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Abstract. High-pressure torsion (HPT) was conducted on commercial grade pure titanium (99.4%) by
applying pressures in a wide range from 1.2 to 40 GPa. When the microhardness was plotted against
equivalent strain, the hardness saturates to a constant level at each applied pressure. Such a level at the
saturation depends on the applied pressure: for up to the pressure of 4 GPa, the saturation level is
independent of the pressure but, for the pressures above 4 GPa, the hardness gradually increases with
pressure because of the formation of an ® phase. Bending tests showed that an excellent ductility as
well as high bending strength was achieved for the sample processed at 2 GPa. The bending ductility
was reduced for the sample at 6 GPa because of the o phase formation.

Introduction

Severe plastic deformation (SPD) is an efficient process for the enhancement of mechanical properties
through significant grain refinement. There have been many research reports on the application of
severe plastic deformation to Ti and its alloys because of their biomedical use [1,2]. High-pressure
torsion (HPT) is a typical process of SPD [3]. An unique feature of the HPT process is the straining
under high pressure and this provides oportunities for grain refinement of less ductile materials [4,5],
for production of finer grains than the other SPD processes [6] and most interestingly for possible
phase transformation [7-9].

In the present investigation, commercial grade pure Ti is processed by HPT covering a wide range
of pressures from 1.2 to 40 GPa. The behavior of phase transforamtion from o phase to w phase is then
examined with respect to imposed strain and applied pressure. Strength and ductility are evaluated by
conducting bending tests.

Experimental procedures

Commercial grade Ti rods having impurities of 0.013H, 0.200, 0.05N and 0.25Fe in mass% were
annealed for 1 hour at 1073 K under an argon atmosphere. They were sliced to discs with a thickness of
0.85 mm and diameters of 4 or 10 mm. HPT was carried out on the annealed discs under a selected
pressure in the range of 1.2-40 GPa with different numbers of revolutions. It should be noted that the
applied pressures in this study were estimated by dividing the loads by the area of the 4 or 10mm
diameter hole made on the anvils

The facility for the HPT process is illustrated in Fig.1. A thin disc sample is constrained between
two anvils under a high pressure and processed by simple shear between two anvils that rotate with
respect to each other [6].

The disc samples subjected to HPT were evaluated by (1) Vickers microhardness measurement
using a load of 200 g for 15 s, (3) X-ray diffraction analysis using the Co Ko radiation, (3)
microstructural examination using transmission electron microscopy (TEM) and (4) bending tests at a
constant cross-head speed. For bending tests, miniature rods with a 0.5mm square cross section and
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9mm length were cut from the 10mm diameter discs at 1.5 mm away from the disc center. Each
miniature rod was polished mechanically before testing. Three-point bending tests were carried out at
room temperature to measure the bending load and displacement. The supporting span was 8 mm and
the stroke was controlled at a cross-head speed of 0.5 mm/s. The bending stress was caluclated from
the load and the specimen geometry through the following equation:

3PI
O =
2bh?

1)

where P is the bending load, I is the suporting span (8 mm), b is the bending specimen width (0.5 mm)
and h is the bending specimen height (0.5 mm). Due to the limited displacement for the deflection
measurement, the bending specimens were further bent manually after removing from the testing
machine to check the ductility.

Upper Anvil

Sample

Lower Anvil
(rotating)

Fig. 1 Appearance of HPT facility.

Results and Discussion

Figure 2 shows the microhardness variation with (a) the distance from the disc center and (b) the
equivalent strain for samples processed after 1/2 to 10 revolutions under the pressure of 1.2 GPa.
Hardness increases with increasing number of revolutions, increasing distance from the disc center and
increasing equivalent strain at early stages of straining. With further strining, the hardness saturates to
a constant level where the hardness remains unchanged with straining. This behavior is essentially
consistent with the behavior observed in pure Fe [10] and pure Cu [11]. The hardness at the saturation
level is plotted against the pressure in Fig. 3. The saturation hardness is almost constant for the
pressures up to 4 GPa but increases with a further increase in the pressure.

A TEM micrograph is shown in Fig. 4 for the sample processed for 10 revolutions under a pressure
of 6 GPa. The sample corresponds to the state in the saturation level. The microstructures consist of
grains with the average size of ~150 nm. It appears that they contain strain associated with dislocations
and they are surrounded by boundaries of high misorientations.

The increase in the saturation hardness for the pressures higher than 4 GPa shown in Fig.3 can be
attributed to an a—w phase transformation [12, 13]. The evidence for this phase transformation is
clearly provided from the XRD profiles as shown in Fig. 5. The peaks corresponding to the o phase
can be seen at pressures higher than 4 GPa. The fraction of the ® phase increases with increasing the
pressure. These observations are in good agreement with the hardness variation against the pressure
shown in Fig. 3.
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Fig. 2 Vickers microhardness plotted against (a) distance from center and (b) equivalent
strain for samples processed under pressure of 1.2 GPa after various revolutions.
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Fig. 3 Saturation Vickers microhardness plotted against pressure.
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Fig. 4 TEM bright-field micrograph and SAED pattern for sample processed at 6GPa
after 10 revolutions.
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Fig. 5 X-ray diffraction pattern of Ti at saturation stage under different processing
pressures.

Figure 6 delineats the stress-displacement curves obtained from bending tests at room temperature
with a cross-head speed of 0.5 mm/s for samples processed after 10 revolutions under pressures of 2
and 6 GPa including an annealed sample before HPT. The yield strength increases significantly after
HPT when compared with the annealed sample: 0.6 GPa for the annealed but 2.0 and 1.8 GPa for the
samples after processing at 2 and 6 GPa, respectively. The elongation to failure is very large for the
sample processed at 2 GPa but it is significantly reduced for the sample processed at 6 GPa. Figure 7
demonstrates more directly the difference in the ductility by showing the appearance of specimens after
manual bending. The sample processed at 2 GPa bent to a hairpin shape confirming an excellent
ductility and this is even comparable with the ductility of the annealed sample. However, the sample
processed at 6 GPa failed without any appreciable plastic deformation. It is considered that little
ductility of the sample processed at 6 GPa should be attributed to the formation of the w-phase which
is known as hard but brittle [14].
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Fig. 6 Bending stress versus displacement curves obtained for annealed sample and
HPT discs processed for 10 revolutions under pressures of 2 and 6 GPa.
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Fig. 7 Appearance of bending specimens after manual bending for annealed sample
and HPT discs processed for 10 revolutions under pressures of 2 and 6 GPa.
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Conclusions

1. The hardness increases with imposed strain and saturates to a constant level where no change in
hardness occurs with further straining.

2. The saturation hardness is almost constant for the pressures up to 4 GPa but increases with a
further increase in the pressure. XRD analysis reveals that the increase in the saturation hardness
for the pressures higher than 4 GPa is attributed to an a— phase transformation.

3. TEM observation shows that the microstructures at the saturation level after processing at 6 GPa
consist of grains with the average size of ~150 nm. The grains are surrounded by boundaries of high
misorientations and some strain associated with dislocations is present within the grains.

4. Bending tests show that there is a remarkable increase in the yield strength after processing at 2 and
6 GPa. The elongation to failure for the sample processed at 2 GPa is as large as the annealed
sample but it is significantly reduced for the sample processed at 6 GPa.
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