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Characterization of TiAl intermetallic rods
produced from elemental powders
by hot extrusion reaction synthesis (HERS)
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Rods of a mixture of two intermetallic phases, TiAl (c) and Ti3Al(a2), have been produced

directly from elemental powders of Ti—46.2 at% Al composition using a new hot extrusion

reaction synthesis process (HERS) at a low initial temperature and over a short process

time. The microstructures of the HERS rod were characterized by X-ray diffraction (XRD),

optical microscopy, scanning electronic microscopy (SEM), transmission electronic

microscopy (TEM) and energy dispersive spectroscopy (EDS). The microhardness of each

phase was also measured. The dominant mechanisms during synthesis were analysed by

combining these observations with the results obtained using differential scanning

calorimeter (DSC).
1. Introduction
The intermetallic TiAl [1—3] has an attractive combi-
nation of properties including low density, relatively
good oxidation resistance, high strength at room tem-
perature and good creep behaviour at elevated
temperature which makes it promising for high-
temperature applications, particularly in the aero-
space industry. However, TiAl is very brittle at room
temperature due to its characteristic atomic bonding.
Much recent work has concentrated on the improve-
ment of the mechanical properties of TiAl for its
proposed applications.

It is well known that careful control of the micro-
structures is a key factor in achieving good high tem-
perature mechanical properties and acceptable room
temperature ductility and toughness of TiAl. The most
promising microstructure reported to date is a two-
phase structure composed of c and a

2
phases in alloys

in the composition range of Ti—46&48 at% Al [1].
The usual process of ingot casting followed by ther-
momechanical processing such as isothermal forging
has been used to produce the TiAl with the intended
microstructures [4]. However, the high cost related to
the slow cycle time, high processing temperatures and
low product yield in this processing limits the possible
use. In addition, the poor workability associated with
the limited toughness and ductility remains a major
barrier to producing semi-finished or final parts from
TiAl.
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Powder metallurgy provides an alternative route to
producing TiAl intermetallics with two-phase micro-
structures. Canned hot forging and canned hot extru-
sion of alloy powder [4] are conventional processes
which have been applied but the procedures are com-
plex and involve very high process temperatures. Much
attention has been focused on reaction synthesis pro-
cessing starting from elemental powders to produce
TiAl. It includes canned hot extrusion [5], cold extru-
sion [6] or cold rolling [7] followed by heat treatments.
We have recently described a cost-effective process
designated hot extrusion reaction synthesis (HERS)
[8] and have applied HERS to produce Ni—Al alloys,
Al—Ni—SiC and Al—Ti—SiC composites rods from el-
emental powders at relatively low initial temperatures
over short process times. However, the content of
intermetallics produced in these alloys and composites
by HERS was estimated to be only about 5 vol% and
a subsequent heat treatment is necessary to complete
the reaction to produce a fully intermetallic structure.

This paper reports results of the further application
of HERS processing to Ti—Al alloys. The attractive
aspect of the work has been that two-phase micro-
structures of fully intermetallic c and a

2
can be di-

rectly obtained by HERS at a low initial temperature
and for a short process time. The microstructures of
the HERS Ti—Al alloy have been characterized and
the mechanisms controlling the formation of the
microstructures are proposed.
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2. Experimental procedure
Elemental commercial titanium powder with purity of
99.3% and an average size of 45lm and aluminium
powders with an average size of 50 lm produced by
atomization at Imperial College were mixed prior to
HERS processing. The major features of HERS pro-
cessing have been described elsewhere [8]. The key
point in HERS is that the extrusion temperature is
only about one third of the melting temperature of
the TiAl, which is considerably lower than that in
traditional processing [4] and previously reported
reaction synthesis processing [5]. The extrusion ratio
in HERS is within the normal range of conventional
hot extrusion processing [4, 5]. The microstructures
of crosssections of the HERS Ti—Al alloy have been
characterized by optical microscopy, scanning elec-
tron microscopy (SEM), transmission electron
microscopy (TEM) and X-ray diffraction (XRD).
Compositions of different phases in the Ti—Al rod
have been determined using the analytical facilities of
the JSM-35CF SEM with a minimum probe size of
about 2lm and energy dispersive spectroscopy (EDS)
in TEM. Using cobalt as a calibration element, an
analysis error of (5 at% is achieved for most ele-
ments. Microhardness of each phase was measured
using a load of 20 g. A mixture of powders with the
same composition as the extruded rods was analysed
by differential scanning calorimetry (DSC) using an
argon atmosphere. The temperature range for the
experiment was room temperature to 1200 °C and
heating and cooling rates were 20 °Cmin~1.

