Cold Consolidation of Ball-Milled Titanium Powders

Using High-Pressure Torsion

KAVEH EDALATI, ZENJI HORITA, HIROSHI FUJIWARA, and KEI AMEYAMA

Pure Ti (99.5 pct) powders after processing with ball milling (BM) were consolidated to
disc-shaped samples with 10-mm diameter and 0.8-mm thickness at room temperature using
high-pressure torsion (HPT). A relative density as high as 99.9 pct, high bending and tensile
strengths of 2.55 to 3.45 and 1.35 GPa, respectively, and a moderate ductility of 8 pct with an
ultrafine grained structure are achieved after cold consolidation with HPT, which exceed those
of hot consolidation methods. X-ray diffraction (XRD) analysis showed that a phase trans-
formation occurs from o phase to w phase during HPT under a pressure of 6 GPa as in bulk
pure Ti, whereas no phase transformation is detected after processing with BM alone. It was
confirmed that the strength and ductility are improved by a combined application of BM and
HPT when compared with other severe plastic deformation methods applied to Ti and Ti-6 pct
Al-4 pct V, so that no alloying elements are required for the achievement of a comparable

strength and ductility.
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I. INTRODUCTION

CONSIDERABLE interest in processing materials
through the application of high-pressure torsion (HPT)
has been allocated not only to produce ultrafine grained
materials!'! but also to consolidate powders!” as well as
to achieve pressure-induced phase transformations.” In
the HPT process, first introduced by Bridgman in
1935, a small thin disc is placed between two massive
anvils under a high hydrostatic pressure and intense
shear strain is introduced by rotating the two anvils with
respect to each other. The HPT as a processing tool for
consolidation of powders was first used in 1991 and
further developed for the consolidation of metallic
powders.," ¥  composites,” ??!  amorphous  com-
pounds,*? ?*! machining chips,”® 3% and very recently
for ceramic powders.’) The HPT process was also
applied successfully as a cold consolidation technique
without sintering process for ball-milled powders includ-
ing pure Ni,”! pure Co,”” an Al-Mg alloy,®! Co-based
metal-ceramic composites,!'”'® and amorphous pow-
ders and chips.[?>?3-%]

It is well established that processing through the
application of ball milling (BM), which is also known as
mechanical milling and mechanical attrition, results in a
severe grain refinement and a significant hardness
increase.®>*¥ In BM, first developed by Benjamin
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around 1966,5%! a powder mixture is loaded into a mill
along with grinding balls and the milling is conducted
for a period of time. The ball-milled powders are then
consolidated into bulk shapes using hot consolidation
methods such as hot pressing, hot extrusion, hot
isostatic pressing, hot roll sintering, spark plasma
sinterin%, and spray forming followed by a sintering
process.*? In S})ite of various publications regarding the
BM of Ti,?>*? little attention has been paid to the cold
consolidation of ball-milled Ti powders through the
application of HPT.

Both BM and HPT may cause formation of metasta-
ble phases due to severe plastic deformation and high
applied pressure. It is known that Ti exhibits a pressure-
induced phase transformation from an o phase with the
hcp crystal structure to an w phase with the simple
hexagonal structure during HPT and the w phase is
retained as a metastable phase at ambient pressure after
unloading.®* #! The o — w phase transformation in
Ti was not detected after processing with BM, but
instead, there is a report that Ti transforms from the o
phase to an fcc phase by BM.F7-3

Thus, in this study, ball-milled Ti powders are
subjected to consolidation using HPT, and the evolu-
tions of mechanical properties and the occurrence of
allotropic phase transformations are investigated under
two different pressures as a function of the imposed
strain.

II. EXPERIMENTAL MATERIALS
AND PROCEDURES

This study used high-purity Ti (99.5 pct) powders
with a particle size less than 45 ym having impurities of
0 0.35, C 0.02, N 0.03, H 0.02, Fe 0.03, Mn 0.005, Mg
0.02, C10.04, and Si 0.01 (wt pct). The Ti powders were
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subjected to BM using a planctary device with a
tungsten carbide vial for 50 hours with a rotation speed
of 200 rpm. The ball-to-powder weight ratio was 1.8:1
and the material of balls was a high carbon chromium
steel (JIS G4805/SUJ2). The vial volume and the ball
diameter were 500 cm® and 10 mm, respectively. To
reduce the powder contamination and to avoid the
atmosphere-induced structural evolution, as reported
earlier,** % milling was conducted under pure argon
atmosphere.

