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High-pressure torsion deformation process of bronze/niobium composite
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Abstract: The deformation process in the material volume under high-pressure torsion (HPT) was studied. As a model object for the
observation of deformation process, we used a composite comprising a bronze matrix and niobium filaments. The arrangements of
the niobium filaments in the bronze matrix and their size have regular geometry. This allows us to monitor and measure the
displacement of the niobium filaments in the sample volume, which results from HTP. The bronze/niobium composite samples were
subjected to HPT at room temperature and 6 GPa, and the number of revolutions N=1/4, 1/2, 1, 2, 3 and 5. It was shown that HPT
with revolution number of 1 leads to the 360° rotation of entire sample volume without sample slippage. Similar deformational
behavior during HPT can be expected for high-ductility metallic materials. The increase in the number of revolutions more than 2
leads to twisting the niobium filaments in the sample volume and the formation of “vortex” multilayer structure. The mechanisms for

the formation of such structures were discussed.
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1 Introduction

At present, the high-pressure torsion (HPT) is
widely used to form a nanocrystalline structure and to
harden various metals and alloys [1]. The complete
review of the HPT applications was made [2,3]. However,
till now very little is known about the real processes
occurring in the course of HPT.

The design of installations used for the realization
of the HPT deformation is the development of
well-known Bridgman anvil concept [4]. Initially, these
installations were used to study phase transformations
under very high pressures and deformations. The
application of this method for the formation of
nanostructures  characterized by high-angle grain
boundaries allowed one to consider it as a new procedure
for the preparation of nanostructured materials [2].

In the course of HPT, a sample prepared in the form
of a disk is placed between two anvils with flat bases and
subjected to compression under a pressure of several
gigapascals [3]. The bottom anvil revolves, and surface
friction forces cause the shear deformation of the
sample. The sample geometry allows the main volume
of a material to be deformed in quasi-hydrostatic
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compression conditions under the action of pressure
produced by outer layers of the sample. As a result,
despite high degrees of strain, the sample is not broken.
In some HPT installations, to decrease the outflow of a
metal, the bottom base has a concave (hole).

The substantial disadvantage of HPT consists in the
structural nonuniformity of prepared samples since the
shear strain increases from the center of the sample to its
periphery [5,6]. Some procedures used for the calculation
of shear strains during HPT are available; however,
the problem remains debatable [3]. The fact that, in
most cases, the HPT deformation process is studied
post-mortem, i.e., a deformed sample is studied, making
the calculation of strains difficult. There are some studies
related to in-situ investigations of the HPT deformation
in literatures [7—-9], i.e., in these studies, the evolution of
the sample is monitored directly in the course of HPT.
However, in all these studies, only changes in the
physical properties or phase transformations in a sample
during deformation were investigated. The monitoring
of the deformation process in the course of HPT is of
substantial interest. It is difficult to solve the
problem since samples used for the HPT deformation are
continuous and macro uniform; this fact does not
allow the visual monitoring of deformation processes.
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Interesting results were obtained in the course of
processing of multiphase materials by the HPT method,
for example, duplex steels [10—12], two-phase
eutectoid Zn—22%Al alloys [13], and two-phase Cu—Ag
alloys [14]. In these researches, unusual patterns of the
plastic flow of the material were observed during
deformation, such as double-vortex strains, shear
vortices, and significant local turbulence. However, the
random character of the phase distribution in the original
materials made interpretation of the results difficult.

In the present study, as a model object for
observation of deformation process during HPT, we used
a billet of industrial low-temperature Nbs;Sn-based
superconductor consisting of a bronze matrix and
niobium filaments, which were of the same size and
formed in hexahedral clusters uniformly distributed in
the matrix. The arrangements of clusters in the bronze
matrix and their sizes have the regular geometry. This
allows us to monitor and measure the displacement of
clusters in the sample, which results from HTP.

Thus, the aim of the present work is to study the
deformation process in the material under HPT by an
example of a composite comprising the bronze matrix
and niobium filaments.

2 Experimental

The samples cut from a cylindrical billet of
industrial low-temperature Nbs;Sn-based superconductor
were subjected to HPT. Such a billet consists of a bronze
matrix and niobium filaments, which are formed in
hexahedral clusters having a regular geometry and
uniformly distributed in the matrix (Fig. 1). The
components of the billet (bronze matrix and niobium
filaments) are characterized by adequate deformability
and can be plastically deformed to high degrees of
strain (typical degrees of drawing in manufacturing a
superconducting wire are from 12 to 16).

