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Abstract

Pure Ti (99.4 pct) is processed by high-pressure torsion (HPT) at applied pressures in a wide range
of 1.2 to 40 giga-pascals (GPa) for equivalent strain up to ~200. X-ray diffraction (XRD) analysis
clearly reveals that a pressure-induced phase transformation occurs from a phase to ® phase during
HPT processing when the applied pressure is more than ~4 GPa and the straining facilitates this
phase transformation. The hardness and the tensile strength increase, but the ductility decreases by
the phase transformation. Hardness measurements demonstrate that all values obtained at each
pressure fall on a single curve when they are plotted as a function of equivalent strain. The hardness
increases with an increase in the equivalent strain at an early stage of straining and saturates to a
constant level, where the hardness remains unchanged with further straining. It is shown that the

saturation level as well as the onset of the saturation depends on the applied pressure.
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I. Introduction

To achieve ultra fine grained (UFG) materials with grain sizes in the nanometer or
sub-micrometer level, a great attention has been allocated to the application of severe plastic
deformation (SPD) [1-6]. Grain refinement using the SPD leads to an increase in the strength with
reasonable ductility without addition of alloying elements. Pure Ti is a typical material in
SPD-related researches because of its biomedical application [7-9].

Different SPD methods have been utilized for processing of Ti. They are high pressure
torsion (HPT) [10-12], equal-channel angular pressing (ECAP) [13, 14], ECAP followed by HPT
[15, 16], ECAP followed by cold rolling [17-19], accumulative roll-bonding (ARB) [20],
multi-directional forging (MDF) [21], and hydrostatic extrusion (HE) [22, 23].

In the HPT method, a thin disc sample is placed between two anvils under a high pressure
and intense shear strain is introduced by rotating the two anvils with respect to each other. Best to
the authors’ knowledge, little is understood regarding the influence of the applied pressure on the
mechanical properties and microstructures in HPT-processed Ti. The pressure for the HPT is
normally in the range of several giga-pascals (GPa) but few is attempted with pressures higher than
8 GPa except the application of 20 GPa for Fe [24].

Pure Ti may transform from an a phase with the hcp crystal structure to an ® phase with
the simple hexagonal structure [25-28]. This phase transformation was observed using a diamond
anvil cell at more than pressures from 2.9 GPa [27] to 11 GPa [28]. Errandonea et al. [29] showed
that such a pressure range for initiating the phase transformation is attributed to the presence of
non-hydrostatic conditions arising from the difference in pressurizing media. The existence of a
B-phase with the bcc structure in Ti was also theoretically predicted at pressures higher than 36 GPa,
but this transformation has never been observed experimentally [30, 31]. Literature survey
concludes that, in spite of the numerous studies concerning the effect of pressure on the phase
transformations in pure Ti, there are limited works on the role of strain for the pressure-induced
phase transformations in Ti [32, 33]. Kilmametov et al. [32] reported that the formation of an
o phase occurred in Ti even under a pressure of 3 GPa when HPT is used. Furthermore, it was
reported that the fraction of ® phase increases with increasing pressure from 3 to 6 GPa and with
increasing shear strain. All these results suggest the importance of not only pressure but also strain
for the phase transformation in Ti.

In the present investigation, commercial pure Ti is processed by HPT to examine the
evolution of mechanical properties and microstructural features including phase transformation.
Both applied pressure and imposed strain are varied over wide ranges such that the pressure is
raised up to 40 GPa, which is the largest pressure attempted in the HPT studies and the equivalent

strain of up to ~200 is produced by increasing the number of revolutions in HPT.

I1. Experimental Materials and Procedures
A rod of commercial pure Ti (99.4%) with 10mm diameter and 70mm length was used in
this study. The Ti rod had impurities of H 0.013, O 0.20, N 0.05, Fe 0.25 in weight percent. The rod

was annealed for 1 hour at 1073 K under an argon atmosphere and sliced to discs with thicknesses



of 0.85 mm using a wire-cutting electric discharge machine. In addition, disc samples with 4 mm
diameter and 0.85 mm thickness were prepared for pressures higher than 6 GPa.