HPT was conducted at room temperature using the
ball-milled Ti powders to consolidate to discs with
dimensions of 10-mm diameter and 0.8-mm thickness
under the pressures of 2 and 6 GPa and, subsequently,
to introduce strain through either N = 1, 4, 10, or 40
revolutions with a rotation speed of @ = 1.0 or 0.2 rpm.
Moreover, additional HPT experiments were conducted
under the pressure of 6 GPa for N = 10 revolutions at a
rotation speed of w = 1.0 rpm on powder samples
without BM as well as a bulk sample both with the
same purity of 99.9 Ect. The details of HPT facility were
reported elsewhere.[**47]

The HPT-processed discs were evaluated using
Vickers microhardness measurement, bending test, ten-
sile test, optical microscopy (OM), scanning electron
microscopy (SEM), X-ray diffraction (XRD) analysis,
transmission electron microscopy (TEM), and density
measurement. First, after processing by HPT, the
10-mm discs were polished to a mirrorlike surface, and
the Vickers microhardness was measured with an
applied load of 200 g for 15 seconds along the radii
from the center to edge at 8 different radial directions
with 0.5-mm increments, as depicted by cross marks in
Figure 1(a). Second, for bending test, miniature rods
with a 0.5 x 0.5 mm? square cross section and 9-mm
length were cut from the 10-mm-diameter discs at 1 mm
away from the disc center, as illustrated in Figure 1(a).
Three-point bending tests were carried out at room
temperature to measure the bending load and displace-
ment. The load was applied in the radial direction and
the pressing direction for the samples processed by HPT

TEM and XRD
Specimens

R1

Hardness

! Units: mm
Bending Specimen  Tensile Specimen

(a) (b)

Fig. 1—(a) Schematic illustration of HPT disc and positions for
microhardness measurements, and dimensions and locations for ten-
sile and bending testing specimens and for TEM and XRD discs and
(b) appearance of tensile specimen.
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at 2 GPa for 10 revolutions. The supporting span was
8 mm and the stroke was controlled at a crosshead
speed of 0.5 mm/s. Assuming linear -elasticity, the
bending stress, o, was calculated from the load and the
specimen geometry through the Euler—Bernoulli beam
theory:[*¥!

3FI
 2bh? ]

where F is the bending load, / is the supporting span
(8 mm), b is the bending specimen width (0.5 mm),
and /£ is the bending specimen height (0.5 mm). Third,
miniature tensile specimens having 1.5-mm gage
length, 0.7-mm width, and 0.5-mm thickness were cut
from the 10-mm discs at the position 2 mm away from
the center, as illustrated in Figure 1(a). Since the
machining may introduce surface defects and may
affect tensile behavior of miniature specimens, the
specimens were carefully polished to smooth surfaces
following the machining. The appearance of the tensile
specimen before testing is shown in Figure 1(b). Each
tensile specimen was mounted horizontally on grips
and pulled to failure using a tensile testing machine
with an initial strain rate of 2 x 10° s'. To examine
the reproducibility of tensile results, tensile tests were
repeated twice or three times on different samples pro-
cessed at the same HPT conditions. Fourth, SEM was
performed at 20 kV for observation of fractographs of
tensile specimens after failure. Fifth, for XRD, 3-mm
discs were punched out from the 10-mm discs at
3.5-mm away from the center, as shown in Figure 1(a).
The 3-mm discs were ground and polished mechani-
cally to a thickness of 0.5 mm smoothly, and XRD
was performed on these samples as well as on powders
after BM using the Co K, radiation at 40 kV and
36 mA in a scanning step of 0.02 deg and at a
scanning speed of 0.4 deg/min. Sixth, for TEM, the
3-mm-diameter discs used for the XRD were ground
mechanically to a thickness of 0.15 mm and further
thinned with a twin-jet electrochemical polisher using a
solution of 5 pct HCIOy, 25 pct C3H3(CH,),CH,OH,
and 70 pct CH3;OH at 263 K (-10 °C) under an
applied voltage of 15V. TEM was performed at
200 kV for microstructural observation and for record-
ing selected-area electron diffraction (SAED) patterns.
Seventh, density was measured using the samples pro-
cessed by HPT at 2 GPa for 10 revolutions including
annealed bulk samples for comparison. Three samples
were used for these measurements. Both sides of the
disc samples were polished to a mirrorlike surface, and
the density, p, was determined at 298 K (25 °C) by
Archimedes’ principle using an electronic balance with
an accuracy of 0.1 mg through the following equation:

