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Abstract

TiC/Al2O3 composite was synthesized through air-exposed combustion synthesis using Al/TiO2/C initial mixture. Al2O3 was formed

as fibers of submicron/nanometer thickness and several microns length on the external and internal pores. The nanofibers were

considered to be synthesized directly through simultaneous oxidation and condensation of air-exposed Al vapor. Bundles of Al2O3

nanofibers were synthesized by diluting the stoichiometric system by nano-sized Al–33%Al2O3 mixture. The effect was considered as a

result of significant increase in Al free surface area, and hence the Al/atmospheric-O2 reaction front. Metal/gas combustion synthesis

was considered as a method for producing metal oxide/nitride nanofibers.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Combustion synthesis, also called self-propagating high-
temperature synthesis (SHS), is a technique for producing
a wide range of materials, mostly ceramics and interme-
tallics [1]. In this method, the reaction takes place through
a highly exothermic reaction similar to wick burning. The
reaction is ignited externally. The heat released must be
large enough to ignite the reaction in the adjacent points to
keep the SHS wave stable. The more negative the enthalpy
of formation, the stronger the combustion. It has been
empirically proposed that if the maximum adiabatically
achievable temperature (Tad) is higher than 1800 K [2] or
2000 K [3], then the SHS wave will be stable. Refusing the
heat leakage and also the kinetic parameters such as
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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particles surface contact, Tad can be calculated as

DH ¼

Z Tad

T0

X
cp; products:dT ð1Þ

More recently, salt-added combustion systems of much
lower Tad have been reported in the literature, in which,
the presence of salt helps the formation of products with
very fine particle sizes [4–7]. SHS has recently been
optimized for mass production of nanopowders [4–6].
Several cases of formation of fibers and also rods of

micron or submicron diameter through SHS have been
reported in the literature. Most of these cases are limited to
the synthesis of nitrides (mostly Si3N4 [8–14] and AlN
[15–20]) and oxides (usually Al2O3 [21,22]) but not car-
bides, borides, silicides, etc. Formation of MgO and
SiAlON fibers has also been reported [23–26]. Oxide fibers
have also been observed even in metal/metal combustion
reactions performed in atmospheric air [27]. In this work
the widely used TiC/Al2O3 composite was produced
[28–33]. Regardless of the results discussed in the previous
work, this article concentrates on the morphological
aspects of the products [34].
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Table 1

The purity level of initial components as

determined by chemical titration.

Powder Al C TiO2

Purity (%) 99.65 99.94 99.95

Fig. 1. Initial powders under SEM (a) TiO2, (b) C and (c) Al.
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2. Experimental procedure

In this work the following reaction was used to produce
the widely used TiC/Al2O3 composite [28–33]:

3TiO2þ4Alþ3C-3TiCþ2Al2O3

In this system Tad is about 2065 1C, and 100% of the
produced Al2O3 melts at 2052 1C which keeps the tem-
perature from rising up to about 2580 1C (the indistinctness
comes from the approximation of the available thermo-
dynamic data). Additionally, diluting the system with Al
and/or Al2O3 was studied, which can be presented as

3TiO2þð4þxÞAlþ3CþyAl2O3-

3TiCþð2þyÞAl2O3þxAl

Table 1 shows the degree of purity of the initial powders
determined by chemical titration. The morphologies of the
precursor particles are shown in Fig. 1a–c. Prior to SHS,
the powders were mixed in a very low energy ball mill for
15 min using several 3 mm diameter balls. An ignition
setup, containing a preheating system and electric arc
equipment, was assembled and used to stimulate the
reactions (Fig. 2). Test samples were cylinders of 6 mm
diameter and 15 mm height, with various raw densities.

After SHS, some samples were fractured intentionally for
microscopic evaluation of the inner free surfaces as well as
the outer ones. EDS results are presented in Figs. 4 and 5.
Since fibrous morphology was observed in all the surfaces,
the idea was proposed to relate the morphology with the
solid/gas reaction. So, an Al/atmospheric-air SHS reaction
was designed to evaluate the effect of removing the other
components on the final morphology. Similar SEM evalua-
tions were carried out on the products. Various degrees of
dilution and also a range of relative raw densities were
evaluated, as explained before [14].

3. Observations

It was found out that the combustion was not a case of
classical ‘‘solid flame’’, but a flame surrounded the sample,
especially those diluted with Al (Fig. 3). Additionally,
significant sputtering of materials from the burning sample
was observed (Fig. 3). SEM micrographs showed fully
fibrous microstructures of submicron diameter on all free
surfaces, both outer surfaces and internal pores surfaces
(Figs. 4–6). EDS results indicated that fibers are alumina.
Diluting the stoichiometric mixture with Al2O3 made the
fibers thicker and straighter (Fig. 5), while, additional Al
particles made them thinner (Fig. 6). Diluting the system
with severely ball milled Al-33%wtAl2O3 mixture (with
particle diameter of 100–200 nm) was also assessed in the
present work. It was found that increasing the amount of
such diluents, caused more intense SHS reaction, which
was a rather unexpected result. In this case, bundles of
alumina nanofibers a few hundreds of nanometers or less
in thickness with several tens of micrometers length and
aspect ratio of about 1000 were found (Fig. 7).
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4. Discussion

