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Zr44Ti;1CuqoNijoBess and Zrs7TisCupoAlioNig bulk metallic glass disks have been subjected to severe
plastic deformation by high pressure torsion. Structural changes occurred during torsion straining were
detected by high intensity synchrotron X-ray diffraction, modulated thermal analysis and hardness mea-
surements. The samples show no evidence of nanocrystallization, however, they posses atomic bond

length change in the amorphous state. Simultaneously, a change in the heat capacity of the deformed
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state is detected which is preserved above the glass transition in the supercooled liquid range.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) have received increased attention
from scientific and technological view points in the past couple
of decades. BMGs usually posses high strength, large elastic strain
limit and excellent wear resistance [1]. The deformation of BMGs
is commonly described in terms of the free volume model, which
predicts significant increase in atomic mobility and strong depen-
dence of strain rate on slight change of the local free volume [2,3].
At temperatures well below the glass transition (Tg), the relative
volume fraction of the plastically deformed material is very low
due to the extreme localization of shear bands [4], therefore, the
small contribution of plastic deformation is difficult to be detected
by macroscopic methods. Recently, change in the excess free vol-
ume content on macro length scale has been studied during in situ
thermal cycles by synchrotron X-ray diffraction (XRD) [5]. In these
tests the excess free volume is obtained from the small increase (in
the order of 10~3 to 10~4) in the average atomic distance presuming
an isotropic glass. In order to enhance the ductility of BMGs, several
studies have focused on dispersing the applied strain among com-
petitive shear band networks, either by introducing inhomogeneity
in the microstructure [6] or by surface constrains techniques [7,8].
The high pressure torsion (HPT) technique, originally used for pro-
ducing porosity-free bulk ultrafine-grained specimen [9], can serve
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as an ideal surface constrain technique to achieve extremely large
plastic deformation, y =10-100.

Among multicomponent BMGs, Zr-based BMGs with remark-
able glass forming ability have been utilized commercially to
produce items for industrial applications [10]. In the present study,
we demonstrate the effect of room temperature HPT deformation
on Zl‘44Ti] 1 CU10Ni10B625 and Zl'57Ti5CL120Al]0Ni8 BMGs by applymg
synchrotron X-ray radiation, modulated calorimetry and micro-
hardness tests.

2. Experimental

Commercial Zra4Ti11 CuyoNijoBeys (Vit 1b™, Liquidmetal Technologies Inc.) and
Zr57Tis CuypAlioNig BMGs were subjected to HPT under constrained conditions [11].
During the HPT processing, disk-shaped samples of height 0.85 mm and radius 4 mm
were strained by torsion under 8 GPa pressure N =2 and 4 whole rotations between
two stainless steel anvils. The optical image of a typical disk after torsion straining
is seen in Fig. 1.

X-ray diffraction measurements were carried out at the ID-11 beamline of the
European Synchrotron Radiation Facility (ESRF) using monochromatic photons of
90+ 0.009 keV. The X-ray beam with a size of 10 um x 10 wm passed through the
sample in transmission mode. Scattered intensity was collected using a CCD detector
(Bruker). The 2D XRD patterns were integrated over 360° around the beam center
after dark-current and spatial distortion correction using a Fit-2D software [12].

Minor differences in the thermal behaviour of the as-cast and deformed alloys
were investigated by temperature modulated differential scanning calorimetry
(TMDSC) in a power compensated PerkinElmer calorimeter under purified argon
atmosphere. Temperature calibration was fulfilled by using pure In and Al The heat-
ing rate was chosen 1 K/min modulated by a sine temperature oscillation with 1K
amplitude and 0.01 Hz frequency. The Fourier transformation of the heatflow rate
response yields the reversing specific heat (C,) and the total C, is the sliding average
over one modulation cycle. Microhardness (HV) testing was performed at room tem-
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Fig. 1. A typical optical image of a Zrs4Ti;;CuyoNijoBe,s deformed by HPT during
two revolutions. The circles denote the measurement positions of X-rays and HV.

perature on the polished surfaces of the disks along the diameter using a Shimadzu
DUH-202 dynamic depth-sensing ultra-microhardness tester with a diamond Vick-
ers indenter at a load rate of 17.65 mN/s up to 200 mN. During the depth-sensing
hardness measurements, the indentation depth and the load were recorded as a
function of time by a computer. From these data the values of HV were determined
using the Oliver-Pharr method [13] by averaging 4-5 indents.

