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Abstract: A mixture of TiO2+Al+C powders was mechanically activated using a planetary ball
mill under different milling conditions wherein the milled powders were further subjected to
combustion synthesis to produce TiC+Al2O3 composite. The mechanically alloyed powders were
characterized by X-Ray diffraction analysis and TEM investigations. XRD analysis of milled
powder mixture showed no significant reaction between TiO2, Al and C while a significant
amorphization of powder mixtures was observed. TEM analysis indicated the formation of a
composite structure of powder particles after milling. The subsequent thermal treatment of the
milled powder mix showed that the milling of initial powder mixture under dry environment using
mixed large and small balls had a great effect on reaction efficiency and yielded to the highest
TiC + Al2O3 ratio in the synthesized products.
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1. INTRODUCTION
Mechanical alloying (MA) as an effective
powder metallurgy method has been successfully
used to produce highly metastable as well as
reactive metal powders [1]. This method can
help in modifying the conditions for chemical
reactions, either by changing the reactivity of asmilled solids or by inducing chemical reactions
during milling [2]. In addition, amorphization as
a result of ball milling is one of the most
frequently reported phenomena in mechanically
alloyed powder mixtures [3, 4, 5]. During MA,
repeated fracturing and rewelding of powder
particles occurs due to ball-powder and ballpowder-container collisions [6]. It is suggested
that the amorphous phase forms instantaneously
at the powders interlayer during mechanical
milling, because of the compressive stresses on
the impacted powder [7]. However, there are
some influencing factors such as milling time,
size of grinding medium, and milling
environment that affect the final structure and
composition of the powders [3, 8].
Various researches were carried out to evaluate
the effects of mechanical activation in TiO2- Al
and TiO2- Al-C systems on the combustion

synthesis of Ti-Al intermetallics and TiC [9, 10].
Welham [9] and Ying et al. [10] reported on the
formation of a powder composed of alumina and
titanium trialuminide TiAl3 via combustion
synthesis of milled TiO2 -Al powder mixture.
Arik [11, 4] reported on the formation of Al4C3
during sintering of pre-milled aluminum powders
and carbon black. Koc [12] investigated the
kinetics of TiC formation in the carbothermal
reduction process of ultrafine TiO2 and carbon
mixture. Pallone et al. [13] have studied the
microstructural evolution during synthesis of
TiC+Al2O3 composite by reactive milling of the
powder mixtures of TiO2+Al+C. They performed
high-energy ball milling in a SPEX 8000
shaker/mill apparatus under air environment, and
the reaction was being monitored by a
thermocouple fixed in the external surface of the
vial, which allowed the recording of the
temperature peak associated with the beginning
of the reaction. They showed that the formation
of TiC+Al2O3 could be triggered by milling of
TiO2+Al+C powder mixture.
In spite of intensive studies on the combustion
synthesis in TiO2-Al-C system [14-23], no clear
information; however, are available on the
influence of pre-milling on the combustion
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synthesis in this system. Thus, this research
work has been undertaken to investigate the
influence of milling conditions on the
mechanical alloying and subsequent thermal
treatment in TiO2-Al-C system. Based on X-ray
diffraction (XRD) analysis and transmission
electron microscopy (TEM) observations, the as
milled structure and phases produced via
combustion synthesis process were investigated.

ultra sounded to have the agglomerated particles
separated and then were put on carbon grids for
observation. The phases of TiO2, Al and graphite
in the unmilled powder mixture were first
identified by TEM separately and then the phases
in the as-milled powder mixtures were
determined by comparison with the images of
individual phase.

