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Abstract

A powder mixture of Nb–47 wt.% Ti (a well-known composition for superconducting magnets) was subjected to severe plastic defor-
mation using high-pressure torsion (HPT) and subsequently annealed at 573 K. Ti gradually dissolved in Nb with increasing shear strain,
with a fast kinetics comparable to lattice diffusion at 700–1200 K. At large strains, a complete transition to a nanostructured b phase
occurred at room temperature, which is far below the equilibrium temperature of 690 K. Nanoclusters of Ti with a body-centered cubic
structure were also detected at large strains. Subsequent annealing led to elemental decomposition, formation of a nanoscale lamellar
structure and segregation of Nb at grain boundaries. Superconductivity occurred at temperatures below 9 K, while the transition tem-
perature decreased with increasing shear strain because of supersaturation of Ti in Nb and increased with annealing because of elemental
decomposition. The Nb–Ti alloy after HPT exhibited hardness/strength peaks followed by softening at large strains, while hardening
occurred after annealing. The maximum hardness, tensile and bending strengths were 4, 1.7 and 2.7 GPa, respectively.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

High-pressure torsion (HPT) [1,2], equal-channel angu-
lar pressing [3,4] and accumulative roll-bending [5,6] are

well-known severe plastic deformation (SPD) methods in
which ultrafine-grained microstructures with high densities
of lattice defects are achieved. Among the different SPD
processes, HPT is especially effective at introducing extre-
mely large shear strains up to steady states [7–10]. In addi-
tion to grain refinement and the resultant strengthening,
the HPT method is capable of controlling several other
structural features, such as enhanced atomic diffusion
[11–14], allotropic phase transformations in pure elements
such as Ti [15–17], Zr [18–20], Co [21,22], Si [23] and C
[24], elemental decomposition in supersaturated alloys such
as Al–Zn [25], Al–Mg [26], Al–Zn–Mg [26] and Co–Cu [27],
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and solid solution supersaturation in alloys such as Al–Cu
[14], Al–Fe [28], Cu–Ag [29], Cu–Ni [30], Cu–Cr [31], Ag–
Ni [32], Ni–Al–Cr [33] and Fe–Cu [34].

Despite the publication of numerous papers regarding
the microstructural refinement and mechanical property
improvement of SPD-processed materials [1–34], there
have been very few reports on the evolution of mechanical
properties [6,35–40] and superconducting properties [41–
43] of superconductors after processing by SPD. It was
reported that the strength of Nb (a well-known supercon-
ducting metal) significantly increases after HPT processing
because of significant grain refinement to the submicrome-
ter level [38–40]. It was also reported that the critical tem-
perature for superconductivity increases in Nb after the
grain refinement by HPT because of the quantum confine-
ment effect and size-dependent superconductivity, while the
critical current density increases after HPT because of the
vortex pinning effect by lattice defects such as dislocations
and grain boundaries [43]. These reports suggest that the
application of SPD through the HPT method can be an
effective approach to achieve both high strength and
enhanced superconductivity in superconducting materials.

It is of particular scientific and industrial interest to
examine whether the strength and the critical temperature
Tc for superconductivity can be increased in other super-
conducting materials such as Nb–Ti alloys after grain
refinement by HPT processing. In Nb–Ti alloys, which
are widely used in superconducting magnets, the critical
current density in a magnetic field is enhanced due to the
presence of non-superconducting hexagonal close-packed
(hcp) Ti particles [44–48]. Since the Ti particles pin vortices
and enhance the superconductivity, the amount and size of
the Ti phase are important in controlling the superconduc-
ting properties in the Nb–Ti alloys [44–48]. The Nb–Ti
alloys are usually processed by conventional plastic defor-
mation techniques such as wire drawing, extrusion or roll-
ing followed by thermal annealing [44–48]. However, the
grain refinement after SPD processing is expected to be
much more significant than that after the conventional
plastic deformation methods [7,8].

In this study, we thus investigate the evolution of micro-
structure, mechanical properties and superconductivity
along with HPT processing, as well as after subsequent
annealing, in an Nb–47 wt.% Ti alloy, and show the impor-
tance of elemental decomposition and supersaturation.
Since earlier papers reported that the application of HPT
to powder mixtures results in a more significant grain
refinement when compared to bulk alloys [17,30,31], pow-
der mixtures were used as starting materials in this study.

2. Experimental procedures

Nb powders with a purity level of 99.9% and particle
sizes less than 75 lm were manually mixed with 47 wt.%
(63 at.%) of Ti powders with a purity level of 99.9% and
particle sizes less than 75 lm. The powder mixtures were
further homogenized by mechanical mixing in acetone with

sufficient agitation in a glass container even after the ace-
tone dried out. It should be noted that these high-purity
powders were fresh, with minor oxidation, and energy-
dispersive X-ray spectrometry (EDS) showed that no con-
tamination occurs during mechanical mixing or after the
HPT processing.

HPT was conducted at room temperature to consolidate
the powder mixtures into discs of 10 mm diameter and
0.8 mm thickness under a pressure of P = 4 GPa using a
pair of HPT anvils, as described in detail in Ref. [49]. Shear
strain (c ¼ 2prN=h, where c is the shear strain, r is the dis-
tance from the disc center, N is the number of turns and h is
the disc thickness [7,8]) was introduced through rotations
for either N = 0, 1, 2, 5, 10, 20, 50 or 100 turns, with a rota-
tion speed of x = 1 rpm. The samples processed through
N = 50 were subsequently annealed at 573 K for either 1,
24 or 240 h.

Disc samples were first polished to a mirror-like surface
on both sides and the Vickers microhardness was measured
on the upper surfaces of discs at 3.5 mm away from the disc
center with an applied load of 200 g for 15 s at several
radial directions.

Second, X-ray diffraction (XRD) analysis was per-
formed on samples using Cu Ka radiation at 40 kV and
40 mA in a scanning step of 0.01� and a scanning speed
of 1� min�1. LaB6 standard powders were used concur-
rently with the samples during XRD analysis to offset the
XRD analyzer and find identical absolute peak positions.

Third, scanning electron microscopy (SEM) with EDS
was performed at 15 kV to examine the microscopic distri-
bution of Nb and Ti in the disc samples.

Fourth, for transmission electron microscopy (TEM)
and scanning-transmission electron microscopy (STEM),
thin foils were prepared from the disc samples at 3.5–
4 mm away from the disc center with a focused ion beam
system using gallium ions under an accelerating voltage
of 30 kV. TEM and STEM were performed at 200 and
300 kV for microstructural observation in bright-field and
dark-field modes, respectively, to record selected-area elec-
tron diffraction (SAED) patterns, EDS mappings and
elemental analyses. It should be noted that the microstruc-
tural observations using TEM and STEM were conducted
on the cross-section of the discs.

Fifth, for bending tests, miniature rods with a square
cross-section of 0.5 � 0.5 mm2 and a length of 9 mm were
cut from the discs at 2.5 mm away from the disc center.
Three-point bending tests were carried out at room temper-
ature to measure the bending load and displacement in the
direction perpendicular to the disc surface at a crosshead
speed of 0.5 mm min�1. The bending stress was calculated
through the Euler–Bernoulli beam theory using the equa-
tion given in Ref. [17]. It should be noted that the bending
properties are very important for Nb–Ti alloys, especially
when they are used in the form of superconducting wires.

Sixth, miniature tensile specimens having 1.5 mm gauge
length, 0.7 mm width and 0.6 mm thickness were cut from
discs at a position 2 mm away from the disc center, as
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