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Abstract

Self-propagating high-temperature synthesis (SHS) of compacted blends of nano-size TiO2 and micron-size Al powders was used
to fabricate in situ alumina–TiAl/Ti3Al interpenetrating phase composites. Combustion wave propagation and pressureless or

pressure-assisted thermal explosion (TE) modes have been investigated, and samples’ temperature in the course of combustion synthesis
has been accurately monitored. The ignition of self-sustained reaction in the system studied occurred at temperatures well above the
melting point of Al, and temperature evolution in the samples was affected by interfacial barriers and by heat transfer to the surrounding
ambience. The application of a moderate pressure (� 50 MPa) during thermal explosion at 950 �C yielded near fully dense (up to 98%

TD) Al2O3–TiAl/Ti3Al composites with fine micron size interpenetrating ceramic and intermetallic networks. The aluminide component
had a very fine submicron g+a2 lamellar microstructure. The TE procedure performed under uni-axial pressure between press rams
(reactive forging) seems especially attractive due to the extremely short processing cycle (several minutes) and near-net-shape cap-

ability. This approach is compared with reactive hot pressing (RHP) where only partial conversion of reagents into products was
observed after one hour exposure at 950 �C. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since first proposed almost a decade ago,1 metal- and
intermetallic-oxide interpenetrating phase composites
(IPC) have been drawing considerable attention as
potential materials for demanding structural applica-
tions. Due to the unique morphology of IPC, i.e. a
continuous matrix network penetrated by a continuous
reinforcement network, the attractive features of each
constituent may be utilized to their best, giving rise to
truly remarkable properties of the composite as a whole.
Composites with interpenetrating networks are diffi-

cult (if not impossible) to fabricate using traditional PM
routes developed for the fabrication of composites with
continuous matrices discontinuously reinforced by
fibers, whiskers or particles. The most common way of
producing IPCs is, therefore, by infiltrating liquid metal
into a porous ceramic preform.2 This method, however,

is essentially restricted to the manufacturing of Al-con-
taining composites whose high temperature application
is limited due to the low melting temperature of Al. An
approach that may allow us to synthesize a significantly
wider range of interpenetrating phase composites is in
situ processing. Reactively formed matrices and rein-
forcements of in situ composites are completely different
from the starting reagents, they are thermodynamically
compatible and are often arranged as interpenetrating
networks.3

The present work deals with in situ processing of
Al2O3/TiAl ceramic/intermetallic interpenetrating phase
composite. The advantage of intermetallic containing
Al2O3 composites with interpenetrating networks is the
fact that the Al2O3 matrix still dominates the thermo-
mechanical behavior, i.e. wear resistance, environmental
stability, high temperature strength, etc., while the inter-
metallic phase improves toughness by crack bridging.
TiAl has been chosen as an intermetallic reinforcement
due to the favorable combination of low density, high
melting temperature and excellent oxidation resistance.
Recently, such alumina–aluminide alloys (3A) have
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been manufactured by reaction sintering of attrition
milled powder blends consisting of cheap raw materials
like metal oxides (e.g. TiO2, Fe2O3, Nb2O5, etc.) and
aluminum,4,5 or by reactive infiltration of Al into porous
Al2O3/TiO2 preforms.6 For the Al2O3/TiAl composite,
both approaches are based on the exothermic displace-
ment reaction 3TiO2+7Al!2Al2O3+3TiAl, however in
neither one the heat of reaction is utilized. On the other
hand, the reaction is sufficiently exothermic to become
self-sustained so that the system is amenable for self-
propagating high-temperature synthesis (SHS).7,8 SHS
is an energetically efficient means of in situ materials
processing, its main limitation being the high porosity
of the synthesized products. To overcome this limita-
tion, several processing approaches combining SHS
with the application of an external pressure have been
proposed.9�13 The present authors were successful in
fabricating a wide range of dense ceramic matrix com-
posites (TiC/TiB2, TiN/TiB2, TiC/Ti5Si3, etc.) via SHS
in its thermal explosion mode performed either in a
constrained die, or under uniaxial pressure between the
press rams (reactive forging).14,15 The manufacturing of
Al2O3/AlxTiy products from TiO2–Al powder blends
was reported only in passing. In the present paper, the
results of pressure-assisted thermal explosion processing
of dense Al2O3/TiAl interpenetrating phase composites
are reported and discussed in more detail. For compar-
ison, the fabrication of similar composites via a related
solid state in situ processing route—reactive hot press-
ing—is also discussed.