[

p = Pulla 2]
mg — my,
where p,, is the density of water, ~1 gcm > at 298 K
(25 °C), and m, and m,, are the mass of sample in the air
and water, respectively. To obtain the average, the
density measurement was repeated using three different
samples processed at the same HPT conditions.
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III. RESULTS

The measured values of microhardness are plotted in
Figure 2 against the distance from the disc center for
N =1, 4, 10, and 40 revolutions under (a) 2 GPa and
(b) 6 GPa. It is apparent from Figure 2 that (1) hardness
increases with the distance from the disc center for all
numbers of revolutions for both pressures; (2) hardness
increases with the numbers of revolutions under 2 GPa;
(3) hardness increases from N =1 to N =4 under
6 GPa, but the hardness decreases for larger numbers of
revolutions from N =4 to N =40; and (4) for the
sample processed under 6 GPa for N = 10, the hardness
level is higher for the rotation speed of w = 0.2 rpm
when compared with @ = 1.0 rpm.

All microhardness values in Figure 2 are plotted
against the equivalent strain in Figure 3. Here, the
nominal equivalent strain, ¢ was estimated by the
equation as!!!

2nrN

£6=—

V3t

where r is the distance from the center of the disc, N is

the number of revolutions, and ¢ is the thickness of disc.
It should be noted that the calculation of the equivalent

3]
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Vickers Microhardness (Hv)
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Vickers Microhardness (Hv)

Distance from Center (mm)
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Fig. 2—Vickers microhardness plotted against distance from center
for disc samples processed after various revolutions under (a) 2 GPa
and (b) 6 GPa.
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strain through Eq. [3] does not take into account the
effect of slippage and thickness reduction during HPT
processing, because the estimation of these factors is
difficult for the form of powders.*= It is apparent
from Figure 3(a) that the hardness increases with
increasing equivalent strain at an early stage of straining
under 2 GPa but appears to saturate to a level of
330 Hv at higher strains. Although some data points
deviate from the delineated curve, the hardness variation
with strain for powders consolidated by HPT is similar
to that for bulk Ti processed by HPT.*®! Two different
saturation levels for hardness appeared for the pressure
of 6 GPa, as shown in Figure 3(b): (1) 370 Hv for
smaller numbers of revolutions or lower rotation speed
and (2) 350 Hv for larger numbers of revolutions and
higher rotation speed.

From the bending tests, the stress-displacement curves
obtained with a crosshead speed of 0.5 mm/s for the
samples processed for N = 10 under 2 GPa are delin-
eated in Figure 4 for the radial direction and pressing
direction as in the inset. The bending strength and the
displacement to failure are large for the sample consol-
idated with HPT. The bending strength in the radial
direction is higher than that in the pressing direction, but
the total displacement to failure shows an opposite trend.
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Fig. 3—Vickers microhardness plotted against equivalent strain for
samples processed after various revolutions under () 2 GPa and
(b) 6 GPa (all data points shown in Fig. 2).
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Stress-strain curves for samples processed for different
numbers of revolutions under (a) 2 GPa and (b) 6 GPa
are delineated in Figure 5 from the tensile tests con-
ducted at room temperature with an initial strain rate of
2 x 107 s . For the samples processed under 2 GPa,
the tensile strength and the total elongation to failure
increase from N =1 to N = 10, but the elongation
becomes almost zero at N = 40. For the samples
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Fig. 4—Nominal bending stress vs displacement curves obtained
from HPT discs processed for 10 revolutions under 2 GPa in the
radial direction and pressing direction.
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Fig. 5—Nominal stress vs nominal strain curves for samples pro-
cessed after various revolutions under (a) 2 GPa and (b) 6 GPa.
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processed under 6 GPa, the tensile strength increases
from N = 1 to N = 4 but remains nearly constant above
N =4 up to N =40, where all specimens except for
N = 40 break eclastically. Examination of Figure 5
indicates that the optimum conditions of HPT to
achieve high strength and high ductility are, respectively,
N = 40 under 6 GPa and N = 10 under 2 GPa.

