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a b s t r a c t

In order to estimate the temperature rise generated by the extreme shear during high pressure torsion
deformation, a simple model based on the one-dimension heat-conduction equation was proposed. Cal-
culations have shown that the average temperature in the sample can slightly exceed the glass transition
temperature above a critical strain. The experimentally obtained shear dependent microstructure and
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morphology of an amorphous Cu60Zr30Ti10 alloy are consistent with the calculated temperature profiles.

© 2009 Elsevier B.V. All rights reserved.
anostructured materials

. Introduction

Severe plastic deformation (SPD) techniques are used over the
ast several decades to refine the microstructure or increase the
lloying content beyond the equilibrium limit of crystalline alloys.
ne of the most frequently used SPD techniques for producing
ulk nanocrystalline samples is high pressure torsion (HPT) [1,2],

n which disk-shaped samples are strained by torsion under several
Pa of pressure between two anvils. Recently the HPT method has
lso been successfully applied for amorphous materials to produce
assive samples by consolidation of small pieces (ribbons, flakes)

t room temperature and to enhance the mechanical properties
f bulk metallic glasses (BMGs) by introducing a second nanocrys-
alline phase [3–9]. It is well-known, that room-temperature plastic
eformation of BMGs is extremely localized in very thin shear
ands, with a thickness of ∼10 nm [10]. Local heating around these
hear bands may rise the temperature high enough to induce
anocrystals thermally [11]. However as the temperature of the
verall BMG sample exceeds the glass transition temperature (Tg)

he transition takes place in the deformation from inhomogeneous
o homogenous viscous flow [12].

In the present work a simple model based on heat conduc-
ion estimating the temperature rise generated by the extensive
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shear during HPT-deformation is proposed. As an example, it is
demonstrated that the experimentally observed morphological and
microstructural features of a Cu60Zr30Ti10 amorphous alloy sub-
jected to HPT-deformation can be explained by the calculated
temperature profiles.

2. Numerical calculations

In crystalline materials, plastic deformation leads to the homog-
enization of material parameters due to the gradient plasticity
terms originating from finite crystal size and dislocation hardening
[13,14]. As metallic glasses lack both gradient terms, homogeniza-
tion of the material parameters only occurs only by the relaxation
of deformation induced thermal differences. Accordingly, the esti-
mation of the temperature rise during HPT-deformation can be
estimated from the conduction of heat generated by the extensive
shear deformation. Fig. 1 shows the schematic image of an uncon-
strained HPT-device with a disk-shaped sample placed between
two stainless steel anvils. The accumulated shear strain during the
HPT process at a radius r can be represented by

ε(r, t) = 2�Nr

L
= ωr

L
t, (1)
where N, L, t and ω are the number of rotations, the thickness of the
disk, the time and the angular speed, respectively [2]. In order to
obtain the temperature along the diameter, the one-dimensional
heat-conduction equation with a source term was solved numeri-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:reveszadam@ludens.elte.hu
dx.doi.org/10.1016/j.jallcom.2009.10.056


S. Hóbor et al. / Journal of Alloys and Compounds 495 (2010) 352–355 353

F
d

c

c

w
d
a
d
p
c

S

w
m
s
c

F
e

Fig. 3. Temperature profiles obtained from the heat-conduction equation (Eq. (2))
at different r values perpendicular to the surface of the disk in the steel anvils.
ig. 1. Schematic illustration of the high pressure torsion (HPT) device and the
eformed disk-shaped sample.

ally:

�
∂T(z, r, t)

∂t
− k

(
∂2T(z, r, t)

∂z2

)
= S(z, r, t), (2)

here c, � and k are the heat capacity, the density and the heat con-
uctivity, respectively. Due to the relative small sample thickness
nd the poor thermal conductivity of metallic glasses, the one-
imensional equation can yield satisfactory result with r as a simple
arameter. The source term, S(z, r, t) is zero in the steel anvils and
an be given in the metallic glass as follows:

(z, r, t) =

⎧⎨
⎩

ˇ�
dε

dt
if T < Tg

ˇ�
(

dε

dt

)2

if T > Tg,
(3)
here ˇ, � and ε are the fraction of plastic work converted to ther-
oplastic heating (chosen as 0.5 [15]), the viscosity and the shear

train, respectively. ε can be calculated from Eq. (1), and the vis-
osity above Tg was estimated from the Vogel–Fulcher equation

ig. 2. Temperature dependence of the viscosity (�) according to the Vogel–Fulcher
quation.

Fig. 4. (a) Temperature evolution as a function of the processing time for different
distances from the rotation axis. The characteristic time (t*), needed to reach Tg is
also indicated. (b) The characteristic time (t*) values for different radial distances
(r).
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ig. 5. SEM BSE images taken at different distances from the rotation axis of the cro
t the perimeter.

16]:

= �0eBTvf/(T−Tvf), (4)

here �0 and B are Vogel–Fulcher constants. The temperature
ependence of the viscosity (�) is plotted in Fig. 2. In the calculations
he following material parameters were used which are typical for
Cu-based metallic glass i.e. k = 7.7 W m−1 K−1, c = 420 J kg−1 K−1,
= 6125 kg m−3 [11], Tg = 700 K [17], Tvf = 610 K. The constants �0

nd B were chosen (�0 = 591 Pa, B = 1.1) so: �yield = 1.2 GPa at Tg,
haracteristic value for metallic glasses [18]. The initial tempera-
ure in the calculation was 300 K.