2. Experimental procedure

Homogeneous powder blends containing 30 mol%
TiO2 (anatase, 40.1 mm) and 70 mol% Al (<5 mm)
were prepared by high energy attrition milling for 2 h. A
low 4:1 balls-to-powder ratio was used for attrition
milling in order to avoid mechanical alloying of pow-
ders. 70% dense rectangular (16�16�20 mm) and
cylindrical (18 mm dia�20 mm height) compacts were
prepared from the blend by cold pressing. The micro-
structure of a green 3TiO2–7Al compact is shown in
Fig. 1(a), and it can be described as Al particles � 0.5–5
mm in size surrounded by a continuous TiO2 matrix.
Following compaction, the samples were either placed

into a furnace preheated to 700–850 �C or, alternatively,
between the preheated (800–1000 �C) rams of an Instron
testing machine (Fig. 2). The temperature of the samples
between the press rams was measured by two W-3Re/
W-25Re thermocouples (d=0.2 mm) placed into drill
holes reaching the sample center: one in the middle of
the sample and the other at a distance of 2.5 mm from
its upper edge (see Fig. 2). A computer card (National,
Ltd.) provided accurate temperature monitoring
(�2.5 �C) with a time resolution of 0.001 s.

When the preheating temperature (furnace or ram)
was sufficiently high, thermal explosion (SHS) took
place. For the compacts placed between the press rams,

Fig. 1. A representative SEM image in backscattered electrons of a

3TiO2–7Al blend: (a) as compacted; (b) after reactive hot pressing at

950 �C, 1 h.

Fig. 2. A schematic of reactive forging—thermal explosion under

pressure between preheated press rams.
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a moderate uni-axial pressure of up to 60 MPa was
applied immediately after the onset of thermal explo-
sion. The sample was held under pressure for one min-
ute and then unloaded. Plastic flow of the SHS reaction
products under pressure at the high combustion tem-
perature resulted in effective densification of the sample.
The whole procedure of pressure-assisted thermal
explosion between the press rams was performed in
open air, and will be further referred to as reactive for-
ging (RF). For the higher applied pressures, cylindrical
samples were confined within hollow cylinders of the
larger diameter (made of Inconel 718 superalloy) to
limit outward flow of reaction product at the high
combustion temperature and thereby prevent excessive
flattening of the sample. The inner surface of the cylinder
was sprayed with a Y2O3/BN insulating layer to avoid
reaction of cylinder walls with the sample. Due to the
ease of RF processing and short exposure to pressure
+temperature, up to 10 samples were fabricated in 30
min. If supplemented with forming dies, reactive forging
will allow one to perform fast and effective reactive
processing of dense near-net-shape in situ composites of
complex shapes.
For comparison, a few experiments of thermal explo-

sion in a constrained die under pressure16 were per-
formed. A green compact was placed into a rigid die
(Inconel 718) preheated to 950 �C after which a pressure
of 50 MPa was immediately applied. Thermal explosion
took place after pressure application when the sample
was under the conditions of quasi-isostatic pressure.
Compared to reactive forging, the processing cycle is
much longer due to the need to assemble and heat the
die prior to inserting the sample, and then cool and
disassemble it in order to remove the sample after com-
bustion synthesis.
For a number of samples, reactive hot pressing (RHP)

was performed at 950 �C under the pressure of 250
MPa. Green compacts were placed into a cold die (made
of MA6000 Ni-based superalloy), loaded to 250 MPa
and slowly heated (20�/min) to the synthesis tempera-
ture. After the processing temperature has been reached,
the samples were held in the hot press for 1 h. As
reported earlier, no thermal explosion of reactive blends
takes place in the hot press, even if the RHP tempera-
ture is well above the SHS ignition temperature, Tig.