3. Results and discussion
A sound rod (Fig. 1) of the Ti—46.2 at% Al alloy with
a length of about 1 m and a diameter of 14mm was
produced using HERS. No cracks were apparent on
the rod surface although it dropped a distance of
about 5 m on exiting the extrusion machine. The sur-
face of the rod was generally smooth and very lightly
oxidized, although the HERS was performed in air.
This is due to the low processing temperature and the
short extrusion time. The composition of the HERS
processed rod determined by means of the conventional
chemical analysis was confirmed to be Ti—46.2 at% Al.

Fig. 2 shows the microstructure imaged by optical
microscopy. In addition to some porosity (shown as
dark contrast and amounting to about 5 vol%) which
is mainly distributed on grain boundaries, the micro-
structure consisted of two types of grains. The larger
grains, which are about 25lm in diameter, have dark
contrast and the smaller grains (about 10lm) with
light contrast The microstructure is more clearly
shown in the SEM micrographs in Fig. 3. The small
grains have a polygonal morphology, suggesting oc-
currence of recrystallization. In the larger grains there
is a fine precipitate (light contrast) which may lead to
the dark contrast seen in optical microscopy because
of diffraction effects. The precipitate particles are in
the form of very small discontinuous rods aligned in
the same orientation in each grain. In addition, an
elongated block-like phase (white contrast) distributed
mainly on grain boundaries.
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Figure 1 A piece of a sound Ti—46.2 at% Al rod, made using HERS
processing.

Figure 2 Optical micrograph of microstructures of HERS
Ti—46.2at% Al.

Figure 3 SEM micrograph of microstructures of HERS
Ti—46.2at% Al showing small grains, large grains containing pre-
cipitations and an elongated blocky phase on grain boundaries.

XRD analysis (Fig. 4) indicates that the HERS
Ti—46.2 at% Al alloy only contains c-TiAl and a

2
-

Ti
3
Al with no residual elemental aluminium or tita-

nium, suggesting that the original aluminium and
titanium has reacted completely during HERS within
the analysis resolution of XRD. Based on the chemical
analysis facility in SEM, the average compositions of
small grains, large grains containing fine precipitation
and block-like phases are estimated to be Ti—49.1 at%
Al, Ti—40.4 at% Al and Ti—35.4 at% Al, respectively
(Table I). Comparing these results with XRD analysis
and the Ti—Al binary phase diagram [9] shown in
Fig. 5, the small grains appear to be c-TiAl and the



TABLE I Composition (at% Ti) of three areas in HERS
Ti—46.2at% Al

Testing point Small grain Big grain Block-like phase

1 50.5 59.9 64.6
2 50.7 59.4 68.2
3 51.4 59.5 64.1
elongated blocky phase to be a
2
-Ti

3
Al. In the larger

grain the matrix also is c-TiAl and the fine precipita-
tion is a-Ti

3
Al. The microhardness of these three

phases are 460 (TiAl), 810 (Ti
3
Al) and 677 (TiAl#

Ti
3
Al precipitation), which is consistent with the

above analysis since the a
2

with a DO
19

structure is
harder and more brittle than c with an ordered L1

0
structure.

TEM observation of microstructures of HERS
Ti—46.2 at% Al (Fig. 6) shows similar features to those
Figure 4 Indexed XRD pattern of HERS Ti—46.2 at% Al (c : TiAl, a: Ti
3
Al).

Figure 5 Ti—Al binary phase diagram [9] (the dash-plotted line indicates Ti—46.2 at% Al).
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observed by SEM. A typical microstructure shown in
Fig. 6a consists of small grains of c (marked as I in the
figure), a larger grain of c containing many very fine
precipitate particles of a

2
(II) and part of an elongated

block-like particle of a
2

situated on grain boundaries
(III). The result of EDS analysis in TEM is also consis-
tent with the SEM chemical analysis. The average
compositions of the three areas are determined
to be Ti—51.3 at% Al (I), Ti—45.5 at% Al (III) and
Ti—34.1 at% Al (II). Fig. 6b shows the EDS spectrum
of c and a