The fracture surfaces after tensile testing of samples
processed under 2 and 6 GPa are shown in Figures 6
and 7, respectively, where (a), (c), (e), and (g) are the
overall views of the fracture surfaces corresponding to
specimens processed for N = 1, 4, 10, and 40. Higher
magnification views of the fractographs in (a), (c), (e),
and (g) are shown on the right side in (b), (d), (f), and
(g), respectively. The sample processed under 2 GPa for
N =1 fails due to crack propagation, as indicated by
arrows (Figures 6(a) and (b)). The fracture surface
changes to a veinlike pattern for N =4, and some
dimples associated with ductility are visible on the
fracture surface, as marked by arrows (Figures 6(c) and
(d)). The area fraction of the fine dimples increases in
the sample processed for N = 10 (Figures 6(¢) and (f)).
The fracture occurs not only on a surface perpendicular
to the tension direction but also on a surface having
~20 deg slope with respect to the tension direction, and
the fracture surfaces appear to be smooth and cleaved
for the sample processed for N = 40 (Figures 6(g) and
(h)). All these fractographs are well consistent with the
tensile testing results shown in Figure 5(a). The samples
processed under 6 GPa for N =1, 4, and 10 have a
veinlike pattern resulting in brittle fracture (Figures 7(a)
through (f)), although some fine dimples are visible in
the fracture surface after processing for N = 10. Fine
dimple patterns are well developed for the sample
processed for N= 40 (Figures 7(g) and (h)), indicating
that the specimen breaks in a ductile manner. All these
features presented in Figure 7 are consistent with the
stress-strain curves shown in Figure 5(b).

TEM microstructures and the corresponding SAED
patterns are shown in Figure 8 for samples after 10
revolutions under (a) 2 GPa and (b) 6 GPa. It is shown
that the microstructures consist of ultrafined grains with
grain sizes in the range of 50 to 300 nm and an average
grain size of ~150 nm. Close examination of the
microstructures reveals that there are many dislocations
within the grains and most of the grains are surrounded
by ill-defined grain boundaries. Whereas some elongated
grains are observed in Figure 8(a), they are rarely seen
in Figure 8(b). These microstructural features are sim-
ilar to our earlier observations of bulk pure Ti after
processing with HPT.[*¢!

Figure 9 shows X-ray profiles for different numbers of
revolutions under pressures of (a) 2 GPa and (b) 6 GPa.
An examination of Figure 5 indicates the five important
points.

(1) No phase transformation is detected after process-
ing of powders with BM even after 50 hours milling,
and this is not consistent with published articles
reporting a formation of fcc Ti during BM.F7-3!
The difference must be due to lower milling intensity
and less contamination level in this study.
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Fig. 6—SEM fractographs of samples processed under 2 GPa for N = (a) and (b) 1, (¢) and (d) 4, (e) and ( f) 10, and (g) and (/) 40 revolutions.

(2) No phase transformation is detected after consoli- that an « — o phase transformation occurs when
dation of powders with HPT under 2 GPa. How- HPT is operated under pressures higher than 3 to
ever, a peak for the w phase clearly appears after 4 GPa.l#34°
HPT for N =1 under 6 GPa. This is in good (3) A comparison between the peak height of (1011),
agreement with earlier observations on bulk Ti and (0002), planes indicates that a texture develops

3312—VOLUME 41A, DECEMBER 2010 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 7—SEM fractographs of samples processed under 6 GPa for N = (a) and (b) 1, (¢) and (d) 4, (¢) and ( f) 10, and (g) and (/) 40 revolutions.

such that the peak height of basal plane decreases phase tend to be parallel to the shear plane and
with straining. Since the XRD analysis was per- disc surface.

formed in a direction perpendicular to shear plane, (4) The peak height of w phase increases from N = 1
it is concluded that the pyramidal planes of the « to N =4 consistent with earlier works that the
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Fig. 8 —TEM micrographs and SAED patterns of samples processed
for (a) 10 revolutions under 2 GPa with rotation speed of 1.0 rpm
and (b) 10 revolutions under 6 GPa with rotation speed of 0.2 rpm.

fraction of w phase increases with increasing
strain.[**#%1 However, the peak height of o phase
decreases for N = 10 and disappears by N = 40.

(5) For the samples subjected to HPT under 6 GPa
for N = 10, the peak height of w phase increases
with a decrease in the rotation speed from 1.0 to
0.2 rpm.

Figure 10 delineates (a) the nominal stress-displace-
ment curves obtained from the bending tests and (b) the
nominal stress-strain curves obtained from the tensile
tests at room temperature for two reference HPT-
processed samples: first, powder sample without BM
with the purity of 99.9 pct; and second, a bulk sample
with the same purity of 99.9 pct. Both tensile and
bending strengths are higher and tensile and bending
ductilities are less for the HPT-consolidated powder
samples than the bulk samples. The bulk sample pro-
cessed with HPT bent to a hairpin shape confirming an
excellent ductility, and this is even comparable with the
ductility of the annealed sample, as reported earlier.""

