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a b s t r a c t
The main goal of the current study is to clarify the role of milling time, extra aluminum, porosity and
microwave energy on ignition behavior of combustion synthesized Al2 O3 /TiC composite. In fact the
present work deals with the microwave-combustion synthesis of Al2 O3 /TiC composite from Al, C and
TiO2 materials using microwave heating. Taguchi robust design method of system optimization with
L9 orthogonal array was used to determine the best level and the percent of contribution (%) of each
factor. In order to conﬁrm the formation of Al2 O3 and TiC phases, the samples were analyzed by X-ray
diffraction using Cu K␣ radiation. The results showed that both Al2 O3 and TiC are present in all samples.
The crystallite sizes of produced TiC and Al2 O3 are about 49–87 and 63–208 nm respectively. Also the
Taguchi approach proved that the milling time had the most inﬂuence on the ignition time (72.87%) and
the stress stood in second place (23.55%). The power of microwave had the least inﬂuence on the ignition
time. While the extra aluminum had the most inﬂuence on the combustion temperature (55.08%) and
the stress stood in second place (25.92%).
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Alumina ceramics (Al2 O3 ), one of the extensively utilized structural ceramics, have great potential to be used in many special
applications where low density, high hardness, chemical inertness
and good high temperature properties are required. But alumina is
a brittle material with poor fracture toughness and thermal shock
resistance. It has been known for many years that the incorporation of a second phase particulate into a ceramic matrix can bring
about improvement on the mechanical properties of ceramics. The
addition of a secondary phase into a ceramic matrix has been indicated to improve the resistance to crack initiation and propagation
in various ways. Titanium carbide (TiC), a common hard alloy powder, was extensively utilized in Al2 O3 /TiC- and TiC-based cermets
[1].
Al2 O3 /TiC composite with 50–70% alumina content has a wide
application in cutting tools, wear resistance coating and computer
pieces such as magnetic head sliders [2]. The reason of being
under attention can be attributed to its special properties such as
hardness, toughness, chemical stability, good strength, electrical
conductivity and excellent wear resistance [3]. Currently, it is manufactured primarily by pressure less sintering or hot pressing the
direct mixtures of Al2 O3 and TiC powders [4], mechanical alloying
[5], pulsed laser deposition (PLD) [2], etc. Nowadays, combus-
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tion synthesis (CS) or self-propagating high temperature synthesis
(SHS) has been one of the most important techniques for fabrication of cermet composites [3] such as Al2 O3 /TiC composite. In this
method, the synthesis is obtained through an extremely rapid selfsustaining process driven by the large heat release by the internal
energy of the reactants [6].
The fabrication of Al2 O3 /TiC composite powder by this method
has drawn much attention recently since the process offers certain advantages with respect to simplicity, a relatively low energy
requirement and feasibility of using low-cost raw materials. The
drawback of the process is that it is extremely violent and energetic
leading to less than theoretical density in the product and a low
degree of control over the microstructure of products [7]. It is interesting to note that the reactants are heated by an external source
such as tungsten or molybdenum coil, laser either locally in selfpropagating high temperature synthesis (SHS) mode or uniformly
in a furnace or microwave in volume combustion synthesis (VCS)
mode of combustion synthesis to initiate an exothermic reaction
[6].
According to literature survey done by the authors there are
many articles focused on synthesis of alumina/titanium carbide
composites using different heating sources [3,6–10]. Indeed the
previous researches on Al2 O3 /TiC composite can be categorized
to different groups. Some of them are reviewed here. In the ﬁrst
approach the investigators paid attention to the fabrication methods. These methods are pulsed laser deposition (PLD), mechanical
alloying, carbothermal reduction, PVD, CVD, pressure less sintering, hot pressing the direct mixtures of Al2 O3 and TiC powders, SPS,
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Table 1
Properties of raw materials.
Powder

Particle size (m)

Purity (wt.%)

Aluminum
Layer graphite
Titanium dioxide (rutile)

<45
–
0.2–0.8

99.4
99.93
99.94

combustion synthesis, etc. [2,4,5,8–12]. Some of these processes are
time-consuming such as mechanical alloying and most of them are
needed to be at high temperatures such as SPS, hot pressing and
carbothermal reduction. Both groups consume a lot of energy. The
second group concentrated on the role of particle size of initial powders on combustion behavior of Al2 O3 /TiC composite. For example
Atong et al. showed that in microwave-combustion synthesized
Al2 O3 /TiC composite as the particle size of carbon increased the
ignition time decreased. However, the sample with intermediate
carbon size was ignited faster than that of largest carbon size. This
may be because it provided the best reactant particle arrangements
and particle contact between TiO2 and Al which is believed to be
necessary for the initial reaction to TiO2 and Al [8].
Another approach focused on the effect of different parameters
such as green density, extra aluminum and electric ﬁeld on density
of products. The results illustrated that the density of Al2 O3 /TiC
composite depends on both electric ﬁeld and extra aluminum as