In order to take into account the influence of the heat conduc-
ion through the steel anvils on the evolution of the temperature,
q. (2) was solved for one-dimensional sections parallel to axis z at
ifferent r distances from the rotation axis (see Fig. 1). The ther-
al parameters chosen for stainless steel are: k = 18 W m−1 K−1,

= 460 J kg−1 K−1, � = 7800 kg m−3. The corresponding temperature
rofiles obtained at t = 150 s are shown in Fig. 3. As seen, the tem-
erature can increase significantly in the HPT sample, although, the
ajority of the deformation induced heat is conducted by the steel

nvils. Once the temperature exceeds the Tg, the slope of the tem-
erature profiles drops considerably (see Fig. 4a) due to the strong
emperature dependence of the viscosity. Thereafter, the temper-
ture shows only a small increase (∼10 K) and remains well below
he liquidus temperature (Tl = 1192 K [19]) until the HPT process is
omplete. Based on the temperature evolution in the HPT sample,
he characteristic time t*(r) required to reach Tg is plotted in Fig. 4b
or different r distances. Here we note that the characteristics of
he temperature profiles mainly depend on the heat conductivity
f the steel anvils and only slightly on material parameters of the
MG.

According to the aforementioned model, the temperature
xceeds Tg only in the outer part of the HPT disk in the range

f 2.2 mm < r < 3.2 mm during the full length (300 s) of the defor-
ation process, however, the temperature of the inner regions

emains practically below Tg. As a consequence, the amorphous disk
an be divided into two regions (see Fig. 4b), i.e. in the central region
he deformation mode is inhomogeneous while it turns to homoge-
tion of the HPT disk (a) at the central part (b) at larger distance from the center (c)

nous in the outer part after t*(r). In a more realistic approach, when
heat conduction in both z and r direction is calculated simulta-
neously, the curve seen in Fig. 4b becomes steeper, yielding the
temperature to exceed Tg in larger volumes of the sample. This is
going to be examined in detail in an upcoming paper [20].

The obtained significantly higher temperature rise in metal-
lic glasses (see Figs. 3 and 4) compared to crystalline materials
(20–140 K [21,22]) is related to the significantly higher yield
stress [12]. In order to demonstrate the effect of the calculated
shear dependent temperature rise, the deformation dependence
of the morphology, microstructure and thermal behavior of a
Cu60Zr30Ti10 HPT-deformed amorphous alloy was investigated
thoroughly in a recent paper [17]. In the following only the main
points will be highlighted.

3. Experimental demonstration

Backscattered scanning electron microscope (SEM BSE, Phillips
XL 30) images taken at different points on the cross-section of
the HPT sample can visualize the most important microstructural
changes associated with the severe shear deformation (Fig. 5a–c).
Although the amorphous alloy exhibits featureless, homogeneous
microstructure (not shown here), the morphology of the HPT disk
is distinctly diverse. As seen, in the central region several elon-
gated dark gray blocks (C1–C3) with a length of around 15–20 �m
are homogeneously dispersed in the matrix (Fig. 5a). Quantita-
tive elemental analysis taken at several points confirmed that the
composition of the contrastless matrix is equal to that of the as-
quenched alloy (Cu60Zr30Ti10), however, the average composition
of the C1–C3 blocks is slightly different (Cu62Zr20Ti18). At larger
distances from the center, the disk shows transient microstruc-
ture (Fig. 5b), i.e. with increasing radius the size and density of the
visible elongated blocks decrease and further they disappear. The

maximum length of these particles decreases down to 5 �m, while
their composition remains practically unchanged. As seen in Fig. 5c,
the perimeter exhibits only contrastless homogeneous microstruc-
ture without any detectable crystalline blocks with an average
composition of Cu60Zr30Ti10. Supplementary continuous heating
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alorimetric measurements revealed that the shear deformation
esults in a less pronounced glass transition and simultaneously in
significant drop of the total crystallization enthalpy [17].

Based on the numerical calculations, it is supposed that the first
tage of the deformation process is dominated by the formation
f randomly distributed nuclei in the amorphous matrix. Subse-
uently, as the temperature exceeds Tg in the outer region, the
rowth and the coalescence of these nanocrystals in the viscous
lass are limited by the persistent homogeneous shear, resulting
n a relatively homogeneous microstructure (Fig. 5c). On contrary,
he inner part of the disk is dominated by inhomogeneous deforma-
ion for a longer time, resulting in the formation of large crystalline
locks (see Fig. 5a).

. Conclusions

Numerical calculations using a model based on one-dimensional
eat-conduction equation with heat conduction through the steel
nvils showed that there exists a necessary characteristic time
or the temperature to reach Tg, which varies significantly with
he magnitude of shear strain and strain rate. Once Tg is reached
he slope of the temperature profiles decreases considerably, cor-
esponding to the drastic decrease of mechanical energy input.
n accordance with the radial dependent shear deformation, the
u60Zr30Ti10 sample exhibits gradient microstructure, i.e. large,
eformed crystalline blocks in the interior, while homogeneously
ispersed nanocrystals embedded in the amorphous matrix at the
erimeter.
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