2. EXPERIMENTAL PROCEDURE
The materials used in this study were 99% pure
rutile (TiO2) powder with the particle size of less
than 1 µm supplied by Kronos , pure Al powder
(> 98% in purity) with the particle size of <100
µm supplied by KPM, and graphite powder
containing 99%C with a maximum particle size
of 40 µm supplied by Razi. Powder mixture of
rutile, Al, and graphite, were prepared according
to stoichiometric reaction given in Eq. 1:
3TiO2+4Al+3C=3TiC+2Al2O3

(1)

The milling experiments were carried out under
air atmosphere in a planetary ball mill with an
alumina vial of 750 cm3 inner volume charged
with alumina balls of 20 and 10 mm diameters,
with the constant ball to powder ratio of 4:1. The
rotation speed of vials was 1000 rpm. The
milling of powder mixture was carried out under
different milling conditions as described in Table
1. The milling was made under dry and wet
environments in which the wet environment was
made by addition of ethanol solution to the
powder mixture at the amount of 5 wt%. The
samples were milled for up to 72 hrs and were
further subjected to thermal treatment. A 24hour milled powder was found to be an
appropriate sample for subsequent thermal
treatment as previously described by the authors
[24]. Thus, a 24-hr milled sample weighing 70
mg was synthesized by heating up to 1450 ˚C in
an alumina crucible under argon atmosphere at a
heating rate of 10˚C/min. using a Netzch STA
409 differential thermal analyzer. The unmilled
and milled powders were examined by a JEOL
JDX-8030 X-Ray diffractometer at 30 kV / 20
mA with Cu KĮ radiation for phase
identification. To investigate the morphology of
as-milled powder particles, a LEO 912AB TEM
with a tungsten gun at an accelerating voltage of
120 kv was used. In order to prepare the TEM
samples, the as-milled powder particles were

26

Fig. 1. XRD patterns of TiO2+Al+C powder mixture
before and after milling for different times under K1
conditions.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Mechanically
Activated Powders
3.1.1. X-ray diffraction (XRD) analysis
The XRD patterns of as-milled powders as a
function of milling times for K1, K2, and K3
series of experiments are shown in Figs. 1 to 3,
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respectively. As can be seen from these figures,
the main phases shown in these patterns were
TiO2, Al, and C suggesting that no significant
reactions occurred between the constituents of
the powders during milling. Comparing these
patterns, one can see that by increasing the
milling times all the peaks were broadened due
to the refinement of particles and the residual
strain caused by plastic deformation. However,
the broadening is more severe in K3 series of
experiments rather than in K2, and K1 series.

series, suggesting the formation of amorphous
phases coexisting with rutile crystals. Therefore,
the highest rate of amorphization taken place for
graphite in K3 conditions and the lowest rate of
amorphization happened in K1 conditions.

Fig. 3. XRD patterns of TiO2+Al+C powder mixture
before and after milling for different times under K3
conditions.

Fig. 2. XRD patterns of TiO2+Al+C powder mixture
before and after milling for different times under K2
conditions.

After milling for 72 hrs in K2 and 24 hrs in K3
series, Bragg peaks of graphite have
disappeared. This phenomenon occurred for
aluminum after 48 hrs in K2 and 72 hrs in K3

This behavior can be attributed to the milling
environment as well as using a mixed large and
small size balls which make the mechanical
milling be more efficient due to the increase of
collision surfaces and frequencies between the
powder particles and the balls. Although the
reaction given in Eq. 1 is thermodynamically
favorable [25], it is clear from the relevant XRD
patterns that even after milling the powder
mixture for 72 hrs there is no evidence of
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reaction between the constituents of the
powders.
The absence of any reaction during milling in
these conditions could be due to the kinetic
barriers which could not be overcome under
these milling conditions. Nevertheless, Pallone
et al. [13] showed that milling of this powder
mixture in a SPEX 8000 mill could trigger the
reaction, which could be due to the higher
energy of SPEX 8000 milling machine in
comparison with the planetary milling machine
used in this work.
3.1.2. Transmission electron microscope
(TEM) analysis
TEM analysis of powder mixtures being milled
for 24 hrs along with the XRD profile line
analysis, allow a precise definition of the
particular structure formed during mechanical
alloying under different conditions. The XRD
analysis of mechanically milled powders
represents more severe broadening phenomena
in K3 series of milling experiments than that of
K1 series suggesting higher rate of energy
induced in the powders, during milling at K3
condition than that in K2 and specially K1
condition. In order to investigate the structure of
the milled powder under these two milling
conditions, two samples of 24hr –milled
powders under K3 and K1 milling conditions
were analyzed by TEM examination.

Fig. 4. TEM micrograph of 24 hr-milled powder
particles under K1 conditions.