16

This is due to the partial transformation of reagents into
products during the slow heating of the sample (and,
correspondingly, long exposure at elevated temperatures
below Tig) typical of the hot pressing procedures. This
reduces the exothermicity of the system and creates
interfacial barriers, which, coupled with the enhanced
heat transfer to the pressure die, prevents the synthesis
reaction from becoming self-sustained thus making
RHP a diffusion-controlled isothermal process.
After processing, the microstructure and phase com-

position of the synthesized composites were character-

ized employing X-ray diffraction (XRD) and scanning
electron microscopy (SEM) with energy dispersive ana-
lysis (EDS). Density of the materials obtained was
evaluated and when sufficiently high, measured by the
Archimedes method.

3. Results and discussion

The 3:7 anatase-to-aluminum molar ratio in the
reagent blend has been chosen to yield the Al2O3–TiAl
final product after the synthesis process has been com-
pleted according to reaction:

3TiO2 þ 7Al ! 2Al2O3 þ 3TiAl

The reaction is moderately exothermic, and the calcula-
tion of the adiabatic temperature yields the value of
Tad=1733 K, i.e. the melting temperature of TiAl. Since
Tad exceeds 1700 K, it is expected that combustion wave
in this system can propagate at room temperature
(without preheating).
According to the XRD analysis [Fig. 3(a)], the phase

composition of the starting 3TiO2(anatase)–7Al powder
blend remains unchanged after attrition milling. In
addition to the anatase and Al peaks, XRD pattern of
the attrition milled blend contains a very small peak of
Al2O3 suggesting that Al has been partially oxidized
during milling.

Fig. 3. X-ray diffraction pattern of a 3TiO2–7Al compact: (a) as-

compacted; (b) after a 20 min exposure between the press rams at

800 �C.
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3.1. Combustion wave propagation

The ignition of the slightly compressed 3TiO2–7Al
powder blend on one end resulted in a stable combus-
tion wave propagation at v=0.07 cm/s. This unusually
low wave propagation rate must be due to the very high
porosity of the reagent blend. As can be seen in XRD
pattern (Fig. 4), the SHS product consisted of Al2O3, g-
TiAl and a small amount of Ti3Al (a2). The formation
of a Ti-rich aluminide (Ti3Al) indicates that there was
not enough Al for the formation of TiAl, apparently
due to the partial oxidation of Al during attrition mil-
ling. Some sintering took place during combustion, and
the final product was a very porous composite sponge.

3.2. Thermal explosion in a furnace

When a free-standing 3TiO2+7Al compact was
placed into a preheated furnace, the lowest furnace
temperature, Tf, at which self-sustained SHS reaction
(thermal explosion) took place was 800 �C, i.e. well
above the melting point of Al. The measured combus-
tion temperature (Tcomb) was �1870 �C, which is very
close to the adiabatic temperature calculated for the
reagents preheated to 800 �C ðT800

ad ¼ 1881�CÞ: As can
be seen from the heating curve in Fig. 5, the melting of
Al does not ignite thermal explosion, and abrupt self-
heating of the sample occurs when it is overheated
�250 �C above Tm of Al (�100 �C above Tf). After the
aluminum has completely melted, it takes the sample
almost 2 min to reach Tf, and two more minutes of slow
self-heating to reach ignition. According to the model
developed to describe temperature evolution in reactive
powder blends,17 such delayed thermal explosion sug-
gests the presence of a strong interfacial barrier that
slows down diffusion-controlled precombustion pro-
cesses that take place prior to the onset of TE. It is

believed that the previously mentioned partial oxidation
of aluminum during attrition milling results in the for-
mation of an Al2O3 layer on the Al powder surface that
acts as a diffusion barrier.
The composition of the sample obtained by TE in the

furnace is identical to that of the combustion wave
propagation product (Fig. 4). After thermal explosion,
the sample retained its initial shape and dimensions and
contained many large unevenly distributed pores. To
obtain denser samples reactive forging between press
rams was performed.

3.3. Thermal explosion between the press rams (reactive
forging)

In Fig. 6, temperature evolution curves of three
3TiO2+7Al compacts placed between the rams of the
Instron machine heated to 800, 875 and 950 �C (Tram),

Fig. 4. X-ray diffraction pattern of 3TiO2–7Al powder blend after

combustion wave propagation (SHS). Identical XRD patterns were

obtained from 3TiO2–7Al compacts thermally exploded in the furnace

(at T5800 �C), between the press rams (at T5875 �C) and in a rigid

die (at T=950 �C).