2
. The very fine a

2
precipitate with an

average length of about 100 nm is shown in Fig. 6c. All
precipitate particles have the same orientation and
there is a strong interaction between precipitate
particles and dislocations. There are some larger pre-
6258
cipitate particles mainly in grains of type II. It is
interesting to note that there is a fine precipitate-free-
zone (PFZ) around the larger particles and along
grain boundaries in area II. The EDS measurements
indicate that the large precipitate particles are also
a
2

and all of the PFZ are aluminium rich. These
observations suggest that grain boundaries, at least in
the area II, are titanium rich which is consistent
with the elongated blocky a

2
being distributed

mainly on the grain boundaries. In addition, many
dislocations are concentrated around the interface
between the larger a

2
particles and the c matrix; this

is probably associated with their different structures
and thermal expansion coefficients. In some areas
grains with lamellar structures can be seen (Fig. 7a).
Figure 6 TEM micrographs of HERS Ti—46.2 at% Al showing: (a) small c grain (I), larger c grain containing a
2

precipitate (II) and
elongated blocky a

2
on grain boundaries (III) (b) EDS spectra of c and a

2
(c) fine a

2
precipitate.



These features are reminiscent of twinning but results
of selected area electronic diffraction (SAED) and
EDS measurements suggest that the lamella structure
consists of alternate plates of c and a

2
. Fig. 7b is

a SAED pattern of c plates (dark contrast) in the
lamellar structure.

Fig. 8a shows a high density of dislocations in
a c grain (similar to area I in Fig. 6); although the TiAl

Figure 7 (a) Lamellar structure of c and a
2

in a grain (top-right)
and a c grain containing a

2
precipitations (TEM micrograph);

(b) SAED pattern of [1 1 3] zone of c in the lamella structure.
alloy is intrinsically brittle, there are many disloca-
tions in c phase which are believed to result from
extensive deformation in the later stage of HERS
after the reaction and sintering are complete. It
also relates to the relatively higher symmetry of
the c phase with a L1

0
structure compared with

the D0
19

structure of a
2
. An interesting phenom-

enon shown in Fig. 8a and b is that some of the
dislocations produced in the c phase appear to be
transmitted to the a

2
phase across the interphase

boundaries. Deformation compatibility in neigh-
bouring grains with different structures is an impor-
tant reason for the transmission. A similar situation
was observed in a two-phase NiAl—Ni

3
Al alloy [10],

in which the dislocations are transmitted from the
relatively ductile Ni

3
Al phase to brittle NiAl phase.

This indicates the importance of maintaining an
appropriate ratio of the c phase to the a

2
phase in

order to improve the room temperature brittleness of
the two-phase Ti—Al alloy and to reach a balance
between high temperature and room temperature
properties.

The mechanism leading to the formation of micro-
structures of HERS alloys is an interesting issue.
Fig. 9 shows DSC curves of the Ti—Al mixture during
heating and cooling between room temperature and
1200 °C. It is apparent that there is an endothermic
peak I and a large exothermic peak II during heating
of a Ti—46.2 at% Al mixture of elemental powder; no
peaks appeared during cooling. The relevant para-
meters of the two peaks are listed in Table II. The
starting temperature of the reaction relevant to peak
I is 652.7 °C, which is very close to the melting temper-
ature of aluminium (660.4 °C), so it is probably related
to partial melting of the aluminium powder as there
was no evidence of melting on the surface of HERS
rods. This peak actually consists of two endothermic
peaks and the first being smaller. The reason for the
peak splitting is not yet clear but may indicate that the
melting of the aluminium powder occurs over a range
of temperatures due to progressive aluminium diffu-
sion into the titanium. A similar peak at 700 °C has
been reported by Uneishi et al. [11] in elemental
powder mixture of Ti—34wt% Al but they did not
report the exothermic peak. It is evident that melting
of part of the aluminium powder will accelerate the
diffusion and reaction between Al and Ti since the
diffusion velocities of Al in Ti and Ti in Al in solid
state at 648 °C are 0.075lms~1 and 0.066lms~1,
respectively [12] but that of Ti in molten Al increases
to 26lms~1 [9], which is about 400 times higher than
that in the solid state. Hence, the reaction between
aluminium and titanium can proceed explosively at
relatively low temperatures, which is similar to the
self-propagating high-temperature synthesis (SHS)
[8]. In fact, a much bigger exothermic peak (II) with
a *H of 849.3mJmg~1 appeared in the DSC curve
almost immediately following the endothermic peak
(I), which should be a measure of the heat of reaction
between elemental aluminium and titanium to form
TiAl intermetallics. No separate peaks in the DSC
curve are present corresponding to the formation of
Ti

