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Fabrication of ultrafine-grained Ti-(5–50wt.%)Al2 O3 composites
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Abstract
Ti-matrix composites reinforced with Al2 O3 fractions of up to 50 wt.% were fabricated by
cold consolidation of powder mixtures using high-pressure torsion (HPT). The grain size of
the Ti matrix was reduced to ∼ 100 nm. A relative density greater than ∼ 99 % was attained
for composites containing up to 30 % Al2 O3 following the rule of mixture. The Vickers microhardness increased with an increase in the Al2 O3 fraction but the bending stress and ductility
decreased. The HPT-processed composites exhibited an abrupt increase in the hardness when
they were annealed at 800–900 K, indicating a successful achievement of consolidation.
K e y w o r d s : titanium, Ti-matrix composite, ultraﬁne grain, high-pressure torsion, severe
plastic deformation, consolidation

1. Introduction
Metal-matrix composites have been the subject of
scientiﬁc investigation for a few decades and they have
been used as high performance materials in various
engineering applications in recent years [1]. Among
metal-matrix composites, Ti-matrix composites with
ceramic reinforcements are of particular interest [2].
The greatest potential of Ti-matrix composites lies
in their high strength to weight ratio and good high
temperature properties [2, 3]. Ti-Al2 O3 composites
are considered as promising candidates for aeronautical and automobile applications [2, 3]. Additionally,
Ti-Al2 O3 composites may be considered as favorable
materials for biomedical applications because of their
high biocompatibility and the excellent mechanical
properties of both Ti and Al2 O3 constituents [4].
Fabrication of Ti-Al2 O3 composites, especially
with large fractions of Al2 O3 , is diﬃcult using conventional techniques such as hot-press sintering because of
the high sintering temperature and long sintering time
[5]. On the one hand, the high sintering temperature
and long sintering time lead to interfacial reaction of

Ti and Al2 O3 and result in producing brittle intermetallics [5]. On the other hand, large residual stress
and microcracks are formed in the interface because
of thermal expansion mismatch between Ti and Al2 O3
[6]. To avoid the sintering problems, cold consolidation
using the high pressure torsion (HPT) method might
be an eﬀective solution.
In the HPT method, a thin disc specimen is placed
between two massive anvils under high pressure and
intense shear is introduced by rotating the two massive
anvils with respect to each other [7]. The HPT method
is usually used to achieve ultraﬁne grained materials
at the nanometer or sub-micrometer level [8, 9]. In
addition to grain reﬁnement, the HPT is also applicable as a processing tool for consolidation of metallic powders [10–12], ceramic powders [13] and metallic and amorphous machining chips [14, 15] without
sintering process. The application also includes the
cold consolidation of composite powders such as Al-5
and 15vol.%Al2O3 [16, 17], Al-5 and 15vol.%SiC [16],
Al-5% carbon nanotubes (all compositions are weight
percentages unless otherwise indicated) [18], Al-5%
fullerene [19], Cu-0.5%Al2 O3 [20, 21], Cu-5vol.%SiO2
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Fig. 1. Morphology of (a) Ti powders and (b) Al2 O3
powders observed using scanning electron microscopy.

[16, 17], Cu-1% carbon nanotubes [22, 23], Ti-5 and
10vol.%TiO2 [24], Co-50%NiO [25], Co-5 to 50%Al2 O3
[27] and Al84 Y3 Ni8 Co4 Zr1 -SiC [27]. Menendez et al.
[27] used ball milling followed by HPT for consolidation of Al2 O3 reinforced Co-matrix composites with
large fractions of Al2 O3 from 5 to 50 % and found
that the nanocomposites were consolidated satisfactorily for up to 20 % of Al2 O3 .
In this study, and for the ﬁrst time, Ti-Al2 O3
powder mixtures with large fraction of Al2 O3 (from
0 to 50 %) are subjected to HPT for two main objectives: one is to consolidate the composites without the
sintering process and the other is to produce composites with ultraﬁne-grained structures.