The original billet was spark-cut into plates with
1 mm in thickness; disk samples with 8 mm in diameter
were cut from the plates. Each of samples contains
48 clusters in average, each of which, in turn, consists of
36 niobium filaments. The length of each face of the
hexahedral cluster is 560 um; the distance between
centers of neighboring clusters is 1100 um.

The samples of the bronze/niobium composite were
subjected to HPT at room temperature, at a pressure of
6 GPa using a hole with 0.5 mm in depth, which is
located in the bottom anvil, and the number of
revolutions N=1/4, 1/2, 1,2, 3 and 5.

X-ray diffraction analysis of a longitudinal section
of the samples was performed using a DRON-3M
diffractometer and Co K, radiation. Changes in the width
of niobium and matrix reflections, which were caused by

an increase in the HPT revolutions, were measured in the
angular range 26 of 40°—54°.

Fig. 1 Longitudinal (a) and cross-sectional (b) morphologies of
bronze/niobium composite before HPT

After HPT, the bottom surface of samples was
subjected to grinding and polishing; the grinding was
performed using abrasive paper (P400-P2500). The
samples were polished using Masterprep suspension with
an abrasive particle size of 0.05 um. A set of photos of
the polished bottom surface (of the longitudinal section)
of bronze/niobium composite samples subjected to HPT
at different numbers of revolutions were taken at a
magnification of 30 using a JSM—-6610LV (JEOL)
scanning electron microscope (SEM) and back-scattered
electron mode. The photos were glued together to form a
panoramic image of the whole bottom surface of the
sample.

The preliminary processing of the obtained
panoramic image was performed using CorelDRAW
graphics software. In the course of processing, each of
the hexahedral clusters consisting of niobium filaments
was bounded by a polygon that was colored
monochromatically. Further quantitative analysis of
photos was performed using the ImageExpertPro
software. In this case, the number, specific and average
areas, and average perimeter of clusters were calculated.

After that, the samples subjected to HPT were
spark-cut along the diameter into two fragments, which
were pressed in epoxy resin, and transverse sections
were prepared similarly to longitudinal sections. The
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panoramic image of the transverse section was taken
using the scanning electron microscope and the
procedure was used for the longitudinal section.

3 Results and discussion

Figure 2 shows SEM images of the surface
(longitudinal section) of bronze/niobium samples
subjected to HPT. Figure 3 shows schematic images of
the whole surface (longitudinal section) of bronze/
niobium samples before and after HPT, which were
obtained by processing the SEM images with a graphical
software.

Panoramic images of the surface of bronze/niobium
samples subjected to HPT show that, even after
deformation with the number of revolutions N=1/4,
substantial distortions of the shape of equiaxed
hexahedral clusters and elongation of some niobium
filaments and their displacement near the sample edges
take place (Fig. 2(a)). As the number of HPT revolutions
increases from 1/4 to 1, this tendency remains
unchanged. At the same time, the character of the
structure does not change qualitatively at HPT
revolutions from 1/4 to 1 (Fig. 3).

Table 1 shows quantitative characteristics of the
clusters in the bronze/niobium composite samples before
and after HPT. It is seen that, as the degree of
deformation (i.e., the number of revolutions) increases,
the number of clusters on the sample surface decreases as
a result of their merging with each other near the sample

edges. In this case, in turn, the average area and average
perimeter of cluster increase.

After HPT with some revolutions (N=2-5), the
twisting of niobium filaments is observed over the whole
surface of the sample, except its center (Fig. 2(b)). In this
case, the mixing of niobium and bronze areas and the
formation of typical “vortex” structure are observed.

Vortex structures (or vortex defects) are often
observed at large deformation, or dynamic deformation
(for example, explosion welding) of some metallic
materials [15]. Their formation occurs during the
evolution of a deformed solid as a consequence of its
adaptation to external mechanical loading [16]. The
formation of vortex defects occurs as a result of
coordinated displacement of atoms or structural elements
under external load. The reason for that is the
inhomogeneous stress distribution in the deformed
solid [17].