well as the green density [3]. Another viewpoint concentrated on
the role of different factors on microstructure of composite such
as carbon sources, cooling rate and preheating temperature [9,10].
The results proved that an increase in cooling rate caused to produce Al2 O3 /TiC composite with ﬁner particles [9]. Microstructure
of sintered Al2 O3 /TiC composite did not show any signiﬁcant differences as carbon sources changed [10]. Also the results proved
that an increase in preheating temperature caused to increase the
combustion temperature [9].
To the best of our knowledge and in spite of importance of
role of both microwave energy and mechanical milling on combustion synthesize there are a few papers concentrated on the
use of microwave energy to synthesize Al2 O3 /TiC composite and
this subject has not been paid attention by investigators in more
detail. Thus the main goal of the current study is to ﬁll the literature gap appeared in this ﬁeld. Furthermore, the effect of percent
of porosities, existence of extra Al, milling time and power of
microwave on combustion behavior will be studied. It is worth
noting that the microwave processing of materials is an alternative for processing materials that are hard to process; and an
opportunity to produce new materials and microstructures that
cannot be achieved by other methods [13]. Microwave processing
can lead to some positive effects in terms of material processing such as reduction of process times and energy consumption,
improvement of product homogeneity, mechanical properties, etc.

Fig. 1. SEM photographs of raw materials (a) Al, (b) TiO2 and (c) C.
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[14]. The absorption of microwave energy involves a conversion
of electromagnetic energy into thermal energy. Microwave processing technology is fundamentally different from conventional
processing in its heat mechanism, i.e. with microwave heating the
heat is generated internally within the material and ﬂows towards
the outside [15]. Several factors such as heat in the microwave ﬁeld
(i.e. dielectric loss, sample volume), particle size and particle size
distribution, sample geometry, density of materials and material
phase(s) present can inﬂuence the heating rate signiﬁcantly [16].
Besides since the interrelationships between the effective
parameters are complex and the analysis of this process to optimize
the factors is a time and labor consuming work and the analyses
using conventional experimental methods are inefﬁcient, Taguchi
robust design method of system optimization with L9 orthogonal
array was used to determine the best level and the percent of contribution (%) of each factor. In fact Taguchi method is a combination
of mathematical and statistical techniques used in an empirical
study. It can determine the experimental condition having the
least variability as the optimum condition. The variability can be
expressed by signal-to-noise (S/N) ratio. The experimental condition having the maximum S/N ratio is considered as the optimal
condition [17]. In the present work, the simultaneous variations
of the main parameters and their interactions were investigated
using the orthogonal array technique. Finally, analysis of variance
(ANOVA) was performed for estimating error variance and determining the relative importance of various factors.
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percents of porosity. Green densities of produced discs were about 59%, 62% and 65%
of theoretical density respectively.
2.3. Synthesis condition
The produced discs were exposed under 600 and 900 W microwave energy. The
ignition time and combustion temperature were measured by a chronometer and
pyrometer respectively. Each experiment was repeated two times to get the more
precise results.
2.4. Characterization
In order to conﬁrm the formation of Al2 O3 and TiC phases, X-ray diffraction
measurements were performed on a Bruker AXS, D8 Advance diffractometer using
Cu K␣ radiation. The range of 2, step, step time and temperature were 15–80◦ ,
0.025◦ , 1 s and 25 ◦ C respectively. The wavelength was 0.15418 nm.
2.5. Orthogonal array
According to the Taguchi method, the standard orthogonal array, namely L9
that reduces the number of experiments to 9 was used. The samples were prepared
according to the conditions of L9 orthogonal array.
The designed L9 is an array of 9 experiments with the speciﬁed combination of
levels. In L9 , each row determines the levels of factors, which must be used to run
every individual experiment. On the other hand, each column is devoted to each
factor or a combination of factors to study the interactions. The different parameters
and levels are given in Table 3.

3. Results and discussion
3.1. Mechanism of synthesis

2. Experimental details
2.1. Material
In order to produce Al2 O3 /TiC composite TiO2 , Al and graphite were used as raw
materials. The speciﬁcations of these materials have been summarized in Table 1.
Also Fig. 1a–c shows the SEM micrographs of Al, TiO2 and graphite respectively.
It can be seen that the morphology of graphite is ﬂake-like and TiO2 powders are
almost regular with different size. The average size of aluminum powders is less
than 45 m.
2.2. Sample preparation
Al2 O3 /TiC composites were produced by mixing of powders based on appeared
in Eq. (1).
3TiO2 + 3C + (4 + x)Al = 3TiC + 2Al2 O3 + xAl

(1)