Figs 4 and 5 show typical TEM micrographs of
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the powder mixture samples milled for 24 hrs at
K1 and K3 conditions respectively. As seen from
Fig. 4, in K1 series of experiments the milled
powder is composed of nanostructured
aggregates of primary constituents
which
individual phases can be simply detected while
at K3 condition there are homogenized
composite particles in which the primary
constituents can hardly be identified (Fig. 5).

Fig. 5. TEM micrograph of 24 hr-milled powder
particles under K3 conditions.

Fig. 6. DTA curves of powder mixture pre-milled for
24 hrs in different conditions.
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Table 1. Milling conditions for different series of experiments (ball to powder ratio: 4:1).
Ball
Milling
Experimental series
Milling environment
diameter
time
Wet
4, 8, 12, 16, 20, 24,
20 mm
K1
(Wetting agent: ethanol solution
48, and 72 hrs
amounted to 5wt %)
66%wt (20 mm) +
K2
"
"
34%wt (10 mm)
K3
Dry
"
"

1. Synthesis of Powder Mixtures

Fig. 6 shows the DTA curves of unmilled and 24
hr-milled powders under different mechanical
alloying conditions given in Table 1. The DTA
trace for unmilled powder shows an endothermic
peak during heating at about 648 ˚C, and a sharp
exothermic peak at about 1079 ˚C. The position
of endothermic peak suggests that it was due to
the melting of aluminum. The exothermic peak
appeared at about 1079 ˚C could be due to the
exothermic reaction occurred between rutile
(TiO2) particles and molten aluminum.
Comparing the DTA traces in Fig. 6 shows that
the position of exothermic peak has been shifted
to lower temperatures as the milling conditions
vary according to Table 1. As can be seen, the
temperature of the exothermic peak decreases
about 381-402 ˚C for different milling
conditions. This behavior can be mainly
attributed to the decrease in particle size and
increase of the surface area of the reactants as
Pallone et al. [13] explained in their research
work. On the other hand, an increase of internal
energy level of the milled powders facilitates the
reaction between the constituents of the powder
mixture [1]. The mechanism of combustion
synthesis of TiC- Al2O3 in Al-TiO2-C system
was studied by Choi et al. [26] and Cho et.al.
[27] in which they showed that the combustion
reaction is a combined process in which the
aluminothermic reduction of TiO2, and TiC
formation reactions occur sequentially. Based
on the above mechanism, it can be suggested
that the mechanical alloying of TiO2-Al-C
mixture must have enhanced the reaction
between TiO2 and Al by increasing the contact
area and decreasing the diffusion distance
between reactants. This may lower the difference
between the energy of reactants and products
which can be resulted in the severe decrease of the
exothermic peak intensity in the DTA curve [9].

Fig. 7. DTA curves of powder mixture pre-milled for
24 hrs in different conditions.

XRD patterns of synthesized unmilled and milled
powders under different conditions are shown in
Fig. 7. As can be seen the phases existing in the
synthesized product are mainly titanium carbide
and aluminum oxide. This means that the
reaction between Al, TiO2, and C leads to the
formation of TiC and Al2O3, even though some
TiO2 and C are still left. From comparison of the
patterns shown in Fig. 7, it can be deduced that
the highest ratio of desired mixture (TiC +
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Al2O3) is achieved for the powder mixture milled
in dry environment (K3 series of experiment).
4. CONCLUSIONS
7.
Analysis of the milled powder mixture of
TiO2+Al+C for different times showed no
significant chemical reaction between the
constituents of powder mixture while an
amorphous structure was obtained for graphite
and aluminum after milling for certain times.
Milling in dry environment with mixed large and
small size balls has the highest effect on the
homogenization of the phases and the
enhancement of the amorphization process.
Milling has a great effect on the mechanism of
TiC+Al2O3 synthesis in TiO2-Al-C system. It
makes the reaction temperature and DTA peak
intensity of reaction decrease. The energy
required for the reaction is decreased
significantly by mechanical activation of the
reactants.
Milling of the reactants powder mixture for 24
hrs in dry environment yields to the highest
TiC+Al2O3 (desired phases) ratio in the
synthesized products, in comparison with other
milling conditions, tested.
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