3. Results and discussion

Two-dimensional intensity distribution recorded by the CCD
camera along the central line of the Zrs4Tij1CuygNijgBess and
Zr57TisCuygAlygNig HPT disks has shown only broad diffuse halo
rings (measurement positions are marked by circles in Fig. 1), indi-
cating that the fully amorphous structure was not destroyed during
the severe plastic deformation [8,14]. The integrated diffraction
patterns (I(Q)) exhibited two strong halos at around Q=26 nm™!
and Q=44nm~! (where Q is the absolute value of the wave-vector:
Q=41rsinf/A\)and some additional undulations, similarly to that of
the as-cast alloy. A clear shift of the halos in the diffraction patterns
was observed between a selected reference position (see Fig. 1) and
the measurement positions. In order to quantify this shift (Qgp;ft ),
the &(Q) = f ’Iref(Q) —-1(Q + Q)‘ dQ function was minimized for

Q giving the accurate Qgpire = Q in the minimum. The detailed eval-
uation procedure can be found in recent publications [8,14].

As seen in Fig. 2, the relative shift (Qsuir/Q) of the first
scattering halo increases monotonously with increasing strain
rate up to r=1mm and r=2mm for Zrs;Ti5CuygAl;gNig and
ZryqTij1 CuggNiqgBeys, respectively, than it levels of followed by a
drop at the perimeter of the disk. This kind of drop towards the edge
of the disk is might be connected to the minor outflow of the mate-
rial at the perimeter of the tools (see the optical image in Fig. 1)
and was discussed elsewhere [14]. The shift of the halo positions
during HPT deformation is associated with a stress induced average
bond length change in the glassy structure. As was demonstrated
recently, this bond length change strongly depends on the angle
between the torsion axis and the X-ray beam, corresponding to a
structural anisotropy in the material [8]. These structural changes
can temporally persist beyond the glass transition in the viscous
liquid as the results of the thermal analysis reflect in Fig. 3.

Fig. 3a shows a typical temperature program and the corre-
sponding heatflow signal recorded during the TMDSC measure-
ment. Fig. 3b presents the average heatflow signals corresponding
to the as-cast Zry4Tiq1CuigNijgBezs BMG and to the central and
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Fig. 2. Relative shift of the halo positions, Qhift/Q for ZrssTii;CuioNijoBeys and
Zr57TisCuypAljoNig measured along the diameter of the HPT disks.

outer part of the HPT disk. As seen, each curve exhibits T, followed
by a supercooled region. The small exothermic prepeak (appears
only at very low heating rates) corresponds to the formation of
metastable quasicrystalline phase, while the main DSC peak is
related to the simultaneous crystallization of several stable phases
[15]. The deformation induced structural changes slightly decrease
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Fig. 3. (a) Temperature program and heat flow signal recorded during a TMDSC
measurement. (b) Average heat flow signal (1 K/min heating rate) corresponding to
the as-cast Zrs4Ti11 CuioNijgBeys BMG and to the central and outer part of the HPT
disk. The inset shows the specific heat (Cp) as a function of temperature.
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Fig. 4. Hardness (HV) values along the diameter of the as-cast BMG rod and HPT
disks for (a) Zr44Ti11 CU]oNimBezs and (b) Zr57Ti5CU20Al10Nig.

the crystallization temperature of the first metastable phase and
additionally exhibit a remarkable decrease of the C;, in supercooled
liquid state, see the inset of Fig. 3b. This decrease in the C, signal
is an indicative of an order in the supercooled liquid state, which
might originate from the structural anisotropy of the deformed
glass.

Fig. 4a and b summarizes the HV data obtained from indenta-
tion measurements along the diameter of the as-cast BMG rods
and HPT disks. As seen, the average hardness of the as-cast
Zr44Ti11CugNijgBeys (450 kg/mm?) is somewhat larger than that
of the Zrs;TisCuypAligNig alloy (412 kg/mm?2). Commonly, at the
perimeter of the HPT disks, the HV values fluctuate around the aver-
age hardness of the as-cast samples, while a 10-20% decrease can be
observed in the in the center of the disks. This kind of deformation

induced softening is a consequence of extreme shear localization
[4]. Recent numerical simulations suggest that the temperature can
increase significantly during torsional straining, especially out of
the center of the disk [16], which can homogenize the plastic defor-
mation. This homogeneous shear is responsible for the observed
bond length change which is hardly detectable for the areas with
extreme shear localization.

4. Conclusions

ZI'44Ti]]CU10Ni]()B€25 and ZI'57Ti5CL120A110Nig bulk metallic
glass disks have been subjected to severe plastic deformation by
high pressure torsion. Focused synchrotron X-ray diffraction mea-
surements along the diameter of the disks revealed no evidence
of nanocrystallization, however, a monotonously increasing shift
in the first amorphous halo position reflects structural changes in
the glass. TMDSC scans confirmed a minor decrease in the stability
of the deformed sample accompanied by a remarkable decrease of
the C;, in supercooled liquid state. Due to the plastic deformation, a
softening takes place only at the center of the disk, while the outer
part has the same hardness value as that of the as-cast BMG.
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