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Aluminium matrix composite reinforced with Ti compounds was successfully fabricated by SHS com-
bustion synthesis and squeeze casting course. Prepared samples from mixture containing Ti, C and Al,03;
fibres were heated in microwave reactor to ignite synthesis and produce porous preform for subse-
quent infiltrating with liquid metal. Studies showed that synthesizing temperature has been remarkably
increased by applying higher magnetron power and addition of graphite. Synthesis of specimens pre-
pared from preliminary ball milled Ti and C powders proceeded at the highest propagation wave velocity.

Iézmﬁg;;n synthesis Microwave heating of metal Ti powder in the stream of CO, resulted in formation of corrugated precipi-
Preform tates composed of titanium oxide with carbon inclusions TiO(C) and Ti, Os. The produced preforms were
Squeeze casting impregnated by squeeze casting with the aluminium alloy AlSi7Mg. Proper interface with slight reduc-
Composite tion of Ti oxide between the reinforcement and the matrix was developed. Subsequently, the samples

were annealed at 500 and 1000 °C. Annealing at the lower temperature induced creation of TizO,(C) and
Al,05. This process was continued at 1000 °C, and additionally some Ti(AlpgSio2)3 pellets appeared in the
matrix. With prolonged annealing, oxygen was completely removed from Ti compound and oval grains
of Ti(C) were created, enveloped with Al,0s. In the matrix, larger and numerous Ti3AlSis pellets were
formed. Hardness examination showed that the best strengthening effect was achieved after annealing

at 1000°C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Carbides or oxycarbides attract wide interest because of their
unique physical properties such as high hardness, corrosion and
oxidation resistance at elevated temperatures, good thermal and
electrical conductivity, low reactivity and high melting point [1-3].
However, due to their low fracture toughness, they reveal small
resistivity to thermal shocks and usually require introducing addi-
tional components. Saturating a porous ceramic preform with
ductile matrix may improve its resistance to initiation and prop-
agation of cracks in various ways. Nowadays, variable methods of
manufacturing ceramic skeletons and their subsequent impregnat-
ing with liquid alloys are elaborated and developed.

High-temperature synthesis SHS activated with microwaves,
presented in [4] as MACS (microwave activated combustion syn-
thesis), enables producing porous preforms to be reinforced with
composite materials. Microwave heating improves the process as
well as affects structure and conversion degree of the initial sub-
strates mixture. Benefits of using microwaves or plasma have been
already confirmed several times [5,6].

In the case of dielectric materials, the penetrating microwaves
generate mainly internal electric field. It puts electrons or ions
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in oscillation and makes dipoles rotate. Striking elastically and
rubbing each other they generate heat. The first parameter that
determines ability of microwave absorption is the dielectric loss
factor ¢” (very small for Al,03 and TiO).

Falling radiation on non-ferromagnetic metals (Ti and Al) with
solid compact structure, induces currents in macroscale, which in
turn create opposed field blocking and reflecting microwaves. How-
ever, if the metal is in form of particles covered with insulating
oxides, penetration of microwaves can be observed and the arising
currents heat-up the material in microscale. The tangent compo-
nent of magnetic field created by microwave radiation induces
electric field in the particle skin, which thickness for metals is usu-
ally a 0.1-10 pm.

For fine metallic powders, the skin significantly affects heat-
ing of a particle core, especially that penetration depth increases
with temperature [7]. The currents induced in this layer can change
magnetic properties, even of paramagnetic materials (Al, Ti). In [8],
the loss factor coefficients were determined on the ground of the
Mie-Lorenz theory. It was found that with increasing thickness
& (more precisely r/d ratio) the dielectric loss factor &” decreases
dozens times, whereas coupling with the magnetic field becomes
most intensive and the magnetic loss factor p” reaches its maxi-
mum at some average value of this ratio (r/§ =ca. 20).

