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Abstract. A body-centred cubic (BCC) structure metal, tantalum, was processed by high-
pressure torsion (HPT) at room temperature with different numbers of rotations. The
microstructural evolution was studied by electron backscatter diffraction (EBSD). The grain
sizes were significantly refined at the disk edge area in the early stages of deformation (N = 0.5)
but tended to attain saturation after the numbers of rotations was increased to N = 5. As the
deformation continued, some coarse grains appeared in the disk edge areas and it appeared that
there was structural recovery at the expense of grain boundary migration in the tantalum during
HPT processing. Microhardness measurements showed the hardness gradually evolved towards
a more homogenized level across the disk surfaces as the numbers of rotations increased. The
hardness level after N = 10 turns was slightly lower than after N = 5 turns, thereby indicating the
occurrence of a recovery process after 5 turns.

Keywords: Electron backscatter diffraction; Grain size; Hardness; High-pressure torsion;
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1. Introduction

Tantalum is a refractory metal having excellent room-temperature ductility (greater than 20%
tensile elongation) [1]. Because of its unique corrosion properties (i.e. chemically inert),
tantalum finds use in the chemical industry, particularly as valves, heat exchangers, and
bayonet heaters [1, 2]. Tantalum is also highly bioinert and it is used as an orthopedic implant
material [3]. The elasticity of tantalum makes it an appropriate material for hip replacements
to avoid stress shielding [4]. Researchers are also considering using tantalum in prostheses
instead of titanium. However, to make Ta comparable to Ti as an implant material, it is
necessary to improve the material strength. According to the Hall-Patch relationship, the grain
size is the major microstructural parameter dictating the properties of a polycrystalline
material at room temperature. The traditional plastic working techniques (e.g. rolling,
extrusion) for tantalum usually generate coarse grain microstructures. Therefore it is expected
that ultrafine or nanostructured tantalum will have improved strength and enhanced
performance.
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Ultrafine or nanostructured materials can be produced through the application of
severe plastic deformation (SPD) to conventional coarse-grained metals and typically the
grain sizes are within the submicrometer or even the nanometer range [5]. Among various
newly developed SPD techniques, equal-channel angular pressing (ECAP) [6] and high-
pressure torsion (HPT) [7] are the most popular and successful processing methods.
Processing by HPT is especially attractive because it leads to grains which are generally
smaller than those produced using ECAP. In practice, ECAP and HPT have been successfully
applied to various metals and alloys mainly having face-centered cubic (FCC) and hexagonal
close-packed (HCP) crystal structures, for example, Al, Cu, Ni, etc. (FCC) and Mg, Ti, Zr, Zn
etc. (HCP). The applications of SPD processing to body-centered cubic (BCC) metals and
alloys are rather few. Only in recent years are there some reports on HPT processing of BCC
crystal structure materials: for example, Nb [8-11], Cr [11, 12], W [13], Fe [14, 15], V and
Mo [16] and Ta [17-19].

The limited research related to HPT processing of Ta available to date is based on
studying the post-HPT deformation mode which includes the localized plastic deformation via
shear bands for nanocrystalline Ta in compression [17] and adiabatic shear banding of high
strain rate behavior in a Kolsky bar system [18]. A recent study examined the laser induced
compression for post-HPT monocrystalline Ta [19]. Nevertheless, there have been no
systematic studies on the HPT processing, the evolution of microstructure and the mechanical
properties of tantalum.

In order to address this deficiency, the present research was initiated to provide a
systematic study of the microstructure and mechanical property evolution in tantalum under
high pressure conditions. Using these results, the overall objective was to establish procedures
for enhancing the bio-applications of this material.

2. Experimental materials and procedures

The as-received Ta rod was 10 mm in diameter and it was received in an annealed state and
having a purity of 99.9%. The tantalum rod was sliced into discs with thicknesses of ~1.2
mm and these discs were ground with abrasive papers to final thicknesses of ~0.8 mm in order
to undertake HPT processing.

The discs were processed by HPT under quasi-constrained conditions [20, 21] through
total numbers of turns, N, of 0.5, 1, 2, 5 and 10 at room temperature using an imposed
pressure of 6.0 GPa and a rotational speed for the lower anvil of 1 rpm.