In all other works reporting of the fibrous morphology in
the SHS products the combustion has taken place in metal/
gas mode [8–27]. Apparently, this is the key for combustion
synthesis of ultrafine/nano-sized ceramic fibers. Metal/gas
SHS reactions with oxide and nitride products provide some
unique possibilities necessary for fibers formation. Firstly,
their adiabatic temperature is much higher than those of
similar carbides and borides, etc. This is usually higher than
the boiling temperature of metallic component of the initial
mixture, which makes it evaporate as a result of the reaction
in adjacent points. Secondly, oxides or nitrides whiskers can
form directly through simultaneous vapor-metal/gas reac-
tion and condensation of the products. Thirdly, the metal/
gas reactions provide much larger reaction front area, rather
Fig. 2. The air-exposed handmade SHS setup sketch.

Fig. 3. Successive frames of SHS reaction. The electric arc is clearly seen in t

frames.
than solid/solid reactions, which can cause the metal to
evaporate more easily. The reaction front area is an effective
parameter which has always been mentioned in SHS studies
of both solid/solid and solid/gas reactions [1,4]. Of course,
this phenomenon is much more effective in reactants of
nano-sized scale [16]. Even solid/solid reactions are highly
intensified using nano-sized particles [27,35].
Recently, Shi et al. reported the synthesis of AlN

through salt assisted Al/N2 reaction, under 0.25 MPa
pressure of N2 [19]. The morphology of these nanowhis-
kers was quite similar to those presented in Fig. 4. Similar
to the present work, their Al spheres had reacted with N2

gas and crystallized as AlN nanowhiskers with outwards
radial alignment. Their Al particles were finer than those
used in this study and some other minor conditions were
different. The fibrous morphology was visible in the outer
shell of 5–15 mm thickness of the Al particles.
As has been discussed elsewhere, it was found that some

of the initial Al/atmospheric-O2 reaction had replaced
Al/TiO2 reaction [7]. Since the initial Al particles were
2–3 orders of magnitude larger than the other ones, the
reaction had to occur on Al particle surfaces and the
spaces between them. It was found that as a result of
Al/atmospheric-O2 reaction, the temperature was much
higher than the predicted value of 2065 1C. This phenom-
enon is much more intense especially when diluting the
system with ultrafine Al/Al2O3 mixture with nanoscale
particles and very large specific surface area. This caused
Al to evaporate from the free surfaces and subsequently
condense directly with fibrous morphology. Similar phenom-
enon is reported in the article by Hunt et al. which is for air-
exposed Ni/Al combustion reaction [27]. They reported that
he second frame. The solid/gas reaction steps are clear in the subsequent



Fig. 4. Air-exposed external surface of the stoichiometric sample under

SEM and related EDS results. Compare the particle sizes in (a) with those in

Fig. 1c. An unintentionally fractured part is shown in (b) and (c) in higher

magnifications, in which Al2O3 fibers are more visible. EDS tests are taken

from the light-colored rectangular region.

Fig. 5. Al2O3 fibers grown inside the pores of an Al2O3-diluted sample.

Fig. 6. Al2O3 fibers grown inside the pores of an coarse-Al-diluted

sample. EDS test could not be carried out.
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in contrast to microscale Al particles, nanoscale Al particles
have reacted with atmospheric O2 leading to Al2O3 nanofi-
bers formation.
It should be noted that the presence of fine particles with
higher melting temperature (TiC and C) keeps the Al
particles from coalescence, which may lead to significant
decrease in reaction front area.
In short, metal/gas reactions have all the necessary

conditions for synthesis of nanofibers. This probably means
that ultrafine/nanometric fibers of most metallic oxides and
nitrides with aspect ratio of the order of 1000 can
theoretically be combustion synthesized though Metal/O2

and Metal/N2 SHS reactions.

5. Conclusion
1.
 Large amounts of Al2O3 nanofibers were fabricated
through air-exposed combustion synthesis in Al/TiO2/C
system.
2.
 It was considered that they formed during Al/atmo-
spheric-O2 reaction.
3.
 Diluting the system with highly reactive ultrafine Al
particles led to formation of bundles of Al2O3 nanofibers.



Fig. 7. Bundles of Al2O3 nanofibers (more than 100 mm in length and

about 100 nm thick, with length/thickness ratio of about 1000) shown in

different magnifications. The fibers had grown inside the pores of the

sample diluted with ultrafine Al/Al2O3 mixture.
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Additionally, it can probably be proposed that most
metallic oxides and nitrides can theoretically be synthesized
though Metal/O2 and Metal/N2 SHS reactions.
4.
 The Al2O3 fibers formed in Al2O3-diluted samples were
much straighter and thicker (over 500 nm) than the
fibers in the Al-diluted samples few hundred nanometers
or less. Especially, in the samples diluted with ball
milled ultrafine Al/Al2O3 mixture, bundles of fibers of
about such thickness and several tens of microns length
were formed, which was essentially considered to be the
result of their very large surface area.
5.
 It is concluded that, the metal/gas combustion reactions
can systematically lead to metal oxide/nitride nanofibers
with aspect ratio of the order of 1000.
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