HPT was carried out on the annealed discs. Two sets of upper and lower anvils with a
circular flat-bottom hole at the center were used to process the disc samples where the hole depths
were 0.25 mm and hole diameters were 4 or 10 mm, respectively. The disc samples with 10 mm
diameter were processed to either 1/2, 1, 2, 4 or 10 revolutions with rotation speeds of 0.2 and 0.5
rpm under a selected load in the range of 9.6-48 tons. These loads are equivalent to the pressures in
the range of 1.2-6 GPa. The disc samples with 4 mm diameter were processed with a rotation speed
of 0.2 rpm under a selected load in the range of 17.5-50 tons for 5 revolutions and these loads are
equivalent to the pressures in the range of 14-40 GPa. It should be noted that the pressure was
calculated by dividing the applied load by the area of the central hole on the anvil. Nevertheless, the
pressure was not rigorously evaluated in this study because of the difficulty in direct measurement
under very restricted condition so that it should be taken as the nominal pressure in this study. A
thermocouple located at the center of the upper anvil and at the position 10 mm away from the
surface was used to check the temperature rise during HPT.

The disc samples with 10 mm diameter after HPT were evaluated in terms of Vickers
microhardness, tensile properties, microstructures and X-ray diffraction (XRD). First of all, after
processing by HPT, disc samples were polished to a mirror-like surface and the Vickers
microhardness was measured with an applied load of 200 g for 15 s along the radii from the center
to edge at 8 different radial directions with 0.5mm increments as drawn by dotted lines in Fig. 1 for
10mm discs. For the 4mm discs, the hardness measurements were undertaken at positions 1.5 mm
away from the center in 8 radial directions after polishing to a mirror-like surface.

Second, miniature tensile specimens having Imm gauge length, Imm width and 0.5mm
thickness were cut from the 10mm discs at the position 2 mm away from the center as illustrated in
Fig. 1. Each tensile specimen was mounted horizontally on grips and pulled to failure using a tensile
testing machine with an initial strain rate of 3.3x107 s™. The stress-strain curve was plotted for each
specimen and the ultimate tensile strength and elongation to failure were measured from the curves.
It should be noted that the dimensions of the present tensile specimens are fairly small and therefore,
care is required when compared with other dimensions of tensile specimens as pointed out by Zhao
et al. [34].

Third, for transmission electron microscopy (TEM), discs with 3mm diameter were punched
out from the 10mm HPT discs at 3.5 mm away from the center as illustrated in Fig. 1. The 3mm
discs were ground mechanically to a thickness of 0.15 mm and further thinned for electron
transparency with a twin-jet electro-chemical polisher using a solution of 4% HCIO4, 25%
C5;H3(CH2)>,CH,0OH and 69% CH3OH at 243 K under an applied voltage of 10 V. A Hitachi H-8100
transmission electron microscope (Hitachi Naka-shi, Ibaraki, Japan) was operated at 200 kV for
microstructural observation. Selected area electron diffraction (SAED) patterns were taken from a
region with 6.3pum diameter to complement the TEM observation.

Fourth, disc samples processed under different pressures including an annealed disc before

HPT were polished to a mirror-like surface and the structural analysis with XRD were performed



using the Co Ka radiation (4 = 1.79 A®) in a scanning step of 0.01° and a scanning speed of 2 °/min.

Tensile
Specimen
1.5 mm

¢ Hardness Measurements

TEM Sample

Figure 1. Schematic illustration of HPT discs and procedures for microhardness measurements, and

locations for TEM disc and tensile testing specimen.

II1. Results

Microhardness measurements have confirmed that the hardness increases with the distance
from the disc center for all numbers of revolutions and the hardness level is higher for larger
numbers of revolutions as in other reports [4, 35-37]. All hardness values are then plotted against
the equivalent strain in Fig. 2 as attempted earlier on Al [38, 39], Cu [35, 39] and Fe [36]. Here, the

equivalent strain was calculated through the following equation [36].

r
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where s is the fraction of slippage, r is the distance from the disc center, @ is the rotation angle in
radian and ¢ is the thickness of disc. This equation is a modified form presented earlier [39] and it
takes into account the effects of the slippage between the sample and anvil and of the thickness
reduction during HPT operation. The applicability and importance of this equation were given in a
recent paper [36]. In this study, the values of s were measured as 0.23, 0.19 and 0.03 for the applied
pressures of 1.2, 2 and 6 GPa, respectively, following the manner as described earlier [40]. Because
t was changed with 6, the functional forms of #(6) were determined for the three different pressures
as described in the Appendix.

