disk. Then, as
the temperature exceeds Ty two competing effects dominate the
evolving microstructure. On one hand, high temperature, low vis-
cosity and high atomic mobility all enhance the diffusion paths,
hereby support the growth of nanocrystals and the devitrification
of the amorphous matrix. On the other hand, the growth and coales-
cence of the nanocrystals is strongly limited by the persistent shear
especially in the perimeter of the disks [32]. So that the formation
of the large blocks is favoured only in regions of higher temperature
and smaller strain rate.

Accordingly, the microstructure of the less deformed central
region and heavily sheared perimeter develops differently. Due
to higher atomic mobility, the nuclei continuously grow and coa-
lesce into robust crystalline blocks characterizing the center of the
N=5 sample (see Fig. 2b), which decompose into Ti-rich and Ti-
free zones during longer deformation above T (see the image for
N=10in Fig. 2¢). Since no Bragg-peaks can be visualized in the cor-
responding diffractograms (Fig. 3b), the coherent domain size of
these decomposed zones is definitely smaller compared to that of
the blocks of the N=5 disks. However, the subtraction procedure
applied for determining the amorphous fraction (Fig. 4), provides
the I7; ., — olijbbon residual diffractograms characterized by broad
crystalline peaks for N=10, as presented in Fig. 10a. These strongly
overlapping crystalline peaks (see, e.g. r=—0.3 mm) compile a halo
which is centered at higher Q-value compared to Iy, (See Fig. 4b).

At the same time, the coalescence of the nuclei is strongly
limited by the persistent shear and lower mobility at the perime-
ter, yielding a more homogenous microstructure of much smaller
blocks embedded in the amorphous matrix (Fig. 2c). Moreover,
nano-sized crystalline inclusions were also observed by transmis-
sion electron microscope in a recent paper [24], which are hardly
detectable by X-ray scattering (Figs. 3a and b and 10b).

The shear induced annealing resulting in the formation of the
crystalline blocks is in accordance with the decreasing contribution
of Tg as the deformation is increased (see the DSC thermograms in
Fig. 6). If it is assumed that total heat release (AH; + AH, = AHiot)
refers only to the amorphous-crystalline transition [33], the func-
tion AHgor/ AHEPPOM plotted in Fig. 7c should match with the values
(¥) evaluated from the synchrotron measurements. Indeed, the
general decaying tendency of AHior/ AHFIPPON with the number of
rotations is evident, as was also obtained from Fig. 5. Moreover, the
fluctuations in the value of ¥ (denoted by rectangular in Fig. 7¢)
is comparable to the variation of AHgor/ AH[RPM for the N=5 and
N =10 states. By analyzing the data in detail, however, it is seen that
AHyor/ AHEEPOM s slightly higher than ¥ for N=10 which might

N =10 center

Intensity [a. u.]

Q[nm™]

(b) N=10 perlmetel‘

r (mm]

Intensity [a. u.]

26 28 30 32 34 36
Q[nm™]

Fig. 10. Residual X-ray diffractograms (Ig;sx—Iibbon ) taken on the center (a) and the
perimeter (b) of the N=10 HPT disk.

correspond to the increased grain-boundary enthalpy of develop-
ing nano-size crystals due to the heavy shear deformation.

5. Conclusions

Numerical calculations based on quasi three-dimensional heat
conduction equation have satisfactorily explained the microstruc-
tural differences and thermal behavior of amorphous CugyZr3Tiig
alloy subjected to different amount of rotational straining by HPT.

Scanning electron microscopy study has shown that the cen-
ter of the N=5 HPT disk is abundant in elongated blocks
(15-20 wm) which transforms into more robust, eutectic-like
morphology after further deformation (N=10). At larger radius
of the disks the microstructure is more homogeneous. Based
on high stability synchrotron X-ray diffraction, we found that
these blocks contain (nano)crystallites and the amorphous con-
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tent of the N=5 and N=10 disks was determined as 72%
and 49%, respectively, in accordance with the calorimetric
data.

According to the temperature evolution profiles obtained from
the numerical model, the HPT process may be divided into distinct
stages. For small amount of total plastic deformation (N=0.5) the
temperature remains below the glass transition in the entire disk,
while for larger deformation the glass transition temperature is
exceeded in the samples (N=5 and N=10).

Despite the relatively small temperature differences developed
across the diameter of the HPT disk, the remarkable different
microstructure is explained by the competition of local strain rate
and thermal mobility.
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