Fig. 6. Temperature evolution curves of 3TiO2–7Al compacts placed

between the press rams at Tram=800, 875 and 950 �C, respectively.

Solid curves correspond to the sample center (thermocouple 1), dashed

lines correspond to the sample edge (thermocouple 2).

Fig. 5. Temperature evolution curve of a 3TiO2–7Al compact placed

in the furnace at 800 �C.
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respectively, are shown. It can be seen that high heating
rates (5400 �C/min) have been achieved in all the sam-
ples. Initially, the temperature in the center lags far behind
that close to the ram owing to the low overall heat con-
ductivity of the sample dominated by the low conductivity
of the continuous micro-porous TiO2 ‘matrix’ [see
Fig. 1(a)]. After the melting of Al in the sample interior
(at �670 �C), the temperature in the center quickly
catches up with that close to the ram, and the two curves
merge (for Tram=800 �C) or intersect (for Tram=875 �C)
even before the ram temperature has been reached.
Apparently, the sample’s heat conductivity has increased
despite the drop of the heat conductivity of Al onmelting.
This increase in conductivity can possibly be explained by
a better contact at the liquid Al/TiO2 interfaces (com-
pared to the former solid Al/TiO2 interfaces) that allows
the highly conductive Al component to participate more
actively in the process of heat transfer.
The heating curve of the sample between the press

rams at Tram=800 �C (Fig. 6) is drastically different from
that of the sample in the furnace at the same temperature
(Fig. 5). In the furnace, self-heating of the sample takes
place followed by thermal explosion, whereas no self-
heating is observed between the press rams. This difference
clearly illustrates the negative effect of the enhanced heat
transfer from the reaction zone to the rams on TE igni-
tion. The result is also in agreement with the previously
mentioned model of temperature evolution predicting
that, for the thermal explosion mode of SHS, Tig

increases with the increasing rate of heat exchange with
the environment.17

XRD pattern of the sample held between the rams
until the temperature of 800 �C has been reached reveals
almost no signs of reaction. The only difference com-
pared to the unreacted Al–TiO2 compact is the presence
of several small peaks of Ti oxides with the stoichio-
metry close to TiO2 but slightly more poor in oxygen.
Apparently, TiO2 loses some oxygen in reaction with Al,
however the amount of the reaction products is too small
to be detected by XRD.When the sample is held between
the rams for additional 20 min, significant amounts of
the reaction products (Al2O3, Al3Ti) as well as oxygen-
poor Ti oxides (TiO, Ti2O3) are formed [Fig. 3(b)]. In
spite of the presence of a liquid phase (Al) and the very
fine size of anatase powder particles, the reaction at
800 �C seems to be very slow, and a measurable amount
of Al remains in the sample after 20 min exposure. The
rate of heat release is correspondingly low, and the
sample temperature never rises above the ram tempera-
ture. The slow reaction kinetics could, again, be the
result of the presence of the Al2O3 surface oxide that
acts as a diffusion barrier, as well as prevents molten
aluminum from effectively wetting the anatase powder.
Tram=875 �C was the lowest preheating temperature

at which thermal explosion took place in 3TiO2+7Al
compacts placed between the press rams. Similarly to

the free-standing compact, thermal explosion in the
samples between the rams was not ignited by the melt-
ing of Al, and significant overheating above Tm of Al
was required for the reaction to become self-sustained
(see Fig. 6). The phase composition of the samples
thermally exploded between the press rams at 875 and
950 �C is identical to that of the sample thermally
exploded in the furnace at 800 �C (Fig. 4), with the

