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Abstract. The melt-spun (MS) TiS0ONi25Cu25 alloy and the Zr62Cu22Al10Fe5Dy1 bulk metallic
glass (BMG) were subjected to high pressure torsion (HPT). X-ray diffraction (XRD)
measurements show a shift of the first diffraction halo to a low angle after HPT processing, which
corresponds to an increase in the values of the radius of the first coordination sphere and the free
volume. Direct density measurements confirmed an increase in free volume values. A special TEM
procedure was used for a detailed study of the microstructure of both amorphous alloys after HPT
processing. The study revealed the formation of a large density of shear bands (SBs) in both alloys.
Nanocrystals are formed directly in shear bands as a result of strain-induced nanocrystallization.
Amorphous nanoclusters with a size of 20 nm are formed in an amorphous matrix surrounding the
SBs in the HPT-processed MS alloy Ti50Ni25Cu25. The formation of nanoclusters was not
observed in BMG Zr62Cu22Al10Fe5Dy]1 after HPT processing.

1. Introduction

High pressure torsion (HPT) seems to be a promising method to form a high density of localized shear
bands for structural transformations of amorphous alloys [1-6]. Plastic deformation also leads to changes
in the mechanical properties of amorphous alloys [1-10]. However, the features of structural
transformations occurring in amorphous alloys during HPT processing are not clear. Preparing lamellae
for TEM from the cross section of the HPT-processed specimen using a focused ion beam (FIB) provides
a new opportunity to study the structural features of amorphous materials processed by HPT. Important
information about the structure of amorphous alloys is given by the free volume, which can be estimated
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by the XRD method [1, 7]. A new unique method [11] provides the ability to measure the density of HPT-
processed samples with small sizes and complex shapes.

In this work, the melt-spun (MS) TiSONi25Cu25 alloy and the bulk metallic glass (BMG)
Zr62Cu22Al110Fe5Dyl were subjected to HPT processing. Complex structural studies using TEM, XRD
and density measurements were utilized to study the effect of HPT on the structure and properties of
amorphous alloys of different chemical compositions.

2. Experimental

The TisoNipsCu,s ribbons with a thickness of 0.04 mm and a width of 2 mm were produced by the melt
spinning technique. Cylindrical rods with a diameter of 5 mm and a length of 50 mm from the
ZrsCuxAljFesDy, BMG (Zrg; BMG) were made by copper mould casting. Fragments of the ribbons and
BMG were subjected to HPT under an applied pressure of 6 GPa at room temperature for 10 and 5
revolutions, respectively. The structure of the HPT-processed specimens was examined by TEM on a
Zeiss Libra 200FE. Data on selected area electron diffraction (SAED) were collected from an area of 80
nm in diameter. To prepare the TEM samples from the cross section of the HPT-processed specimen, the
lamella samples were cut out by a focused ion beam (FIB) using a Zeiss Auriga Crossbeam SEM-FIB
according to the procedure described in [8]. Lamellae were cut from areas close to the surface of the HPT
sample. The structure was also examined by X-ray diffraction (XRD) under Cu radiation employing a
Rigaku Ultima IV device. The density measurements were performed in accordance with the precise
technique of measuring the bulk density of small solid objects using laser confocal microscopy described
recently in [11].

3. Results and discussion

According to the XRD and TEM studies, the initial MS TisoNiysCu,s alloys and Zrs, BMG have a
predominantly amorphous structure. TEM studies of the lamellae revealed a large number of shear bands
in HPT-processed states (figure 1). The primary shear bands have an average thickness of 5-10 nm. The
shear bands are distorted and assembled in a group or bundles. The average distance between the shear
bands in a group ranges from 20 to 50 nm. In the HPT-processed Zrs, BMG the groups of shear bands
(zones of structural transformation with a banded contrast) have a total width of 200 nm and more (figure
1a). In the HPT-processed MS TisoNiysCuys the groups of shear bands have a slightly smaller total width —
up to 100 nm (figure 1b).