With replacing x = 0, 1 and 2 in Eq. (1), primary mixtures with 0, 1 and 2 mol extra
Al were prepared. Indeed extra aluminum acts as a diluent and adjusts the Tad.
It has been empirically suggested that combustion reactions will not become
self-sustaining unless Tad ≥ 1800 K [9]. The theoretical adiabatic temperature of this
reaction (Eq. (1)) with X = 0 can be calculated using thermodynamics data in Table 2
[9]:



Tad

◦
)=
Q = (−H298
◦
H298
0
H298

=


Cp (products) dt

298
◦
(3H298,TiC
+

◦
2H298,Al
)
2 O3

◦
◦
◦
− (3H298,TiO
+ 4H298,Al
+ 3HH298,C
)

= −1071.58 kJ/mol



1071580 =

1800



298

2

2327

(3Cp,TiC(s) + 2Cp,Al2 O3 (s) ) dt +

3Cp,TiC(s) + 2Cp,Al2 O3 (s)

(2)

1800

Tad

+Hm,Al2 O3 +
Tad ≈ 2546 K



(3Cp,TiC(s) + 2Cp,Al2 O3 (l) ) dt
2327

◦
where H298
is the heat of reaction of the system at room temperature, Cp(s) and
Cp(l) are heat capacity of solid and liquid status of the products. Tm and Hm are the
melting point and heat of reaction of the melting products.
Adiabatic temperatures for reactions with X = 0–10 mol extra Al are shown in
Fig. 2. It can be seen that for an extra aluminum up to 10 mol Tad ≥ 1800 K, thus
Al2 O3 /TiC composite can synthesize successfully.
Primary mixtures were milled for 0.5 and 1 h in a planetary ball mill using steel
balls with 7 and 12 mm in diameter. The ball to powder ratio was 20/1 and frequency
of milling was 252 rpm. Milling was done at room temperature.
After milling the mixed powder was compressed under different stresses, i.e.
100, 150 and 200 MPa to achieve some discs with 14.2 mm in diameter and different

Adiabatic temperature of reaction (1) is about 2546 K. Under
this condition, the ﬁrst stage can be melting of aluminum at about
660 ◦ C and spreading of the liquid into the pores of the pellet. Then,
combustion synthesis initiates with reaction between the molten
Al and TiO2 that leads to formation of Al2 O3 phase. The third reaction corresponds to the formation of TiC from titanium and carbon.
These are in agreement with reports in the literature [3]:
Al(s) → Al(l)

(3)

Al(l) + TiO2 = Al2 O3 + [Ti]

(4)

[Ti] + C(s) = TiC(s)

(5)

3.2. X-ray diffraction analysis
The XRD patterns of produced composites have been shown in
Figs. 3–5. Different phases corresponding to different peaks have
been indicated in these ﬁgures. Based on XRD patterns appeared in
Figs. 3–5 both Al2 O3 and TiC are present in all samples. The peaks of
rest phases can be seen too. It can be observed that the peaks of rest
aluminum in the samples including extra aluminum are stronger
than other samples. This result is similar to what proposed by Lee
et al. [9]. Also the size of crystallites of Al2 O3 and TiC phases using
XRD patterns and Sherrer equation (Eq. (6)) were calculated.
D=

0.9
B1/2 Cos 

(6)

where D is crystallite size (nm),  is wavelength (0.15418 nm), B1/2
is FWHM (rad.) and  is half of Brrag angle. The crystallite sizes of
produced TiC and Al2 O3 are about 49–87 and 63–208 nm respectively. It can be seen that size of Al2 O3 crystallites are coarser than
TiC crystallites size. This result is in agreement with other investigators [3,9].
3.3. Taguchi results
There are three signals-to-noise ratios of common interest for
the optimization of static problem [18–20], the so-called types N,
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Table 2
Thermochemical data for TiC, Al2 O3 , TiO2 , Al and C [9].
Element

H◦ (kJ/mol)

Temp. range (K)
298–1800
800–3290

−183.69

298–1800
1800–2327
2327–3000

−1677.44

TiC
Al2 O3

Cp (J/K mol)
49.5 + (3.35 × 10−3 T) − (14.98 × 105 T−2 )
34.2 + (11.58 × 10−3 T) + (74.161 × 105 T−2 )

111.085

−944.79

–

TiO2

Hm (kJ/mol)

106.61 + (17.78 × 10−3 T) + (28.54 × 105 T−2 )
128.0 + (5.28 × 10−3 T) − (80.235 × 105 T−2 )
192.464
–

Table 3
Main controlling factors and their levels.
Factors

Levels

Stress (MPa)
Excess Al (mol)
Ball milling time (h)
Power of microwave (W)

1

2

3

100
0
0
600

150
1
0.5
900

200
2
1
–

S and B. In fact based on type N appeared in Eq. (7), nominal is the
best.
(1/n)((
S
= 10 Log10
NN





2

yi ) /n) − (





yi2 − ((



yi2 − ((

2

yi ) /n))/n − 1)

2

yi ) /n)/n − 1
(7)

Fig. 3. X-ray diffraction patterns for 1, 2 and 3 combustion synthesized samples:
() C, () ␣-Al2 O3 , (*) TiC, (䊉) TiO2 , () Al.