The concept accepted in this work consists in impregnating a
porous preform of hard and brittle material with a relatively ductile
aluminium alloy. The Al, 03 fibres should enhance initial strength
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Table 1

Specimens composition with maximum combustion temperature T, and wave velocity v.
Specimen symbol Composition [vol%] Tm [°C] v[cm/s]

Al,03 Ti C at 250w at 500W

A10T5 10 5 - 1250 - -
A10T10 10 10 - 1360-1410 1560-1660 -
A10T10C5 10 10 5 1400-1480 1840-1960 0.22-0.29
A10T10C10 10 10 10 - 1560-1670 0.18-0.26
A10TC15 10 15 - 1410-1540 0.32-0.43

of the preform, whereas the Ti powder is converted to hard car-
bides and oxides. Microwave heating of powdered mixture is a
relatively new area of research. To gain insight into the phenomena
that occur inside reactor chamber with heated material a detailed
study of absorption power distribution was performed. Microwave
first heats skin of paramagnetic Ti powder and subsequently partly
dielectric Ti-O compound. This permits to ignite and support SHS
synthesis of solid components with flowing CO, gas. Constructed
reactor and developed method is an innovative way to heat mate-
rials, both ceramic and metal.

2. Experimental

Powders provided by AlfaAesar company and Saffil fibres were used for produc-
tion of the preforms. Average size of Ti and C particles amounted to 44 pum (-325
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mesh), whereas diameter of fibres (96% Al,03 +4% SiO,) ranged between 4 and
6 wm. Specimens were prepared by a three-step process: production of preforms by
SHS synthesis, squeeze casting infiltration and thermal annealing. In the first stage,
proper quantities of powders and fibres were mixed for 15 min with 3% water solu-
tion of silica binders to obtain homogeneous mixture. Next, the mixture of powders
and fibres was drained-off and formed to rectangular preforms 6 x 4 x 1 cm. Volume
fractions amounted to 5-10% of Ti powder and to 5-10% of graphite. Simplified sym-
bols informing about volume fractions of Al, O3 fibres (A), titanium (T), and graphite
(C) were established (Table 1). For example, the specimen A10T10C5 contained 10%
of Al,03, 10% of Ti and 5% of C (all percentages volumetric). Specimens with sym-
bol TC were prepared of Ti and C powders comminuted in a ball mill for 14 h. The
milling process was performed under argon atmosphere in an attritor containing
hard steel balls of 11 mm in diameter. The following operation parameters: ball to
powder ratio (BPR)=20:1; rotational speed = 80 rpm were used.

The prepared preforms were heated-up in microwave field in order to ignite the
combustion synthesis and to process the components with flowing CO;. The spe-
cially designed microwave furnace comprised a rectangular waveguide, a chamber
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Fig. 1. (a) Diagram of single mode microwave reactor, and (b) a photograph of the reactor with circulator to protect 2.45 GHz magnetron.
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Fig. 2. Synthesis temperature profiles of the A10T5, A10T10 and A10T10C10 speci-
mens heated with microwave power of 250 W.

with quartz tube and ended with a tuner, see Fig. 1. Processed material placed in
chamber on perforated bottom can be insulated with fibrous blanket or to intensify
heating on SiC substrate strongly absorbing microwave radiation. Position of pro-
cessed specimens, determined experimentally, coincides with the node of an electric
field in a standing wave. The microwave power was maintained during throughout
the whole synthesis. Temperature was measured with a pyrometer Raytek, model
Marathon MM, with temperature range from 500 to 3000 °C and with detected spot
dia. 0.6 mm. Measuring beam was directed at the centre of the specimen side wall.
Velocity of combustion synthesis was controlled by the camera through the slot
on the front of waveguide or by using pyrometer with integrated through-the-lens
video sighting. To support synthesis, the magnetron was supplied with 250-500 W
power.

The preforms were infiltrated with the aluminium alloy EN-AC AlSi7Mg by direct
squeeze casting. Hot-work tool steel mould was mounted in 60-tonne hydraulic
press. The major parts of the mould, i.e. the die and the punch were preheated to
300°Cand 200°C, respectively. The prepared preforms were preheated to ca. 500°C
and then, shortly before pouring, were placed in the die. Molten metal was poured
and then almost immediately, pressure of 40 MPa was applied and kept for 10-20s
during solidification. In order to remove all gases from porous perform mould was
vented.

Annealing of composite specimens was performed under protective atmosphere
of argon with 5% of H; as a reducing agent. Structures were examined with an optical
microscope and a scanning microscope Hitachi S-3400 N equipped with a microanal-
yser EDS. Phase identification was carried out using an X-ray diffractometer Rigaku
Ultima IV with Cu Ka radiation at 40 kV and 40 mA, and using ICDD (2008) cards.