It is well known that the vortices are formed during
the hydrodynamic motion of a liquid, which is due to
layers moving of a liquid at different speeds. The authors
in Refs. [15,18,19] assume the possibility of a layered
flow of a deformed metal solid when the condition of
continuity between layers is satisfied, by analogy with
the flow of a liquid. The turbulent plastic flow of
metallic material is very characteristic when it is
deformed by the HPT method, as evidenced by some
researches [10,13,14,18]. However, the occurrence of
turbulent plastic flow in a solid is obviously not related
to the difference in the velocities of plastic flow of the

Fig. 2 SEM images of surface (longitudinal section) of bronze/niobium composite after HPT with N=1/4 (a, c) and N=5 (b, d ,e):
(a, b) General view; (c) Enlarged fragment from (a); (d) Enlarged fragment from (b); (¢) Enlarged fragment from (d)
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Fig. 3 Schematic images of surface (longitudinal section) of
bronze/niobium composite before and after HPT

Table 1 Quantitative characteristics of clusters in bronze/
niobium composite samples before and after HPT

Number Average area  Average  Specific

£ clust of cluster/  perimeter of area of

ot clusters pm? cluster/um cluster/%

0 (before
48 63.8 35.7 543
HPT)

1/4 40 86.5 46.9 61.3
172 37 90.8 51.0 59.6
1 32 108.5 57.3 61.6

layers, i.e., Kelvin—Helmbholtz instability (because these
velocities are small), although some similar mechanisms
take place [20,21].

One of the main general reasons for the occurrence
of turbulent flow during HPT is the inhomogeneous
distribution of strains and the presence of strain gradients
(local shear rate gradients) or local blocking of simple
shear in the sample volume [17,19]. The inhomogeneous
distribution of strains, for example, is confirmed by
measuring  the of microhardness on the
cross-section of the disk sample after HPT. Such studies
have been carried out in Refs. [22-24]. The results
presented indicate that the HPT deformation process is
heterogeneous. The deformation is inhomogeneous in the
thickness of the sample. The cross-sections with
increased and decreased values of microhardness are
well visible.

The most pronounced vortex structures were
observed when the layered samples (sandwiches) from
various metals, for example, “steel/vanadium alloy/

values

steel” [25-27], “aluminum/magnesium” [28,29] and
“aluminium/copper” [30—32] were processed by HPT.
The layered sample under conditions of high pressures
can be considered as a solid one, and the occurrence of a
turbulent flow will occur more easily in this case.

In our case, the formation of vortex structures in
bronze/niobium composite is possibly associated with
the appearance of turbulent plastic flow in a bronze
matrix under shear strain. The presence of niobium
filaments having a deformation capacity slightly different
from the bronze matrix leads to an easier occurrence of
vortex strains at the interfaces between the bronze matrix
and niobium filaments. This, in turn, contributes to the
appearance of a developed vortex structure in the entire
volume of the sample. It is important that the formation
of vortex defects is possible only when the volume
increases with shear strains. The increase in the volume
will occur at the interfaces between the bronze matrix
and niobium filaments.

To calculate the angle of displacement of niobium
filament from the initial position at the distance R from
the sample center, the panoramic image of the surface of
the composite sample subjected to HPT was overlaid
with a net with the applied image of initial (before HPT)
arrangement of niobium filaments. After that, the angle
of displacement of selected niobium filament from the
initial position was calculated. For the number of
revolutions N=1/4, the maximum angle of filament
displacement was ~15°; for the number of revolutions
N=1, it was 30°.

It should be noted that the calculation of
displacements of niobium filaments using the panoramic
images of the sample surface does not characterize the
entire pattern of deformation, since niobium filaments
during HPT can move together with the displacement of
the bronze matrix, which results from the shear strain. In
this case, the calculation shows the displacement of
filament relatively to the adjacent filament rather than
the initial position of considered filament because the
initial position of the sample surface cannot be fixed.
Therefore, the clearer pattern of the displacement of
niobium filaments during HPT can be observed on the
transverse section of the sample (Fig. 4).