3
Al and TiAl, respectively, probably because of the
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Figure 8 Dislocations in HERS Ti—46.2 at% Al (a) dislocations in
c grains; (b) dislocation transmission from c to a

2
at a phase grain

boundary (same area as (a)).

close proximity of their formation temperatures. The
smaller Ti

3
Al contents in the current alloy based on

the Ti—Al phase diagram (Fig. 5) and the lower heat of
formation of Ti

3
Al (39 kJmol~1) than that of TiAl

(69 kJmol~1) [13] may also contribute to the super-
6260
TABLE II Parameters of DSC curve of Ti—46.2 at% Al powder
mixture

Peak ¹

1
¹

2
*H

(°C) (°C) (mJ mg~1 )

1 652.7 665.7 190.3
2 671.1 711.4 849.3

¹

1
starting temperature of the reaction; ¹

2
peak temperature of the

reaction, *H heat effects during the reaction.

position of these peaks. It is clear that the major heat
production associated with the synthesis of TiAl
intermetallics plays a key role in sintering and con-
solidation of the reacted intermetallics. The heat also
facilitates hot extrusion of the normally brittle TiAl
intermetallics to form the sound rod. In addition, the
combination of the heat of reaction, the heat from
internal and external friction during extrusion and the
heat from the electric furnace in the hot extrusion
facility provides the conditions for the kinetics of
recovery and recrystallization of the intermetallics in
the later stage of HERS although these may not be
complete due to the limited time.

Based on the microstructures of HERS Ti—46.2 at%
Al and above general analysis, it can be deduced that
the two types of grains, Type I (smaller c grains) and
Type II (bigger c grain with a

2
precipitation) are

produced at different stages of the process. The small-
er grains of TiAl form shortly after melting of part of
the aluminium powder as the required composition is
achieved by rapid liquid state diffusion. However, the
TiAl formed will be aluminium rich compared with
the average composition of the Ti—Al powder mixture
based on the phase diagram (Fig. 5). The grain bound-
aries between this part of the reacted TiAl and the
remaining elemental mixture i.e. the neighbouring
area of the intermetallics first formed should be tita-
nium rich. When the reaction continues in the remain-
der of the powder mixture with the help of the heat
produced by the reaction in the first stage, the TiAl
formed probably is non-equilibrium and titanium
rich. The a

2
either precipitates in the larger grains or

are formed on grain boundaries in the later stage but
the lamellar structure of c and a

2
can only form in

parts of the grains because of the short time of the hot
extrusion. Because of the early formation, the first part
of the c grains have time to recover and recrystallize so
their grains are smaller than those in the second part
of the TiAl formed. These deductions need to be fur-
ther validated and the specific reactions in the process,
including their effects on the texture of HERS rods
and the reasons for the formation of different sizes (the
fine and bigger) of a

2
precipitation, will be further

studied.
Compared with conventional hot forging or hot

extrusion processing the advantage of HERS is
apparent in reducing the number of processing steps,
thus saving energy and cost. The smaller reaction
enthalpy between titanium and aluminium compared
with that between nickel and aluminium is probably
the major reason for the complete formation of TiAl



Figure 9 DSC curve of elemental powder mixture of Ti—46.2 at% Al during heating and cooling between room temperature and 1200 °C.

.

intermetallics during HERS. The major challenge for
the application of the HERS processing is to identify
a means of decreasing the porosity, which is mainly
distributed on grain boundaries. Improvement of the
processing parameters is a possible way to reach the
goal.

4. Conclusions
1. Sound Ti—46.2 at% Al rods have been success-

fully produced by HERS processing at a relatively
low temperature and for a short time. The rod con-
sisted of fully intermetallic TiAl and Ti

3
Al which

were formed directly from elemental powders. Com-
pared with conventional ingot casting followed by
wrought processing HERS is a much simpler and
cost-effective procedure. However, the porosity (about
5 vol%) is a major problem for the application of the
process.

2. HERS-processed Ti—46.2 at% Al contains two
types of c-TiAl grains: small single-phase grains
and larger grains containing a very fine a

2
-Ti

3
Al

precipitate. There is a PFZ along grain boundaries
of the big grains and around the bigger precipi-
tate particles. In addition, there is elongated blocky
a
2
-Ti

3
Al on some grain boundaries. The assump-

tion about the formation process and the domi-
nant mechanism of the microstructures have been
presented.
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