2. Experimental procedures
Materials used in this study were high purity Ti
(99.9 %) powders with ∼ 70 µm diameter and commercially pure α-Al2 O3 powders with ∼ 1 µm particle
size. The morphology of Ti and Al2 O3 powders taken
by a scanning electron microscope is shown in Fig. 1a

and 1b, respectively. The Ti powders were mixed with
either 0, 5, 10, 20, 30 or 50 % (in wt.%) of the Al2 O3
powders using mechanical agitation. As a reference
material, a rod of pure Ti (99.9 %) with 10 mm diameter and 70 mm length was also used in this study.
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. The HPT facility consists of upper and lower
anvils having a shallow hole of 10 mm diameter and
0.25 mm depth at the center. A bulk disc or ∼ 0.5 g
of the powder mixtures was put in the hole located
at the center of the lower anvil. HPT was then conducted at room temperature at a rotation speed of
ω = 1 rpm for N = 10 revolutions under a pressure of
P = 6 GPa. The details concerning the HPT facility
have been reported elsewhere [28].
The HPT-processed samples were annealed at a
selected temperature in the range of 573 K to 1273 K
for 1 hour in an argon atmosphere. All samples were
evaluated through measurements of density, Vickers
microhardness and bending properties and were analyzed by optical microscopy (OM), transmission electron microscopy (TEM) and X-ray diﬀraction (XRD).
First, after processing by HPT, disc samples were
polished to a mirror-like surface and the microstructures of samples were observed using OM.
Second, disc samples were polished to a mirror-like
surface on both sides and the sample density was determined by Archimedes’ principle using an electronic
balance with an accuracy of 0.1 mg, as described in
details in an earlier paper [29].
Third, the Vickers microhardness was measured at
every 1 mm from the center to edge in 8 radial directions using an applied load of 1 kg for duration of
15 s.
Fourth, miniature rods with a 0.5 mm square cross
section and 9 mm length for bending tests were cut
from discs at 1 mm from the disc center. Threepoint bending tests were carried out at room temperature to measure the bending load and displacement of samples. The supporting span was 8 mm and
the stroke was controlled at a cross-head speed of
0.5 mm s−1 . The bending stress was calculated from
the load and the specimen geometry, as described elsewhere [30].
Fifth, for TEM, 3 mm discs were punched out
from the HPT-processed discs at 3.5 mm from the
center and ground mechanically to a thickness of
0.15 mm and further thinned with a twin-jet electrochemical polisher using a solution of 4vol.%HClO4 ,
25vol.%C3H3 (CH2 )2 CH2 OH and 71vol.%CH3 OH at
263 K under an applied voltage of 10 V. TEM was
performed at 200 kV for microstructural observation
and for recording selected-area electron diﬀraction
(SAED) patterns.
Sixth, structural analyses with XRD were per-
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Fig. 2. Micrographs of HPT-processed samples containing (a) 5, (b) 10, (c) 20, (d) 30 and (e) 50 % Al2 O3 observed using
optical microscopy.

formed using the Co Kα radiation at 50 kV and 30 mA
in scanning step of 0.02◦ and scanning speed of
2◦ /min.

3. Results and discussion
OM micrographs are shown in Fig. 2a to 2e for
the HPT-processed samples containing 5, 10, 20, 30

and 50 % Al2 O3 , respectively. The dark areas correspond to Al2 O3 particles and it is apparent that they
increase with increasing fraction of Al2 O3 . There are
many dark areas sizes of which are larger than the
size of ∼ 70 µm visible in Fig. 2e. This indicates that
many fractions of the Al2 O3 particles are present in
an agglomerated form.
Figure 3 plots the variation of (a) density and (b)
relative density as a function of the Al2 O3 fraction
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Fig. 3. Variations of (a) density and (b) relative density as a function of Al2 O3 fraction for Ti-Al2 O3 composites consolidated
with HPT. Rule of mixtures and density levels of Ti and Al2 O3 are delineated.