Figure 2 shows that all points tend to fall on a single curve for each pressure but deviation
occurs in Figs. 2(b) and (c), which corresponds to the samples processed for 4 and 10 revolutions

with a rotation speed of 0.5 rpm. This deviation can be attributed to heat generation in these



samples. More details for the temperature rise are discussed later. The microhardness increases with
increasing equivalent strain at early stages of straining but saturates to steady levels where the
hardness remains unchanged with further straining. The microhardness at the saturated level is the
same for the applied pressures of 1.2 and 2 GPa but is higher for the pressure of 6 GPa. The critical
equivalent strain at the onset of the saturation is ~20, ~10 and ~50 for the applied pressures of 1.2, 2

and 6 GPa, respectively.
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Figure 2. Vickers microhardness plotted against equivalent strain for samples processed under
pressures of (a) 1.2 GPa, (b) 2 GPa and (c) 6 GPa and various revolutions.



The microhardness at the saturation is plotted in Fig. 3 as a function of the applied pressure
for an extended range to 40 GPa covered in this study. The saturation microhardness is almost
constant until the abrupt increase occurs at a pressure of 4 GPa and, with a further increase in the

pressure, the saturation hardness gradually increases over a range up to 40 GPa.
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Figure 3. Plots of Vickers microhardness at saturation with respect to pressure.

The variations of the ultimate tensile strength (UTS) and the total elongation to failure are
plotted against the applied pressure in Fig. 4(a) and (b), respectively, for samples after 10
revolutions. The tensile specimens were prepared 2 mm away from the disc center as shown in Fig.
1 so that the tensile properties reflect the saturated levels. The UTS is almost constant for the
pressures up to 4 GPa followed by an increase in the tensile strength at 5 and 6 GPa. This trend is
very similar to the hardness variation shown in Fig. 3. The variation of the total elongation to failure
is opposite to the UTS: the elongation to failure remains almost constant for the applied pressures
up to 4 GPa but decreases with further increasing the pressure and reaches zero at the pressure of 6
GPa.

TEM microstructures were shown in Fig. 5 for samples after 10 revolutions under three
different pressures, (a)-(b) 1.2 GPa, (¢)-(d) 2 GPa and (e)-(f) 6 GPa. A bright-field image (left) and
a dark-field image (right) including the corresponding SAED pattern (center) were shown for each
pressure. Note that the dark field images were taken with the diffracted beams indicated by arrows
in the SAED patterns. It should be noted that all TEM samples were prepared from the positions
away from the center as shown in Fig. 1 and they correspond to the saturated levels. Microstructural
observations show that the microstructure consists of small grains with sub-micrometer sizes and
the grain boundaries are in high angles of misorietation. These microstratural features are common
at the three applied pressures and are similar to earlier observations of not only Ti and Ti alloys
[10-16] but also other metallic materials [35, 36]. However, measurements from several dark field
images reveal that the grain size for the pressure of 6 GPa is appreciably finer than that for the
pressure of 1.2 GPa: ~200 nm for 1.2 GPa and ~150 nm for 6 GPa. It is considered that this is due
to the formation of the ® phase which acted as an inhibitor for the motions of dislocations and grain
boundaries.
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Figure 4. Plots of (a) ultimate tensile strength at saturation and (b) elongation to failure at saturation

with respect to pressure.

Figure 6 shows XRD profiles for samples processed at a pressure in the range of 1.2 to 40
GPa including the annealed sample. The peak for an ® phase clearly appears above the pressure of 4
GPa and this formation is consistent with earlier studies reporting the transformation from a phase
to o phase at a pressure of 2.9-11 GPa [27-29]. It is also found from Fig. 6 that the fraction of the ®
phase increases with the applied pressure because the relative peak heights of the ® phase to the a
phase increase with the applied pressure above 4 GPa.

XRD profiles for different numbers of revolutions at an applied pressure of 6 GPa are
shown in Fig. 7. No visible peak is detected for the ® phase after application of the pressure but
without rotation. However, a peak for the ® phase clearly appears after rotation by 1/2 and the peak
height increases with further revolution. This indicates that no phase transformation occurs by mere
application of the pressure and the straining is effective for the phase transformation. A comparison
of the peak heights between the a phase and the ® phase in Fig. 7 reveals that there should be an
intimate crystallographic correlation between the formation of the ® phase and disappearance of the
o phase. This is because the relative intensity of the (1010), peak to the (0002), peak is increased
with straining despite the fact that the (1011), peak remains the same height. It is suggested that the
formation of the  phase may occur by rearrangement of atoms in the (0002), plane in consistence
with earlier reports [26, 41].