Following HPT processing, both an as-received sample and the HPT-processed discs
were hot-mounted in bakelite and ground with abrasive papers. A final polishing was
performed using a colloidal silica solution in order to achieve a mirror-like surface. For the
as-received sample, the polished surface was etched by an ASTM 163 etchant. This etchant
contains 30 mL of water (H,0), 30 mL of sulfuric acid (H2SO4), 30 mL of hydrofluoric acid
(HF) and 3 to 5 drops of 30% hydroxide peroxide (H,0O,). The sample was immersed in the
etchant for 20 to 40 seconds. Then the sample surface was observed in dark field mode using
an Olympus BXS51 optical microscope in order to determine the initial grain structure. The
grain size was measured using the linear intercept method with Image J software. The grain
structures in the HPT-processed samples were examined by electron backscattered diffraction
(EBSD) using a JSM6500F thermal field emission scanning electron microscope (SEM).

The values of the Vickers microhardness, Hv, were measured on the polished surfaces
and at positions along the disc diameters separated by incremental distances of 0.3 mm. The
hardness measurements were taken using an FM300 hardness tester equipped with a Vickers
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indenter with a load of 300 gf and a dwell time of 15 s. These measurements were used to
give the variation of Hv across each disc diameter.

3. Experimental results

The microstructure of the as-received Ta is shown in Fig. 1. This material was in an annealed
state with relatively coarse grains. The average grain size was measured as ~60 um and the
average hardness was ~87 Hv.

Fig. 1 Microstructure of as-received tantalum

3.1 Microstructure development during HPT processing

Representative microstructures during HPT processing are presented in Fig. 2 which includes
both the centre and edge areas after 0.5 and 10 turns. The colours in Fig. 2 denote different
grain misorientations as depicted in the unit triangles. In this EBSD mapping, high-angle
grain boundaries (HAGBs) with misorientations greater than 15° are shown in thicker black
lines and the thinner golden lines represent low-angle grain boundaries (LAGBs). As shown
in Fig. 2(a), after 0.5 turn the disc edge area has experienced significant grain refinement and
the grain size is reduced from ~60 um in the as-received state to ~0.2 um. Whereas Fig. 2(b)
shows that the disc centre retains a coarse grain structure which is similar to the as-received
condition and within the grains there are many sub-boundaries (golden lines) which were
introduced by the HPT processing. The microstructures after 1 and 5 turns are not included in
Fig. 2 but there was further grain refinement at the disc edge with increasing numbers of turns
and the average grain sizes were ~0.16 and ~0.14 um for 1 and 5 turns, respectively. When
the number of turns increased to 10 in Fig. 2 (¢) and (d), the microstructures became uniform
from the edge to the centre with an average grain size of ~0.16 um. However, it is also
apparent from Fig. 2 (c) that some coarser grains appeared in the edge area.

The misorientation distributions after HPT processing are displayed in Fig. 3 where
the angles >15° are high-angle boundaries. It should be mentioned that the misorientation
distributions obtained in Fig. 3 are the pixel-to-pixel misorientation distributions, not the
grain-to-grain misorientation distributions [22]. After 0.5 turn in Fig. 3 (a), the disc centre has
a small fraction of high-angle boundaries (~22%) whereas the disc edge has a high fraction
(~53%). Since the disc edge is subjected to a higher torsional strain than the centre, this leads
to a higher fraction of high-angle boundaries. In Fig. 3 (b) after 10 turns of HPT, the centre
and edge have similar number fractions of high-angle boundaries (~59% and ~61%).
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Fig. 3 Misorientation distributions after HPT processing at disc edge and centre areas
after (a) 0.5 and (b) 10 turns

3.2 Hardness evolution during HPT processing
The hardness evolutions with different number of turns during HPT processing are shown in
Fig. 4. After 0.5 turn, the disc centre has the lowest hardness value, and the hardness increases
almost linearly from the centre to the edge and reaches a maximum value at the edge. After 1,
2 and 5 turns, the patterns of the hardness distributions along the diameters change. The disc
centre has the lowest hardness value and the hardness values increase from the centre to a
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medium position to attain a saturation level and thereafter a saturation is maintained from the
medium point to the disc edge. As shown in Fig. 4, the position the hardness attains the
saturation plateau gradually moves towards the disc centre with increasing numbers of
rotations. After 10 turns, although the hardness saturation plateau has extended almost to the
disc centre area, the central hardness has not fully attained the saturation level but this value
has increased significantly compared to the centre hardness values after 0.5, 1, 2 and 5 turns.
Thus a more homogeneous hardness distribution is attained after 10 turns but nevertheless the
overall hardness is slightly lower than the hardness value at the disc edge after 5 turns.