3. Results and discussion
3.1. SHS synthesis of preforms

Microwave heating of the materials that react and change their
physical properties is a complex process. In a prepared preform
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Fig. 3. Synthesis temperature profiles of the A10T10, A10T10C5, A10T10C10 and
A10TC15 specimens heated with microwave power of 500 W.
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Fig. 4. Proposal of the reaction mechanism of the carbothermal reduction during
SHS synthesis.

based on alumina fibres almost transparent for microwaves and
surface-heated Ti particles, combustion synthesis was ignited and
supported. The performs were heated-up in their entire volume,
although due to concentration of microwaves on the preform wall,
synthesis started at its top surface and moved down along with a
typical propagation front.

The adiabatic synthesis temperature is directly influenced by
enthalpy of the product formation. Considering the simplest variant
of synthesis course, the relationship is:

Ti(s) + 2CO,(g) — 2CO(g) + TiOy(s)—381K] (1)

Amount of the released heat energy is relatively large and should
allow a self-propagating synthesis. On the other hand, flowing gas
chills specimens and too large distance between the reactants may
lead to ceasing the reaction as it was observed in the preforms con-
taining 5% Ti (A10T5). Thus, to support the propagation front, this
specimen was heated-up with on a SiC substrate. Then the tem-
perature reached 1250 °C, see Fig. 2, and after the main synthesis
stage stayed stable at about 900 °C due to absorption of microwave
energy by the created reaction products.

With Ti content increased to 10% in the A10T10 specimens, it
was possible to run the self-sustaining synthesis with use of a

al

Fig.5. Partly reacted Ti particles with large voids inside and jagged envelope around
them.
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Fig. 6. (a) XRD patterns of A10T10, and (b) A10T10C10 specimens.

250 W magnetron. Maximum temperature ranged between 1360
and 1410°C. Addition of 5% C increased the temperature to ca.
1400-1480°C. In both series A10T10 and A10T10C5, when the
propagation front passed, the specimens relatively quickly cooled
down below the minimum temperature of the pyrometer measur-
ing range (550°C).

In all the recorded temperature curves, before the main syn-
thesis stage, slight fluctuations at about 900 °C were observed, see
Figs. 2 and 3. This could evidence transformation of a-Ti to (3-Ti,
that is present in the binary system at 882 °C. Then, although the
pyrometer did not record the so high temperature, probably fusion
of Ti particles proceeded, as well as transport of oxygen and its dis-
solution in the particles. In the researches of combustion Ti in air
[9,10] it was found that the reaction kinetics depended on oxygen
adsorption. Concentration of oxygen increased linearly to finally
form Ti, Os3.

Higher power of the magnetron allowed higher maximum syn-
thesis temperatures for the specimens A10T10 and A10T10C5 of
1560-1670°C and 1840-1960 °C, respectively. Moreover, after the
propagation front passed, the temperature remained at constant
level of 600-700°C, see Fig. 3. In some cases, temporary tempera-
ture jumps could be observed on this plateau, what evidenced that
microwaves initiated reaction of the unprocessed residues. Espe-
cially in the case of the A10TC15 specimens, the primary reaction

Fig. 8. Microstructure with EDS analysis of composite reinforced with the A10TC15
preform.

stage was followed by slow temperature increase to 800-820°C
and then the reaction was continued for ca. 1 min at 830-900°C.
For these specimens, the synthesis temperature was the lowest
and usually did not exceed 1500°C. On the other hand, their
synthesis proceeded at the highest propagation wave velocity of
0.32-0.43 cm/s. Increase of graphite content from 5 to 10% in the
A10T10C10 specimens also did not enhance the synthesis temper-
ature that reached 1560-1670°C at the lowest wave velocity of
0.18-0.26 cm/s. It should be noted, that usually at lower velocity
conversion degree of product is higher.