Nanocrystals were observed directly in shear bands in MS TiNiCu subjected to HPT (crystalline
reflections in a microdiffraction pattern taken from the shear bands in figure 1b). These nanocrystals were
formed as the result of strain-induced nanocrystallization, which was previously found in this amorphous
alloy [2, 9]. There are areas with a cluster-type amorphous structure around the bundles of shear bands.
The average size of clusters is 20-30 nm. According to the SAED pattern (figure 1b), the clusters have an
amorphous structure. Probably, the clusters and their boundaries have different contents of free volume.
However, the nature of the cluster-type amorphous structure in the HPT-processed MS TisoNiysCu,s has
not been revealed yet.

The formation of a cluster-type amorphous structure after HPT was not detected in the Zrs, BMG.
Some fine crystalline reflections are also observed in the microdiffraction pattern taken from individual
shear bands (figure la), which may also indicate the strain-induced nanocrystallization. However,
nanocrystals were not observed on the most shear bands. Apparently, nanocrystallization in a shear band
depends on the conditions of shear bands propagation. Thus, it can be concluded that the HPT-induced
nanocrystallization in the Zrs, BMG is less intensive that in the HPT-processed TiNiCu.
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Figure 1. STEM BF image of a) Zrs,CuyAljFesDy, BMG subjected to HPT, on the top — corresponding
microdiffraction patterns from different regions of the sample. b) cluster-type amorphous structure and
shear bands with nanocrystals of MS TisoNiysCuys subjected to HPT, on the top — corresponding
microdiffraction patterns from different regions of the sample.

XRD shows the HPT-induced shift of the first diffraction halo to low angles for both alloys, which
means an increase in the radius (R) value of the first coordination sphere. This means an increase in the
content of free volume (AV) [7]. The increment of free volume was calculated according to the procedure
described in [7]. AV was increased approximately by 0.5 % in the HPT-processed Zrs; BMG compared to
the initial state. AV was increased approximately by 1.8 % in the HPT-processed MS TisoNipsCuys in
comparison with the initial state. However, the analysis of changes in free volume, based on the shift of
the first diffraction halo, may contain a considerable error for the MS TisoNi,sCuys due to more intensive
crystallization in this alloy. It should be noted that an increase in free volume leads to an increase in the
ductility of amorphous alloys [12].

Density measurements performed according to the procedure [11] demonstrate that the initial Zrg,
BMG has a density of p equal to 6.98 kg/m’, which correlates with the data for bulk samples of this BMG
obtained by hydrostatic weighing [13]. HPT processing leads to a decrease in the density values of the Zrg,
BMG and the MS TisoNiysCu,s (Ap) approximately by 2%. The value of AV=2 % for the HPT-processed
Zrs; BMG determined by the direct method, is much larger than AV determined by XRD (0.5%). This is
probably due to the fact that the HPT processing leads to the formation of nano-sized pores or cracks in
the HPT-processed sample. Previously, nano-sized pores and nano-voids in the SPD-processed alloy were
discovered in [14]. It should be noted that the increase in AV = 0.5% obtained by XRD in this work is
close to AV observed in other works on the HPT processing of BMGs [15].
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4. Conclusions

The direct density measurements and analysis of first diffraction halo shift demonstrate an increase in the
free volume content in both amorphous MS TisoNi,sCuys and Zrg; BMG. The formation of high density of
shear bands in amorphous MS TisoNiysCu,s and Zrg, BMG was detected on lamella samples using TEM.
However, the structural transformations of these two amorphous alloys occur in different ways. HPT leads
to the formation of groups of shear bands (zones of structural transformation with a banded contrast) with
total width of 200 nm and more in Zrs, BMG, whereas groups of shear bands have a slightly smaller width
—up to 100 nm in MS TisoNiysCups. HPT-induced nanocrystallization in shear bands and the formation of
a cluster-type amorphous structure were observed in MS TisoNi,sCuys. The formation of nanoclusters was
not observed in Zrg; BMG after HPT processing and strain-induced nanocrystallization is less prominent
in this alloy. Additional studies are required for a deep understanding of the strain-induced structural
transformations in amorphous alloys.
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