Fig. 7. SEM images (in backscattered electrons) of the Al2O3–TiAl/

Ti3Al composite synthesized by reactive forging at 950 �C, 40 MPa: (a)

general view; (b) a higher magnification image; (c) a magnified alumi-

nide region showing g+a2 lamellar structure. In (a) and (b): dark

phase—Al2O3, bright phase—aluminide.
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Al2O3, AlTi and Ti3Al compounds detected by XRD.
Without pressure application, or at very low applied
pressures (up to 4 MPa), reactively forged samples con-
tained at least 15–20% homogeneously distributed
pores, the pore size ranging from several microns to tens
of microns. Apparently, higher pressures are required to
close �20% porosity carried over from the green com-
pact plus �16% intrinsic porosity associated with the
negative volume change during the synthesis reaction.
According to the experimental measurements and

thermodynamic estimations, the highest temperature
reached in the course of the RF processing is in the
range of 1900–2000 �C (Fig. 6). At this temperature,
Al2O3 remains solid while TiAl is fully melted. When a
unidirectional pressure exceeding 4 MPa was applied
according to the scheme in Fig. 2, the semi-liquid pro-
duct was spread over the lower ram and a very thin flat
sample was obtained. In addition, liquid TiAl was
squeezed out of the sample yielding highly inhomoge-
neous material with a high volume fraction of Al2O3 in
the center and almost pure TiAl at the sample periph-
ery. The use of the confinement cylinder as described in
the Experimental Section, as well as optimization of the
pressure application rate allowed us to avoid the exces-
sive spreading of the sample and to obtain homogenous
samples in terms of Al2O3 and TiAl distribution.
The application of a moderate external pressure of

40–60 MPa during reactive forging (at 950 �C) yielded
very high densities in the range of 95–98% TD without
affecting the composition of the final product. As can be
seen in Fig. 7(a,b), the Al2O3 (dark) and the aluminide
(bright) phases form homogeneous networks with typi-
cal microstructural dimensions of a few microns. EDS
analysis of the aluminide gives 42–48 at.% Al (balance
Ti), which corresponds to the two-phase g+a2
(TiAl+Ti3Al) field of the Ti–Al diagram, quite in
agreement with the above XRD results. SEM observa-
tion at higher magnifications, Fig. 7(b) and (c), reveals
that the two-phase TiAl–Ti3Al regions have a typical
lamellar microstructure with alternating g and a2 plates
�0.2 mm thick. The lamellar g+a2 structure of Ti–Al
alloys is tougher and more creep resistant than the pure
g-TiAl structure,18�23 and might beneficially affect the
mechanical properties of the Al2O3–TiAl/Ti3Al compo-
site as a whole.
A representative fracture surface in Fig. 8 illustrates

the fine grain size (2–5 mm) of both the ceramic and
intermetallic components of the reactively synthesized
Al2O3–TiAl/Ti3Al composite. The lamellar morphology
of the Ti–Al intermetallic phase can be clearly seen. The
material is very dense with only a few fine pores
observed in the field of view. Optimization of the pro-
cessing parameters (especially pressure application rate)
should allow the fabrication of pore-free Al2O3–TiAl/
Ti3Al composites with homogeneous distribution of the
ceramic and intermetallic phases.

3.4. Thermal explosion in a constrained die under
pressure

The material obtained by thermal explosion of a
3TiO2+7Al compact in a rigid die at 950 �C, 50 MPa
contained Al2O3, TiAl and some Ti3Al, quite in agree-
ment with our previously reported results.14 The micro-
structure and density of the sample were practically
identical to those of the reactively forged samples
(950 �C, 540 MPa), with the Al2O3 and TiAl phases
distributed homogeneously across the sample. This
homogeneous distribution is apparently due to the quasi-
isostatic pressure in the constrained die that doesn’t
favor the directional flow of the liquid TiAl to the sam-
ple periphery at the high combustion temperature.

3.5. Reactive hot pressing

The synthesis reaction in 3TiO2–7Al blend was far
from being complete after 1 h RHP at 950 �C. This is
not totally unexpected given the slow reaction rate
observed in the samples placed between the press rams
preheated to 800 �C (below the ignition temperature of
TE). After RHP (950 �C, 1 h), neither TiO2 nor Al is
detected in the sample, however a large amount of
intermediate compounds, such as TiO, Ti2O and TiAl2,
is revealed by XRD, in addition to the Al2O3, TiAl and
Ti3Al product phases (see Fig. 9). The microstructure of
such sample [Fig. 1(b)] is quite unlike the microstructure
of the reactively forged sample (Fig. 7) and resembles that
of the unreacted compact [Fig. 1(a)]. Former Al particles
several microns in size having a rather regular shape can
be seen in Fig. 1(b) separated from the former TiO2