The density measurement in this study revealed that
an average density of 4.543 £ 0.009 g:cm * was obtained
after cold consolidation with HPT for 10 revolutions
under 2 GPa. Since the density for the annealed bulk
sample was measured 4.549 gem > in this study, a
relative density as high as 99.9 pct is attained following
the HPT, indicating an almost perfect consolidation free
of porosity.
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Fig. 9—XRD profiles for samples processed after various revolutions
under (a) 2 GPa and (b) 6 GPa.

IV. DISCUSSION

Earlier studies showed that the hardness variation is
represented by a unique function of e%uivalent strain for
bulk samples subjected to HPT.#6474-54 The hardness
behavior of Ti powders consolidated with HPT, as
shown in Figure 3, is then essentially similar to that of
the bulk Ti after HPT.*Y The following two points
should be noted from the comparison between the
results of bulk and powders after HPT processing.

First, the saturation level at the steady state for the
powders is higher than that for the bulk by ~70 Hv. It is
considered that this difference can be due to contami-
nation oxidation or straining during the BM process for
the powders. To clarify this, additional results for
powder and bulk samples without BM both with the
same purity as 99.9 pct was shown in Figure 10. Both
tensile and bending strengths are higher for the HPT-
consolidated powder samples than the bulk samples.
This indicates that oxide layers on the Ti powders
contribute to an appreciable enhancement of the
strength as a reinforcement after consolidation by
HPT. These observations are consistent with an earlier
article reporting that the oxidation of the Ni powders
has a large effect on the grain refinement, the mechanical
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Fig. 10—(a) nominal bending stress vs displacement curves in press-
ing direction and (b) nominal tensile stress vs nominal strain curves
for Ti powders and bulk sample processed for N = 10 revolutions
under 6 GPa with rotation speed of 1.0 rpm.

properties, and the thermal stability of the consolidated
material due to pining effect of the oxide particles.l*!
When Figure 10 is compared with Figures 4 and 5, the
strength of both bending and tensile tests are apprecia-
bly higher in the ball-milled powders than in the
powders without BM. Thus, contamination or straining
during BM appear to be other causes for the enhance-
ment of the strength. It should be noted that HPT was
conducted under 6 GPa in this additional experiment,
but XRD analysis confirmed that the transformation to
o phase was not detected because of the rotation speed,
which is high enough to raise the temperature during
HPT processing and, thus, to induce the reverse
transformation to o phase, as discussed subsequently.
Second, the saturation level of hardness depends not
only on the applied pressure but also on the numbers of
revolutions and rotation speeds, as reported on the
bulk.*®! The higher hardness obtained under 6 GPa is
due to the formation of the w phase through the « —» w
phase transformation during HPT processing, as shown
in Figure 9. The formation of the w phase and its
stability with respect to strain were described in detail
earlier.*! The deviation to lower hardness levels shown
in Figure 3(b) must be due to heat generation and a
reverse transformation from the @ phase to the o phase
during HPT processing. Because the rotation speed is as
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high as 1.0 rpm and/or the number of revolutions is as
large as N = 10 and 40, the heat generation is sufficient
enough to introduce the reverse transformation, as
shown in Figure 9(b). It was confirmed that the anvil
temperature recorded during HPT at 6 GPa reached
331 K (58 °C) and 354 K (81 °C) for 10 and 40
revolutions, respectively, with a rotation speed of
1.0 rpm. Considering the fact that the thermocouple
was located 10 mm away from the sample, it is
reasonable that the sample temperature may be in-
creased enough to cause a reverse phase transformation
and, thus, to lower the hardness. For the sample
processed under 6 GPa for N = 10 with a rotation
speed of 0.2 rpm, heat generation was insignificant and,
thus, the temperature reached 307 K (34 °C), which was
not high enough for reverse transformation. Therefore,
the peak height for the w phase, as shown in Figure 9(b),
and the hardness level, as shown in Figure 3(a), are well
higher for the rotation speed of 0.2 rpm than that of
1.0 rpm.