Fig. 4. Variations of Vickers microhardness (a) plotted along distance from disc center after consolidation with HPT and
(b) plotted against Al2 O3 fraction at disc center and 4 mm from disc center including hardness levels for bulk Ti at
corresponding positions.

for the samples consolidated with HPT. In Fig. 3a,
the two dashed lines represent the density of pure Ti
(4.54 g cm−3 ) [31] and that of Al2 O3 (3.984 g cm−3 )
[32] and the rule of mixtures is delineated by a solid
line. It is found that the measured density decreases
monotonically with an increase in the fraction of
Al2 O3 . This decrease is well consistent with the rule
of mixtures up to the Al2 O3 fraction of ∼ 30 % but
an appreciable deviation occurs to a lower level above
the fraction of ∼ 30 %. It is thus concluded that the
former decrease in density can be attributed to the
lower density of Al2 O3 and the later decrease can be
due to poor consolidation of the composite. This conclusion is well documented in Fig. 3b when the relative
density is plotted against the fraction of Al2 O3 . The
relative density is almost 100 % for the Al2 O3 fraction of up to ∼ 30 % but decreases to ∼ 95 % for the
composite containing 50 % of Al2 O3 . Nevertheless, the
relative density achieved after cold consolidation with
HPT for the 50%Al2 O3 composite is comparable with
those of other consolidation methods such as hot-press

sintering and is higher than those reported by Menendez et al. [27] for consolidation of Al2 O3 reinforced
Co-matrix composites with fractions of Al2 O3 from 5
to 50 %.
Figure 4a shows the variation of microhardness
along the distance from the disc center for the ﬁve
diﬀerent fractions of Al2 O3 after consolidation with
HPT. The hardness variation for the samples without
Al2 O3 is also included in Fig. 4a. In Fig. 4b, the hardness is plotted against the Al2 O3 fraction and a comparison is made between the hardness at the disc center and the hardness at the position 4 mm from the
disc center. The two hardness levels are also shown
from the bulk Ti at the corresponding positions.
In Fig. 4a, the hardness increases with the distance
from the disc center. This increase becomes prominent
as the Al2 O3 fraction increases. Whereas the hardness
saturates to constant levels for the samples containing the Al2 O3 fractions of up to 30 %, the hardness
keeps increasing with the distance from the center for
the sample with the 50%Al2 O3 fraction. This trend is
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Fig. 5. (a) Stress-displacement curves obtained from bending tests and (b) ultimate bending strength plotted against
Al2 O3 fraction. Results of powder Ti and bulk Ti processed with HPT are included.

more clearly demonstrated in Fig. 4b, where the hardness increase is little at the center but it is signiﬁcant
for the position 4 mm from the disc center.
The hardness increase with the distance from the
center can be attributed to an increase in strain. The
equivalent strain, ε, for HPT is estimated as [9]:
rθ
ε= √ ,
3t

(1)

where r is the distance from the disc center, θ is the
rotation angle in radian and t is the thickness of the
disc. It should be noted that the real strain introduced
in the sample is calculated using the equation as described earlier [33] where the eﬀect of slippage and
thickness reduction during HPT was taken into account. The equation indicates that the strain is theoretically zero at the center of the disc and increases with
an increase in the distance from the center. Therefore,
consolidation and grain reﬁnement occur as a strainassisted process and thus the hardness increases with
an increase in the distance from the disc center as
shown in Fig. 4a. These observations are well consistent with our earlier reports concerning the consolidation of ball-milled Ti powders [29], of ceramics [13]
and of amorphous chips [15] using HPT. In addition
to the eﬀect of strain, the hardness increases with an
increase in the fraction of Al2 O3 and this is because
Al2 O3 is known to be much harder than Ti.
The hardness saturation in the composites containing the Al2 O3 fractions of up to ∼ 30 % appears not
only because a full consolidation is achieved by the
HPT processing but also because a balance is reached
between the hardening by straining and the softening by recovery and/or recrystallization during the
HPT processing as described for pure metals [33, 34].
The continuous increase in the hardness with strain
for the composite containing 50%Al2 O3 arises because
imposed strain is insuﬃcient to attain not only a full
consolidation but also a homogeneous distribution of