‘matrix’ by an Al2O3 layer. According to the EDS ana-
lysis, the particles’ composition is close to TiAl2,
whereas the ‘matrix’ is a mixture of TiO and Ti2O. The
morphology observed suggests that Al2O3 is formed by
an interfacial reaction between TiO2 and Al, whereas
Ti–Al intermetallics are formed by the diffusion of Ti

Fig. 8. Fracture surface of the Al2O3–TiAl/Ti3Al composite synthe-

sized by reactive forging at 950 �C, 40 MPa. Dark phase—Al2O3,

bright phase—aluminide. SEM, backscattered electrons.
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from TiO2 into Al through the Al2O3 layer. In the course
of this process TiO2 is gradually transformed into oxy-
gen-poor Ti–O compounds such as TiO and Ti2O. The
presence of the Al2O3 interfacial layer between the
reagents must be responsible for the slow kinetics of the
RHP reaction. Dark areas with a very fine dispersion of
submicron Al2O3 particles [Fig. 1(b)] are an additional
microstructural feature of the RHP sample. These areas,
most probably, correspond to the locations of the
smallest (0.5–1 mm) Al particles in the unreacted com-
pact. This suggests that if micron or submicron starting
Al powder is used, full conversion of reagents into pro-
ducts in RHP will be achieved over a much shorter time
yielding an Al2O3–TiAl composite with extremely fine
microstructure.

4. Conclusions

1. Self-propagating high-temperature synthesis (SHS)
of a compacted 3TiO2–7Al powder blend was used to
fabricate alumina–TiAl interpenetrating composites.
Different SHS modes, namely combustion wave propa-
gation, pressureless thermal explosion (TE) in a furnace,
and pressure-assisted TE in a constrained die or
between press rams (reactive forging) have been studied.
Due to the fast kinetics of SHS reaction, processing
cycles of several minutes were sufficient to achieve full
conversion of reagents into products with the formation
of fine micron size homogenous microstructures with
interpenetrating Al2O3 and TiAl networks.
2. The Al2O3–TiAl phase composition of the final

SHS product was identical for the different SHS modes
applied. Due to partial oxidation of starting Al powder
during blend preparation, a small amount of the Ti-rich
Ti3Al (a2) aluminide was present in the SHS product
forming a very fine submicron g+a2 lamellar micro-
structure with TiAl (g).
3. The melting of Al did not ignite thermal explosion

in the 3TiO2–7Al blend, and significant overheating

above the melting temperature of Al was required for
the reaction to become self-sustained. Due to the
enhanced heat transfer to the press rams, a higher igni-
tion temperature of TE was measured in Reactive For-
ging (Tig=875 �C) compared to TE of the free-standing
sample in the furnace (Tig=800 �C).
4. The combustion temperature (Tcomb) of thermal

explosion ranged between �1870 and 2000 �C, depend-
ing on the furnace or ram temperature. These values are
very close to the predicted adiabatic temperature of
3TiO2+7Al!2Al2O3+3TiAl reaction calculated for
the corresponding reagent temperatures.
5. The application of a moderate pressure (�50 MPa)

during thermal explosion in a rigid die or between press
rams (reactive forging) yielded near fully dense (up to
98% TD) interpenetrating Al2O3–TiAl composites.
Since the processing cycle is much shorter for reactive
forging than for thermal explosion in a constrained die,
the former approach seems to be more technologically
feasible and thus more attractive for industrial imple-
mentation. If supplemented with forming dies, the reac-
tive forging facility can be used for the fabrication of
dense near-net-shape in situ composites.
6. Reactive hot pressing of 3TiO2–7Al blend at 950 �C,

1 h resulted in only partial conversion of reagents into
the Al2O3–TiAl product. The slow kinetics of this solid-
state reaction is explained by the formation of an Al2O3

layer on the surface of the former Al particles acting as
a diffusion barrier. At the same time, the results of the
RHP experiment suggest that the use of micron/sub-
micron Al powder can significantly accelerate the pro-
cess yielding an Al2O3–TiAl composite with extremely
fine microstructure.
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