In the presented research, CO, reacts on Ti surface and in some
specimens also on C flakes, see Fig. 4 step I. Graphite contributes to
increase of the amount of CO important for synthesis and to absorp-
tion of microwave energy due to high loss factor. The reaction
course

C(s) + CO,(g) — 2CO(g) + 113K] (2)

involves a temperature decrease, so at higher C content of 10%
the synthesis temperature is lower in comparison with the pre-
forms containing 5% C, see Fig. 3. The effect of graphite could be
even more significant when energy is absorbed by the synthesis
products. More defective graphite structure, containing impurities
and mixed with other components, intensely absorbs microwaves.
This could be the reason why instantaneous temperature changes
occurred after the propagation front passed during synthesis of the
A10TC15 specimens containing milled Ti and C powders.

Fig. 7. (a) BSE image of composite reinforced with the A10TC15 preform, and (b) Ti compound with adhering C flakes in aluminium alloy matrix.
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Table 2
Process history with phase analyzing in the reinforcement and the matrix.
Process Course
Reinforcement Matrix
TiO«Cy
Arrested SHS
SHS Bursting of envelope
\o Vo
500°C-8h Oxygen outflow from Ti compounds Al,03 formation
No Vo
1000°C-1h Oxygen outflow and Ti, O3 disappearing Formation of Al;Ti and next (Al-Si);Ti
AlgsSiy Ting
Si (6]
1000°C-6h Alumina encircling on Ti(C) Al replaced by Si
ALO3

Al]zsi55Ti33-’Ez

In the presented investigations, to determine the reaction course
and its subsequent stages, the microwave field was turned off at the
moment of maximum temperature jump. With no support of the
synthesis, incompletely processed Ti particles remained. Usually,
TiO particles with large voids inside were enveloped with jagged
TiOxCy compounds, see Fig. 5 and Table 2. With finer Ti particles,
phases similar to typical structures produced in complete synthesis
were formed. Considering these results, a model of the synthe-
sis course in CO, flow is proposed, shown in Fig. 4. In the second
stage, CO as adisproportionating agentintroduces carbon to TiCxOy,
replacing oxygen. The synthesis course and type of the components
makes this process similar to more widely investigated carbother-
mal reduction of TiO,, where CO reduces Ti;0,,_1 to lower oxides
(n=2, 3, 4) and subsequently introduces C to TiCxO, compound,

where 0.6<x<0.7 and 0.3<y<0.4 [11,12]. The agent determining
the reaction kinetics is concentration of CO that should be 100 times
higher than concentration of CO, to sustain the process [11,13].
It can be said that the more factors favouring its creation, e.g.
developing graphite surface or ball-milling the powders, the more
efficiently oxygen will be removed from TiC(O) during the third
synthesis stage.

The prepared porous preforms as well as the ball milled Ti-C
mixture were subject to XRD analysis. After milling no reac-
tion products were detected, mixture consisted of initial Ti and
C powder. In the preforms without graphite, alumina originated
from Saffil fibres as well as carbides and oxides were detected,
but their peaks superimposed and were difficult to be inter-
preted unambiguously, see Fig. 6. Phase identify was established

420525 735 945 1155 1365 1575 1785 19.95
Microns

Fig. 9. Linear EDS analysis of (a) Ti compound-matrix interface, with (b) detailed Al, C, O, Si and Ti elements concentration.
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Fig. 10. (a) BSE image with EDS analysis of composite reinforced with the A10T10 preform after annealing at 500 °C for 8 h, and (b) mapping of Al, O, Ti and C elements.

using search-match program with calculation of figure of merit
(FoM) values. In the order of best match, the compounds TiC, TiO,
TiOxCy could be specified. In the latter compound, the coefficient x
amounted to 0.32,0.55 and 0.7, whereas the coefficient y amounted
to 0.46, 0.43 and 0.3, respectively. In the synthesized preform con-
taining 10% C, the peaks were intensified and additional reflexes
corresponding to graphite occurred. Similar XRD patterns were
obtained for all the tested compositions with various Ti and C con-
tents.

Microstructures of the specimens after infiltration with AlSi7Mg
aluminium alloy were characterised by sufficient homogeneity, see
Fig. 7a. The Ti compounds formed corrugated precipitates com-
posed of finer grains connecting together into closed chains or
more compacted colonies. Next to them, a few porosities imper-
meable for infiltrating aluminium alloy appeared. In the preforms

with preliminary milled graphite and Ti powder, C flakes adhering
to Ti-based compounds were observed (Fig. 7b).

