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Abstract

Dense alumina-TiAl3 composites with interpenetrat-
ing networks have been fabricated by reactive gas-
pressure in®ltration and squeeze casting of Al
into sintered porous preforms containing 30 vol%
TiO2 and 70 vol% Al2O3. Strength of up to
543�21MPa with corresponding fracture toughness
of 8.6�0.4MPa

p
m and hardness of HV10=565�27

have been obtained. The present paper discusses
processing parameters such as particle size of oxide
precursor and preform porosity which control
microstructural development and mechanical prop-
erties of the composites. # 1999 Elsevier Science
Ltd. All rights reserved.
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1 Introduction

In the last decade, interpenetrating aluminum/
ceramic composites have attained great attention
due to their advanced damage tolerance and wear
resistance. However, established conventional
in®ltration1,2 and reactive processing routes for
metal/ceramic composites such as directed metal
oxidation3 and reactive melt penetration4,5 are
essentially restricted to the manufacturing of Al-
containing composites. For the fabrication of
composites containing more refractory metals or
intermetallics, uneconomically high temperature
processing methods like gas-pressure in®ltration,
hot extrusion, hot pressing or HIP6±10 are necessary.
Recently, a novel P/M technique for the low-cost
manufacturing of alumina-aluminide alloys (3A)
has been developed.11,12 The process involves the
reaction sintering of attrition milled powdermixtures

consisting of cheap raw materials like aluminum,
metal oxides (e.g. TiO2, Fe2O3, Nb2O5, ZrO2, etc.)
and/or elemental metals (Fe, Ni, Cr, Mo, etc.) to
produce aluminide/alumina composites with inter-
penetrating networks. 3A materials exhibit low
speci®c structural weight as well as good resistance
to corrosion, wear and creep.
Similar materials can be fabricated by reactive

in®ltration as was indicated by squeeze casting Al
into green bodies made of TiO2 particles and
whiskers.13 However, reaction took place only
partially and the resulting microstructures were
inhomogenous. In a di�erent approach, pressure
in®ltration of Al into presintered porous metal
oxide bodies containing an Al2O3 network lead to
dense and fully reacted composites.14,15 For
instance, TiO2, Nb2O5, ilmenite (FeTiO3) etc., were
used as preforms to form Al2O3-matrix composites
with interpenetrating networks of aluminides of Ti,
Nb and (TiFe).
In this paper, the basic principles of fabricating i-

3A composites will be reported, emphasizing gas-
pressure in®ltration and squeeze casting of Al into
TiO2-containing Al2O3 preforms. Processing para-
meters such as particle size and composition of
preform powder oxides and preform porosity con-
trolling microstructural development and mechan-
ical properties are discussed.

2 Experimental Procedure

2.1 Composition and preparation of preforms
Powder mixtures containing 30 vol% TiO2 and 70
vol% of three types of Al2O3 were ball milled for 3
h with 10mm ZrO2 (3Y-TZP) balls, rotovap dried
and uniaxially pressed into plates with dimensions
of 40�50�6mm3. Other oxides such as Nb2O5,
ZrO2, ilmenite, etc. were tested in a similar way.
Subsequently, the green bodies were sintered in air
using a heating rate of 3�C/min up to 1250�C with
a hold for 30 min, ®nally the furnace was cooled at
10�C/min. Detailed property data of the preform
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are given in Table 1. Presintering of the green
bodies proved to be useful because, ®rst, reason-
able mechanical stability during in®ltration is pro-
vided by an Al2O3 network and, second, the open
porosity fraction can be more precisely adjusted to
a predetermined value which controls the ®nal
composition after in®ltration. During in®ltration,
the following reaction occurs within the body:

3TiO2 � 13Al ! 2Al2O3 � 3TiAl3 �1�

The volume fraction of each phase in the ®nal
composition can be calculated by a volume bal-
ance, taking the speci®c molar volumes (V) of
Al2O3, TiO2, Al and the open porosity into
account:

Vp
Al2O3
� VTiO2

� Vpores !�VAl
Vp

Al2O3
� Vs

Al2O3

� VTiAl3 �2�

Where the indices p and s refer to primary Al2O3

contained in the preform and newly formed sec-
ondary alumina, respectively. Vp

Al2O3
remains con-

stant and has no in¯uence on the volume changes
during reaction in®ltration. The amount of TiAl3
after reaction in®ltration in the TiAl3=Al2O3 com-
posite can be calculated by

VTiAl3 � VTiO2
��1ÿ Vpores��

Vm
TiAl3

Vm
TiO2

�3�

2.2 In®ltration processes
For gas-pressure in®ltration, the preforms were
attached to a holder placed in a crucible and
embedded into aluminum chips [Fig. 1(a)]. The
in®ltration furnace was heated to 850�C in vacuum
using a heating rate of 10�C/min. After a 15 min
hold, the argon gas-pressure was raised to 12MPa
at 2MPa/min. In order to achieve complete in®l-
tration, temperature and pressure were held for 10
min. Thereafter, the furnace was cooled to 660�C.

The crucible with the metal bath was lowered by
the hydraulic ram thereby lifting the samples out of
the melt. Subsequently, the furnace was cooled to
room temperature [Fig. 1(b)].
Die casting was performed by direct squeeze

casting (Fig. 2). The preforms were heated to
900�C and inserted into the die preheated to 300�C.
Liquid aluminum was ®lled into the die and the
upper punch was immediately lowered squeezing
the aluminum melt into the porous preform within
<1 s. After solidi®cation, the in®ltrated preform
was removed from the die. Some of the squeeze
cast samples were tempered for 4 h in air at 640�C,
hence just below the liquidus temperature of the
aluminum to achieve complete reaction and homo-
genous and stoichiometric phase composition.

2.3 Sample characterization
Gas-pressure in®ltrated and squeezed cast samples
were cut into bars with dimension 4�3�40mm3.
The surfaces were ground and diamond polished to
3 �m ®nish. Phase composition was characterized
by X-ray di�raction (XRD) and microstructural
development by scanning electron microscopy and
optical microscopy, additionally, electron dis-
persive X-ray analysis was used. Fracture tough-
ness (KIC) was determined by indentation strength
in bending16 using a Vickers indenter with 10 kg
load and modulus of rupture was measured in four
point bending with 10/20mm spans.

Table 1. Characteristics of 30 vol% TiO2/70 vol% Al2O3 preforms and properties of the resulting A1 reaction in®ltrated compo-
sites

Sample Preform In®ltrated composite

Al2O3 grain
size [mm]

Density
[%TD]

Al2O3

[vol%]
TiAl3
[vol%]

Al
[vol%]

Density
[g/cm3]

Strength
[MPa]

KIC

[MPa
p
m]

HV10

[GPa]

F 0.5a 61.5 58.3 36.1 5.6 3.65 495�15 5.0�0.2 6.75�0.25
M 5b 61.2 58.1 36.0 5.9 3.51 542�21 8.6�0.4 5.65�0.27
C 15c 61.1 57.9 35.9 6.2 3.52 494�95 6.6�0.4 7.40�0.48

aHPa 0,5, Condea, FRG.
b5000, Alcoa, FRG.
cGilox 63, Alcoa, FRG. TiO2: Riedl de Haen, 41021, 0.5±1 �m, FRG.

Fig. 1. Schematic of gas-pressure in®ltration device.
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3 Results and Discussion