SEM observation showed that the transverse section
of the bronze/niobium sample subjected to HPT with the
number of revolutions N=1 demonstrates twisting the
niobium filaments (Fig. 4(a)). In this case, some of the
filaments are observed on the longitudinal section, some
are observed to be angularly cut, and some are observed
to be transversely cut. This fact indicates (regarding
geometrical considerations) the rotation of filaments by a
revolution in the bronze matrix, confirming that HPT
with N=1 leads to 360° “revolution” of sample volume
without sample slippage.
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Mid-radius

Fig. 4 SEM images showing cross-section of bronze/niobium composite after HPT with N=1 (a) and N=5 (b—e): (a, b) General view;

(c) Enlarged fragment from (b); (d) Enlarged fragment from (c); (e) Enlarged fragment from (d)

The increase in the number of revolutions from 2 to
5 leads to twisting the niobium filaments along the whole
transverse section of the sample except its center; this
pattern is similar to that observed for the longitudinal
section (Fig. 4(b)). Expanded fragments of the sample
structure show that the thickness of individually
elongated filaments does not exceed several hundred
nanometers. In this case, the mixing of niobium
filaments and bronze matrix and the formation of typical
“vortex” structure are also observed.

X-ray diffraction analysis shows that as the number
of revolutions during HPT increases, the broadening of
X-ray diffraction reflections of both niobium and matrix
takes place (Fig. 5). In this case, the broadening of
niobium reflection is less intense as compared with that
of the matrix. In particular, the width of the niobium
reflection before HPT is 0.404°; as the number of
revolutions increases from 1/4 to 5, the width of the
niobium reflection increases slightly to 0.544°. The most
marked broadening of reflections is observed for the
number of revolutions from 1 to 2 (from 0.434° to
0.524°). At the same time, the width of the matrix
reflection even after HPT with N=1/4 increases from
0.392° to 0.676°; further increase in the number of
revolutions leads to a monotonic increase in the width of
the niobium reflection from 0.993° to 1.009°.

Such a behavior of the components of the composite
billet (bronze matrix and niobium filaments) can be
related to their different deformation mechanisms with
increasing number of revolutions during HPT and
different deformation ability of bronze and niobium (as
compared to bronze matrix, the niobium filaments are
more plastic and have lower ability to cold-work
hardening). As a result of HPT, first the bronze matrix
undergoes the shear deformation; this fact explains the
substantial broadening of X-ray diffraction reflections of
bronze even at low strain (at a low number of
revolutions). As the number of revolutions increases,
the deformation of the bronze matrix increases. This is

(@
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Fig. 5 Fragments of XRD patterns of bronze/niobium
composite before (a) and after HPT with N=1 (b) and N=5 (c)
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accompanied by a monotonic increase in the width of
diffraction reflections.

On the contrary, the niobium filaments at low strain
(the number of revolutions from 1/4 to 1) mainly
undergo the linear deformation, i.e. the elongation and
twisting of them in the bronze matrix are observed.
Taking into account the high deformation ability of
niobium filaments, such deformation likely does not lead
to the substantial increase in the density of dislocations
and, therefore, is accompanied by a slight broadening of
diffraction reflections. As the number of revolutions
increases to 2, the mixing of niobium filaments and the
bronze matrix is observed; more substantial shear
deformation of niobium filaments occurs, which is
accompanied by broadening the diffraction reflections.

It should be noted that the obtained results are
obviously not universal. Similar deformation behavior
during HPT can be expected for high-ductility metallic
materials. In the case of HPT-deformation of high-
strength metallic materials, for example, medium- and
high-carbon steels, tungsten alloys, the slipping of the
samples between the anvils of HPT-device was often
observed; and the slipping often overlooked by the
researchers [33,34]. As a result, HPT with N=1 will lead
to a rotation of the entire sample volume by an angle of
less than 360°. Therefore, new research is needed to
analyze the deformation behavior of such materials
during HPT.

4 Conclusions

(1) The observation of the HPT deformation process
was performed by an example of a composite comprising
bronze matrix and niobium filaments which are formed
in hexahedral clusters. The arrangements of clusters in
the bronze matrix and their size have regular geometry;
this allows to monitor the displacement of clusters in the
sample volume, which results from HTP.

(2) HPT with revolution number of 1 (N=1) leads to
the 360° rotation of entire sample volume. Similar
deformation behavior during HPT can be expected for
high-ductility metallic materials.

(3) The increase in the number of revolutions from
2 to 5 leads to twisting the niobium filaments in the
sample volume and formation of “vortex” structure.
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