Analysis of elements concentration in precipitates showed that
Ti was distributed relatively uniformly in the entire volume,
whereas in the external areas (lighter) higher concentration of
carbon and lower concentration of oxygen occurred. Thus exter-
nal areas represent titanium oxide with carbon inclusions TiO(C),
internal Ti, Ozwith very small carbon content (Fig. 8, Table 2)

During infiltrating the preforms with liquid aluminium alloy,
a limited-due to low temperature-reaction of Al with titanium
oxide could occur. Usually initiation of aluminothermic reduction
is determined by means of DSC at 830-850°C [14,15], which can
be expressed as:

3TiOy+Al — 2Al,05+AlTiy (3)
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Fig. 11. Microstructure of composite reinforced with the A10T10 preform after
annealing at 500 °C for 8 h.

It could also proceed as a SHS reaction. In the presented inves-
tigation, temperature of 760 °C could be insufficient to initiate the
reaction with the infiltrating alloy. However, TEM observations in
[16] confirmed the reaction products after saturating a TiO,-Al, 03
ceramic preform at 750 °C. Nanocrystals of 3-TiO, 3-Ti;O3 and a-
Al;03 embedded in the Al matrix were detected. Linear analysis at
the interface reinforcement-matrix shows gradual concentration
changes of Al and Ti, see Fig. 9. Ti atoms are gradually replaced
by Al atoms and in the case of Tiy 03, Al,03 is formed in its place.
Thus, concentrations of Al and Ti change gradually at the interface,
whereas concentrations of O and C change abruptly.

3.2. Phase transformation during annealing at 500°C

The manufactured materials were subjected to annealing at
500°C for 8 h and during that time structure transformations were
observed, especially distribution of elements and formation of
distinct phase boundaries. Segregation proceeded in the reinforce-
ment elements: Ti or C and Al or O accumulated in the same areas,
see Fig. 10b. Oxygen flew out from created during SHS synthesis
TiO(C) to the Al matrix and Al,03 was formed mostly between
grains of titanium compound, see Fig. 10a. The composite matrix
remained unchanged. In more compact and larger clusters, gray
Ti, O3 oxides also occurred which in some sense had no time to
convert completely, see Fig. 11. Finally, beside unchanged Ti;03
the compound Ti30,(C) more rich in Ti was formed.

3.3. Annealing at 1000°C

Subsequent annealing at higher temperatures was intended to
create stable compounds in the saturated reinforcement and to pre-
cipitate new phases in the aluminium matrix. With respect to the
process thermodynamics and possible creating new compounds,
annealing at 1000 °C for 1 h or 6 h was applied. Further oxygen out-
flow, segregation in the reinforcement, and forming new phases
in the matrix proceeded. After 1-h annealing, decomposition and
decay of Ti; O3 occurred and thus the reinforcement was composed
of Ti30,(C) grains and Al,03 only, see Fig. 12. Titanium released
in the reaction (5) usually combines with Al to form Al3Ti. How-

20 pm
A10T10C10P

Fig. 12. (a) BSE image with EDS analysis of composite reinforced with the
A10T10C10 preform after annealing at 1000°C for 1h, and (b) mapping of Al, O,
Ti and C elements.

ever, in [17-19] formation of a2-Ti3 Al was observed first and next
of y-TiAl, that was explained by low solubility of Ti in Al. It could
be still found that creation of the final compound is decided by
substrate concentration. In the examined materials, Ti passed to
the matrix, where it formed plates of AlgsSiy1Tiz4. Presumably, it
develops by substituting Al atoms by Si atoms in the ordered lat-
tice of Al3Ti, until the stable Ti(AlygSip2)3 is created. Though, it
was found in [16] that after annealing at 650°C, the compound
(Al-Si)3Ti is formed immediately without any intermediate phase.
During microscopic investigations, formation of AlgsSiy1Tiy4 (cor-
responding to Ti(AlpgSip2)3) was discovered next to Si crystals,
where at low solubility of Si the a-solution gets saturated and the
compound is formed more quickly. Generally larger Ti based com-
pounds could be found in the composite matrix, as well as tiny but
numerous alumina inclusions and rare AlgsSij1Tiz4 plates.