The results of bending and tensile tests shown in
Figures 4 and 5 demonstrate that high strength and
reasonable ductility are achieved after cold consolidation
of powders using HPT. The lower ductility for the
samples processed at 6 GPa in Figure 5(b) must be a
result of the w-phase formation, which is more brittle
than the o phase. Examination of Figures 5 through 7
indicates the following two important points. First, the
highest ductility and strength as well as the finest
dimplelike pattern fracture surface is achieved for the
sample subjected to 40 revolutions under 6 GPa. There-
fore, the transformation of o phase to @ phase and the
full reverse transformation of w phase to o phase lead to
promising mechanical properties in HPT-consolidated
ball-milled Ti. Similar behavior is expected for the bulk
sample following HPT under 6 GPa and large numbers
of revolutions or following post-HPT annealing at
temperatures slightly higher than the reverse transfor-
mation temperature from @ phase to « phase (>423 K
(150 °C) ). Second, the numbers of revolutions for
achieving the maximum strength and ductility is 10
under 2 GPa, as shown in Figure 5(a), indicating that the
consolidation is completed after 10 revolutions. How-
ever, the maximum strength is achieved after 4 revolu-
tions under 6 GPa, as in Figure 5(b). Therefore, higher
applied pressure gives rise to more expeditious consol-
idation in consistence with earlier reports that a higher
density is achieved at higher pressures for composite
powders.['"!? For the sample consolidated with HPT for
N = 40 under 2 GPa, the sample fractured in a brittle
manner despite the fact that the sample contains no w
phase. OM observations indicate that this brittle fracture
can be due to the formation of cracks during processing
by HPT for N = 40, as reported in a Mg alloy.>!

Figure 11 shows summary of the tensile tests after
BM followed by HPT of Ti powders together with
relevant published data for comparison.!*!-#6-3% 58] The
published data include those after annealing, cold
rolling, or hot rollinﬁ of bulk Ti*'*% and of bulk
Ti-6 pct Al-4 pct V.*"" HPT of bulk Ti under 2 and
6 GPa," equal-channel angular pressing (ECAP) of
bulk Ti for 8 passes,’®>” ECAP followed by cold rolling
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Fig. 11—Plots of ultimate tensile strength vs elongation to failure including published data for samples of pure Ti and Ti-6 pct Al-4 pct V after

processing with different methods.!#!:46-36-581

or cold extrusion,’®°” accumulative roll-bonding of
bulk Ti for 8 passes,”® and of BM followed by hot roll
sintering of Ti powders.*!"! Solid line represents a
relation delineated through the points obtained by the
annealed sample and conventional cold-rolled and hot-
rolled samples for bulk Ti. It should be noted that, as
pointed out by Zhao et al.,®” care is required for this
comparison, because the ratios of the gage length to the
gage width are varied from 1 to 5. There is a trade-off
relation between the strength and the eclongation to
failure for all data points plotted in Figure 11. However,
HPT processing in the optimized conditions (N = 40
under 6 GPa and N = 10 under 2 GPa) provides
important advantages over hot roll sintering. First, the
strength of pure Ti is significantly enhanced so that it
becomes comparable to the strength of Ti-6 pct Al-4 pct
V after severe plastic deformation with even better
ductility when ball-milled powders are used. Second,
bulk Ti increases its strength over the strength of Ti ball-
milled and sintered powders. Third, HPT processing can
successfully achieve dense consolidation without requir-
ing heating either of the powders or of the processing
system. It is found that Ti processed by BM followed by
HPT shows the highest strength when compared to
other processing methods, as shown in Figure 11.

V. SUMMARY AND CONCLUSIONS

Ball-milled pure Ti powders were consolidated by
HPT and the following conclusions were obtained.
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1. The hardness variation can be represented as a un-
ique function of equivalent strain for powders con-
solidated with HPT.

2. A relative density as high as 99.9 pct, a high tensile
strength of 1.35 GPa, a reasonable ductility of
8 pct, and an average grain size of ~150 nm are
achieved after cold consolidation using HPT for 10
revolutions.

3. In HPT processing, higher applied pressure and
strain give rise to more expeditious consolidation.

4. A phase transformation occurs from o« phase to w
phase during HPT under 6 GPa, whereas no phase
transformation is detected after processing with BM
alone.

5. Transformation of o phase to w phase and full
reverse transformation of ® phase to o phase
improves the mechanical properties of consolidated
powders.

6. Both strength and ductility of pure Ti processed
with BM followed by HPT are well comparable to
those of Ti-6 pct Al-4 pct V after severe plastic
deformation, indicating no requirement of alloying
elements.
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