Figure 5. TEM bright- and dark-field images and SAED patterns for samples processed under
pressures of (a) and (b) 1.2 GPa, (c) and (d) 2 GPa, (e) and (f) 6 GPa after 10 revolutions.
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Figure 6. XRD profiles of Ti at steady state under pressures in range of P = 1.2-40 GPa including

annealed sample.
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Figure 8 shows XRD profiles for the discs subjected to HPT at a pressure of 2 GPa. No
o-phase peaks are present because the applied pressure is less than 4 GPa. Not only the peak
broadening but also the change in peak height occurs significantly by compression and subsequent
rotation through HPT: in particular, the (0002), peak appears strongly. The appearance of the
(0002),, peak indicates that a texture develops at the early stages of torsional straining such that the
basal planes of the o phase with the Acp crystal structure tend to be parallel to the disc surface. This
is reasonable because the basal planes are oriented to be parallel to the shear plane by the
compression and subsequent rotation through HPT. More importantly, the absence of the w-phase
peaks indicates that the pressure more than a critical value is required for the phase transformation
to occur. The straining is then to assist the phase transformation to proceed but not the factor to

initiate the transformation.



IV. Discussions

This study has clearly demonstrated that the phase transformation occurs from a phase to
o phase during HPT processing. The applied pressure is an important factor to initiate the phase
transformation and it is necessary to apply a pressure more than a critical value which was about 4
GPa in this study. The straining is also important but it has a role to facilitate the phase
transformation but not to initiate it. It should be important to note that the fraction of the ® phase
was confirmed to remain constant even after keeping for 400 days at ambient pressure following
processing by HPT at 6 GPa for 10 revolutions. This indicates that the straining is also important to
inhibit the reverse transformation.

Close observation of Fig. 2(b) and (c) shows that, if the rotation speed is high (as 0.5 rpm)
and the revolution numbers are large (as 10), the hardness level is lowered. It is considered that this
is due to the heat generation and subsequent temperature rise during HPT processing. The heat
generation should be more intense as the imposed strain is larger, the strain rate is higher, and the
applied pressure is higher. Thus, to check the effect of temperature rise on the hardness level, the
two additional measurements were carried out in this study.

First, the temperature was recorded during HPT with an anvil having a hole for a
thermocouple which was terminated at a position 10 mm from the disc sample. The measurements
showed that the temperature increases with increasing the number of revolutions, the rotation speed
and the loading pressure. In fact, this tendency is consistent with the downward deviation of data
points shown in Fig. 2(b) and (c). Although the temperature rise was small to reach ~45 °C at the
conditions for N = 10 and P = 2 GPa with a rotation speed of 0.5 rpm, the true temperature on the
sample should be higher than the measured one due to the position of thermocouple which is 10 mm
away from the small sample in the massive anvils.

Second, differential scanning calorimetry (DSC) experiments confirmed that reverse
transformation from ® to a phase occurs at 150 °C. The temperature rise might have reached the
temperature of 150 °C and it can be sufficient to cause a reverse transformation from ® phase to
o phase. It is reasonable that lowering the hardness is more pronounced as shown in Fig. 2(c) for
N=10at P =6 GPa.

Further examination of Fig. 2(a) and (b) shows that the hardness increases more rapidly
with increasing equivalent strain as the pressure increases from 1.2 to 2 GPa and the critical
equivalent strain for the saturation decreases from ~20 to ~10. However, the saturation level is
independent of the applied pressure for up to 4 GPa as shown in Fig. 3. This trend is consistent with
the behavior of pure Cu and Fe [42] and can be accounted for by the idea that high pressures
suppress atomic diffusion and dislocation recovery [43, 44] to increase dislocation density and thus
to saturate more readily to the constant level. For the pressures higher than 4 GPa, the hardness
gradually increase to the level in saturation and the critical equivalent strain is increased to ~50 at
the pressure of 6 GPa as in Fig. 2(c). This should be due to a strain-assisted o-phase formation and
thus the amount of the ® phase is increased to the equilibrium fraction determined by the applied
pressure. The hardness at the saturation gradually increases with the pressure as shown in Fig. 3

because of an increase in the equilibrium fraction of the ® phase which is known to be harder than
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the o phase [26]. It should be noted that, because the grain size becomes finer as commented in Fig.
5, this grain refinement can be another cause for increasing the hardness at the pressures above
4 GPa.