the Al2 O3 particles within the HPT processing for 10
revolutions.
Figure 5 shows (a) the stress-displacement curves
obtained from bending tests and (b) the maximum
bending stress plotted against the Al2 O3 fraction. For
comparison, the results of powder Ti and bulk Ti
processed with HPT are included in Fig. 5. The increasing fraction of Al2 O3 leads to the decrease in
the maximum bending stress and the displacement to
the fracture decreases with the increasing fraction of
Al2 O3 . This trend is diﬀerent from the one obtained
by the hardness measurement shown in Fig. 4b. It is
considered that the opposite trend arises because the
testing principle is diﬀerent: while the hardness measurement may be less aﬀected by the connectivity at
the interface between the particle and the matrix, the
eﬀect should be large in the bending test especially at
the tension side of the specimen. Although the consolidation by HPT is high to increase the density, the
connectivity at the interface between the particle and
the matrix may not be suﬃcient.
A close inspection of Figs. 4 and 5 reveals that the
hardness and the bending strength after processing
with HPT for Ti powders are invariably higher than
those for bulk Ti despite the same impurity level. This
is consistent with an earlier report [29] and it can be
due to the presence of oxide layers on the surfaces of
Ti powders which act as a reinforcement.
TEM microstructures of a bright-ﬁeld image and
a dark-ﬁeld image including a corresponding SAED
pattern are shown in Fig. 6a to 6c, respectively, for
the composite containing 5 % of Al2 O3 . Note that
the dark-ﬁeld images were taken with the diﬀracted
beam indicated by an arrow in the SAED pattern. It
is apparent that the microstructure consists of small
grains at the nanometer or sub-micrometer level. The
average grain size measured for 20 grains appears to
be ∼ 100 nm, which is smaller than the value reported
earlier for bulk Ti after processing with HPT [28]. The
microstructural features are very similar to earlier ob-
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Fig. 7. Variations of Vickers microhardness with respect to
annealing temperature for HPT-processed composites containing 20 % and 50 % of Al2 O3 including HPT-processed
pure Ti powders and pure Ti bulk.

Fig. 6. (a) TEM bright-ﬁeld image, (b) TEM dark-ﬁeld
image and (c) SAED pattern for Ti-5%Al2 O3 consolidated
with HPT. Arrow in SAED pattern indicates diﬀracted
beam for dark-ﬁeld image.

servations of Ti [28, 29]: there are many dislocations
within the grains and the grain boundaries are in high
angles of misorientation. It is important to emphasize that producing ultraﬁne grains in Ti-Al2 O3 composites is essentially diﬃcult using other consolidation
methods such as hot-press sintering because of high
sintering temperature and long sintering time. Therefore, the HPT provides a unique opportunity for coldconsolidation of Ti-Al2 O3 composites with ultraﬁne
grained structure.
It is known that Ti exhibits a pressure-induced
phase transformation from an α phase with the hcp
crystal structure to an ω phase with the simple
hexagonal structure during HPT under the pressures
higher than 4 GPa [29]. The HPT was conducted under 6 GPa in this work, but XRD analysis conﬁrmed
that the transformation to ω phase was not detected
because of the rotation speed which was high enough
to raise temperature during HPT processing and thus
to induce the reverse transformation to α phase.
The composites containing 20 % and 50 % of Al2 O3

were annealed for 1 hour at a temperature in the
range up to ∼ 1273 K. The hardness was measured
and plotted in Fig. 7 against the annealing temperature. Figure 7 also includes the hardness variation
of HPT-processed Ti powders and Ti bulk for comparison. While the hardness decreases with increasing
annealing temperature in both forms of pure Ti, the
composites with the two diﬀerent Al2 O3 fractions exhibit abrupt increases in the hardness around a temperature of 800–900 K. These increases range up to
as large as ∼ 300 Hv. It is considered that the increases can be attributed to a formation of a reaction
product, Ti3 Al, as reported by Misra [35] and Zalar
et al. [36]. Although detailed microstructural analysis
is now in progress, the increase in the hardness should
be reasonable because the reaction product, Ti3 Al, is
an intermetallic phase with high strength.

4. Conclusions
Ti-Al2 O3 composites with the Al2 O3 fraction of up
to 50 wt.% were cold-consolidated by high-pressure
torsion (HPT) and the following conclusions were obtained:
1. Composites containing up to ∼ 30 % Al2 O3 can
be consolidated with a relative density greater than
∼ 99 % following the rule of mixtures. The consolidation is lowered for the composite containing 50 %
Al2 O3 so that the relative density decreases to 95 %.
2. TEM examinations conﬁrm that the microstructure of the Ti matrix consists of ultraﬁne grains with
the grain size of ∼ 100 nm.
3. The hardness increases with increasing fraction
of Al2 O3 but by contrast both bending stress and displacement to fracture decrease.
4. There are abrupt increases in hardness when the
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composites consolidated by HPT are annealed at 800–
900 K.
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