Prolonged annealing for 6h caused almost complete oxygen
outflow from the Ti30,(C) compound and arising rounded grains
containing Ti and 12-20% C covered with thin alumina envelope,
see Fig. 13. Transformation of the precipitates can be described by
the reaction:

TiO, +3C + 8Al — 4Al,03 + 3TiC + 3Ti, (4)

that is the basic formula for producing TiC-Al,03-Al composites
[20-22]. In the examined material, oxygen diffuses to the Al,03
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Fig. 13. (a) BSE image with EDS analysis of composite reinforced with the A10T10C10 preform after annealing at 1000 °C for 6 h, and (b) mapping of Al, O, Ti and C elements.

envelope that simultaneously acts as a diffusion barrier for Ti and
C. Taking into account the Ti-C system and the finally obtained
concentration of C in Ti(C), it could be described as the mixture
a-Ti+y-TiC. As before, Al,03 is present between the reinforce-
ment grains, see Fig. 14. If it accumulates and forms larger clusters,
numerous voids are created inside them. This is similar as in
[23], where during the reaction of TiO and Al with y-Al,03, a-
Al,03 was formed and porosity in the obtained composite reached
10-15%.

In the matrix, further transport of Si and precipitation of
numerous pellets of Al;;Ti33Sis5 proceeded, whose chemical com-
position and morphology correspond to the phase T2 equivalent
to Ti3AlSis. It is possible that the peritectic transformation pro-
ceeded of Ti(AlggSip2)3 that was formed earlier during annealing
for 1h. As was mentioned before, Si from the matrix dis-

lodged Al atoms whereas the amount of Ti became at the same
level.

3.4. Hardness HB of composite materials

Hardness examinations evidenced distinct hardening of the
matrix caused by the created titanium compounds. With increas-
ing Ti content from 5% to 10%, average hardness increased to the
range between 82 and 99 HB. In turn, increase of graphite con-
tent from 5% to 10% (composite reinforced by the A10T10C5 and
A10T10C10 preforms) slightly reduced hardness to ca. 85 HB, see
Fig. 15. Depending on annealing temperature and time, heat treat-
ment of the composites resulted in various effects. Annealing at
500°C decreased hardness, whereas annealing at 1000 °Cimproved
the composite properties. The best effect was achieved after
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Fig. 14. Microstructure of composite reinforced with the A10T10C10 preform after
annealing at 1000 °C for 6 h with created in the matrix Aly,Ti33Siss plates.
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Fig. 15. Hardness HB of the matrix and composites reinforced with the A10T10,
A10T10C5, A10T10C10 preforms before and after annealing.

annealing the A10T10C10 specimens for 1 h, when their hardness
was ca. 150 HB.

4. Conclusions

Porous preforms of Ti and C powders and Al,03 fibres were
produced using SHS synthesis. The highest temperature between
1840 and 1960 °C was observed during synthesis of the preforms
containing 10% Ti and 5% C, whereas the highest velocity of the
propagation front between 0.32 and 0.43 cm/s occurred when ball-
milled powders were used. As a result of the reaction with flowing
CO,, jagged compounds consisting of TiO(C) (titanium oxide with
admixture of carbon) and rich in oxygen Ti, O3 were produced.

Squeeze casting infiltration led to slight reduction of titanium
oxide on the interface with liquid aluminium alloy. The composites

were characterized by sufficiently uniform structure with a small
number of porosities and good bond between the reinforcement
and the matrix.

Annealing of the specimens at 500 °C resulted in oxygen outflow
from TiO(C) and formation of Al, O3 in vicinity of reduced Ti3O,(C).
Increasing the temperature to 1000 °C resulted in complete decay
of TipO3 present before annealing and formation of Ti(AlpgSio2)3
plates in the matrix. The compound Ti(AlggSip2)3 was probably
created by replacing Al atoms by Si atoms in Al5Ti. Prolonging the
annealing time to 6 h ended the reduction process, oxygen trans-
port and formation of Al,03 that enveloped oval grains composed
of a-Ti+y-TiC. In the matrix, larger plates of 72-Ti3AlSis developed,
rich in Si.

The produced composite materials were characterised by higher
hardness, especially when were reinforced with graphite-free pre-
forms. Annealing of the composites for 1h at 1000 °C significantly
increased hardness to 150 HB, two times higher than hardness of
the unreinforced matrix alloy.
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