550 T . . . . . . . .
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Fig. 4 Distribution of Vickers microhardness, Hv, along the diameter of discs
processed by HPT for 0.5, 1, 2, 5 and 10 turns

4. Discussion

In FCC metals, slip generally occurs on {l111} planes in <110> directions. The perfect
Burgers vector is a/2<110>, which is a close-packed direction and represents the shortest
repeat length in the crystal. The slip planes {111} have the largest interplanar spacing of those
containing close-packed directions. In the case of BCC metals, slip is more complex. It is
clear from numerous experiments [23] that slip generally occurs in the closest packed <111>
direction and the Burgers vector is a/2<111>. The planes with the largest interplanar spacing
are {110} followed by {112} then {123}. Examining Fig. 2, there are many green-coloured
grains representing grains having their {110} plane parallel to the disc surface and some pink-
coloured grains representing grains having {112} planes parallel to the disc surface. In Fig. 2
(a) and (c), it is shown that the fraction of blue-coloured grains is reduced with increasing
numbers of rotations in the disc edge area. Since the torsion strain is applied in a direction
parallel to the disc surface, therefore it is reasonable to conclude that slip in Ta occurs on
{110} and {112} planes to accommodate the severe torsional strain.

Figure 2 demonstrates that significant grain refinement is attained in both the disc
edge and centre area after 10 turns. Observations and measurements show the grain size tends
to attain saturation at the disc edge area after N = 5 turns. As the numbers of rotations
increased to 10 turns, no further grain refinement was observed in the disc edge area. A
similar result was reported in HPT processing of Niobium [9] and there was an assumption
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that structures recover at the expense of grain boundary migration [10]. There is also the
possibility of texture induced grain coalescence, which means when several grains with
similar orientations come together and join, the boundaries between them become new low-
angle boundaries and the merging of the grains leads to the generation of a new coarser
structure. Tantalum has a relatively high stacking fault energy [24], thereby facilitating the
movement of dislocations within its crystal structure. In this respect, tantalum is similar to
many FCC metals.

It has been established in HPT that the equivalent von Mises strain, &, may be
estimated using the relationship [25-27]

_ 2N (D)
3

where 7 and 4 are the radius and height (or thickness) of the disc. It follows from eq. (1) that
the strain is zero at the centre of the disc and reaches a maximum value at the outer edge. The
present results in Fig. 4 demonstrate that at an early stage deformation after 0.5 turn the
hardness varies linearly with the disc radius from the centre to the edge. As the number of
turns increases to 1, the hardness displays a two-stage behaviour which includes a linear
variation and a saturation plateau. The proportion of hardness in the linear region decreases
with numbers of rotations whereas the proportion of saturation plateau increases with
numbers of rotations. The hardness reaches a reasonably homogenous level across the disc
diameter after 10 turns. The hardness at the centre of the disc gradually increases with the
numbers of rotations although it does not attain the saturation level after 10 turns. The
hardness at the edge of disc after 10 turns is slightly lower than that after 5 turns. Fig. 2 (c)
shows that some coarse grains appear in the edge area after 10 turns and these coarse grains
probably account for the slight drop in the overall hardness after 10 turns.
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Fig. 5 Values of the Vickers microhardness plotted as a function of the equivalent strain in
discs processed by HPT for 1/2, 1, 2, 5 and 10 turns

Several reports have shown that the variations in hardness across HPT discs may be
readily correlated at every point by plotting the hardness values against the equivalent strain
using equation (1) [28]. To evaluate the hardness variation vs equivalent strain in the metal
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Ta, the values of the Vickers microhardness are plotted as a function of the equivalent strain
in Fig. 5 using data from Fig. 4 where these hardness values were obtained by averaging the
two sets of measurements recorded on either side and equidistant from the centres of the discs.
Inspection of Fig. 5 shows that after 1 turn the disk hardness tends to attain a saturation level
near the edge area whereas after 2, 5 and 10 turns the disc centre areas have not fully achieved
the saturation level. The hardness saturation level in Ta is ~430 Hv.

The plot in Fig. 5 is typical of many materials and they correspond to HPT processing
in the absence of any significant recovery [29-31]. The recovery observed in the 10 turns
sample may be related to structural recovery which occurs at the expense of grain boundary
migration.

5. Summary

HPT provides a valuable processing route for attaining homogenous grain refinement and a
strength improvement in tantalum. In HPT processing of tantalum, slip occurs in {110} and
{112} planes to accommodate severe torsional strain. Tantalum shows recovery and some
coarser grains at higher numbers of rotations.
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