There may be an additional factor to discuss the effect on the microstructural development
and subsequent mechanical properties. That is the strain rate which is expressed as a function of the
distance from the disc center as readily derived from Eq.(1). As shown in Fig. 2, all hardness values
are well on a single curve for a given applied pressure despite the fact that the strain rate is different.
This suggests that the effect of strain rate on the mechanical properties is little significant within the
magnitude (0-0.2 s™) covered in this study when compared with the effect of strain.

Based on the results obtained in this study, the hardness behavior of Ti with straining by
HPT is delineated in Fig. 9 for different applied pressures. For the pressure below 4 GPa where no
phase transformation occurs, the hardness increases with straining and saturates to a constant level
which was 265 Hv in this study. The critical strain to saturation becomes smaller as the pressure
increases. When the transformation occurs as the pressure exceeds the critical value, the hardness
gradually increases with straining. The transformation can be assisted by straining and the gradual
increase in hardness continues until it reaches a constant level. The hardness increase can be due to
the increase in the fraction of ® phase which is harder than the o phase but, in addition, the grain
refinement by intense straining may contribute to the hardness increase. For the applied pressure
well above the critical pressure, the hardness behavior is given by the broken lines. The ® phase
dominates the whole sample from an early stage of straining. This hardness behavior with strain can
be very similar to the case where the pressure below 4 GPa is applied except that the former
hardness level is higher than latter.

Finally, it is commented that no peak related to a B phase was detected in the XRD profiles
obtained at higher applied pressures even after intense straining. Although the formation of the
B phase with the bcc structure in Ti was theoretically predicted at pressures higher than 36 GPa, this
transformation was not observed in this study as in earlier reports [30, 31].
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Figure 9. Illustration of hardness behavior of Ti with straining based on HPT experiments.
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V. Conclusions

1. The phase transformation occurs from o phase to ® phase during HPT processing of
commercial pure Ti (99.4%). The applied pressure is an important factor to initiate the phase
transformation and the straining has a role to facilitate the o to ® phase transformation.

2. For the phase transformation to occur, it is necessary to apply a pressure more than ~4 GPa. The
strain rate is little significant on the o to o transformation. The reverse transformation from ® to
o phase occur when the temperature increases more than ~150 °C.

3. The a to o transformation leads to an increase in the hardness and UTS but to a decrease in the
ductility in the pressure range more than 4 GPa.

4.  When all hardness values at each applied pressure are plotted as a function of equivalent strain,
they lie well on a single curve. The hardness increases with an increase in the equivalent strain
and saturates into a steady state level. The deviation from the curve is due to heat generation and
subsequent temperature rise during HPT processing.

5. The critical equivalent strain for entering the saturation level decreases with increasing the
applied pressure but below the pressure for the phase transformation (<~4 GPa) and this is in
consistence with other pure metals. However, the critical equivalent strain increases for the
pressures (>~4 GPa) where the phase transformation occurs.

6. XRD analysis confirmed that the phase transformation from o phase to ® phase occurs with an
atomic rearrangement of the (0002),, plane and the fraction of ® phase increases with straining
and pressure.
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Appendix

Figure Al plots the thickness as a function of & measured after HPT at three different
pressures, 1.2, 2 and 6 GPa. The measurements were made using a micrometer with an accuracy of
+0.002 mm and it was found that the discs after HPT were acceptably flat with the maximum
difference of 0.02 mm along the radius. The thickness decreases rapidly within the first few
revolutions and gradually thereafter. The variation with respect to rotation angle can be best
expressed with the forms given in the figures. For each equation, the value of the first term, 0.5,
arises because the thickness never decreases below 0.5 mm due to the hole depth of 0.25 mm for
each of the upper and lower anvils. The second term represents the reduction in thickness with
rotation angle. With such fitting functions, the thickness is 0.85 mm when the rotation angle is zero,

which represents the initial thickness of disc, and the thickness reaches 0.5 mm when the rotation

12



angle is infinitely large.
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Figure A1. Thickness after HPT plotted against rotation angle for samples processed at different

pressures. Lines with equations represent fitting.
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