3.1 Microstructure
The major phases of gas-pressure in®ltrated
Al2O3=TiO2 preforms are TiAl3, Al2O3 and Al
(Fig. 3). The original TiO2 can no longer be detec-
ted, indicating complete reaction with the alumi-
num melt to form TiAl3 and Al2O3, corresponding
to eqn (1). The presence of Al can be attributed to
an additional open porosity within the preform
caused by a phase transformation of TiO2 from
anatase to rutile during presintering as detected by
XRD. The observed phase reaction is associated
with a density change and thus with a change in
volume ratio between open porosity and TiO2.
Taking this reaction into account, the ®nal com-
positions of the preforms have been recalculated
and are also listed in Table 1.
The typical microstructure of gas-pressure in®l-

trated i-3A composites is shown in Fig. 4. Both
intermetallic/metal and ceramic phases are inter-
penetrating and a homogenous microstructure with
no porosity is observed. In the ®ne grained com-
posite F, primary and secondary Al2O3 (dark grey
phase) can not be distinguished [Fig. 4(a)]. Both
alumina phases are within the same size range.
TiAl3 (light grey) is homogeneously dispersed. The
microstructure shows also some light areas corre-
sponding to excess aluminum. In the coarse
microstructure of composite C, the di�erence
between primary and secondary alumina can be
clearly distinguished. The large primary Al2O3

particles (�15�m) are surrounded by small sec-
ondary particles in the range of 2�m with ®nely
dispersed aluminide inclusions resulting from the
reaction between Al and TiO2.
The XRD pattern of squeeze cast samples in Fig.

5 shows that, during the short in®ltration period,
no aluminide formation took place. However, after

annealing at 640�C for 4 h, TiO2 can no longer
be detected and new peaks, corresponding to
TiAl3 appear. Some remaining Al can also be
detected. The as-cast microstructure [Fig. 6(a)]
shows that the composite is dense, as in the case
for gas-pressure in®ltrated material, i.e. no pores
are visible. After annealing, the composite phase
composition changes drastically, but the micro-
structure remains dense and no pore formation is
observed although the volume change on reacting
is negative. The light grey phase usually asso-
ciated with white Al inclusions is very ®ne-
grained secondary Al2O3.
Comparing micrographs of gas-pressure in®l-

trated and squeeze cast composites, it is obvious
that they are very similar, i.e. XRD patterns show
comparable phase distributions. Hence, indepen-
dently of the processing route, dense i-3A materials
are obtained. Typical features of both in®ltration
processes are that, during in®ltration, the shape of
the preforms remains unchanged and no shrinkage
occurs.

Fig. 2. Schematic of squeeze casting device.

Fig. 3. XRD patterns of Al2O3/TiO2 preform M and the
resulting Al2O3=TiAl3 composite M after gas-pressure reac-

tion-in®ltration.
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3.2 Mechanical properties
Preliminary mechanical properties of gas-pressure
in®ltrated TiAl3=Al2O3 composites have shown
fracture strengths of �540MPa (cf. Table 1) and
fracture toughnesses of 8.6MPa

p
m. The hardness

of the composite increases with Al2O3 grain size
and the strength rises with increasing dimensions
of the metal phase. However, the composite C
shows decreasing strength and toughness which
can be caused by the very coarse grained primary
Al2O3 acting as inhomogenous inclusion.

4 Conclusions

Dense and homogenous i-3A composites with
interconnected Al2O3 and TiAl3 networks have
been fabricated by reactive in®ltration of Al into
porous Al2O3/TiO2 preforms. It is interesting to
note that this near net shape process generates
composites with far higher melting temperatures
than required for their fabrication. Since reaction

Fig. 4. Optical micrographs of gas-pressure in®ltrated sam-
ples, (a) F, (b) M and (c) C (cf. Table 1). Al2O3 dark grey,
TiAl3 light grey and Al white. Figure 4(c), primary (p) and

secondary (s) Al2O3 can easily be distinguished.

Fig. 5. XRD patterns of Al2O3=TiO2 preform, and as squeeze
cast and annealed composites.

Fig. 6. Optical micrograph of (a) as squeeze cast and (b)
annealed composites. Arrows indicate TiO2 as well as primary
(p) and secondary (s) Al2O3 the latter of which is intimately

mixed with TiAl3.
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times are short, preform powders inexpensive and
considerable ¯exibility in composition and micro-
structure tailoring exists, the i-3A process is very
economical. It is obvious that the i-3A process
is ideally suited for partial reinforcement of Al
components.
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