The basic of deﬁnition of type S and type B are smallest is the
best and biggest is the best respectively (Eqs. (8) and (9)).
S
1
= −10Log10  2
NN
n( y )



S
= −10 Log10
NN

(8)

i



1



n

1lyi

2

(9)

where yi is the characteristic property and n is the number of measurements in each experiment. Since minimum time and maximum
temperature are desirable in combustion synthesis method, thus it
can be used “smaller the better” and “larger the better” types for
ignition time and combustion temperature respectively. There are
two types of analysis of results in Taguchi robust method: analysis
of means (ANOM) that is used to determine the optimal parametric
settings and analysis of variance (ANOVA) that identify contribution of each experimental parameter in to the results [18–20]. In
present work both of them were used.

Fig. 4. X-ray diffraction patterns for 4, 5 and 6 combustion synthesized samples:
() C, () ␣-Al2 O3 , (*) TiC, (䊉) TiO2 , () Al.

3.3.1. Optimal parametric setting
Table 4 shows the S/N ratio for ignition time and combustion
temperature calculated by Eqs. (7) and (8). The mean S/N ratio for

Fig. 5. X-ray diffraction patterns for 7, 8 and 9 combustion synthesized samples:
() C, () ␣-Al2 O3 , (*) TiC, (䊉) TiO2 , () Al.
Fig. 2. Inﬂuence of the addition of extra aluminum on adiabatic temperature (Tad ).
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Table 4
Taguchi orthogonal array L9 (34 ) and the experimental measured values and S/N ratio for ignition time and combustion temperature.
Exp. No.

Stress (MPa)

Extra Al (mol)

Milling time (h)

Power (W)

tig1 (s)

tig2 (s)

S/N

Tad1 (K)

Tad2 (K)

S/N

1
2
3
4
5
6
7
8
9

100
100
100
150
150
150
200
200
200

0
1
2
0
1
2
0
1
2

0
0.5
1
0.5
1
0
1
0
0.5

600
900
600
600
600
900
900
600
600

78.2
18.2
16.3
51.4
18.1
146.8
37.0
199.5
78.8

83.8
18.5
11.7
46.1
16.9
144.3
40.9
172.2
54.2

−38.17
−25.27
−23.04
−33.77
−24.86
−43.26
−31.82
−45.41
−36.60

974
1561
1411
1058
1532
968
924
1035
936

930
1516
1485
939
1502
1199
944
1199
1035

59.57
63.74
63.21
59.94
63.62
60.55
59.41
60.89
59.84

Fig. 6. Average S/N ratio for different levels of the parameters for ignition time.

each level of the parameters is summarized in Tables 5 and 6 for
ignition time and combustion temperature respectively. The highest values have the maximum impact on the ﬁnal results while the
lowest values show least impact. Figs. 6 and 7 show the average
of S/N ratio graph for ignition time and combustion temperature
respectively. As seen in these ﬁgures 100 MPa stress (59% green

density) has the highest impact and should be the best choice
among the three levels of stress on ignition time and combustion temperature. The highest impact of 100 MPa stress is due to
the presence of maximum porosity in green samples among the
other levels of stress factor. Because of reduction of porosity in
green samples with increase of stress, thermal conductivity and

Fig. 7. Average S/N ratio for different levels of the parameters for combustion temperature.
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Table 7
Pooled ANOVA for S/N ratio of the ignition time.

Table 5
Average S/N ratio for each level of the parameters for ignition time.
Factor

Average S/N ratio
Level 1

Level 2

Level 3

Stress (MPa)
Excess Al (mol)
Ball milling time (h)
Power of microwave (W)

−28.83
−34.59
−42.28
−33.64

−33.96
−31.85
−31.88
−33.45

−37.94
−34.30
−26.57
–

heating lost increase during the SHS reaction. In other words reduction of porosity can act such a diluent and induce to heating lost.
Thus temperature decreases and it needs more time to initiate the
combustion synthesis reaction. This approach is similar to what
reported by Hu et al. [3].
Also 1 mol extra aluminum is good for having minimum ignition
time and maximum combustion temperature. Although extra Al is
a diluent and decreases the adiabatic temperature but the amount
of molten aluminum in contact with TiO2 particles increases with
increasing extra Al from 0 to 1 mol. This makes the reduction of TiO2
particles easier and faster by molten aluminum. Since the synthesis of Al2 O3 produces a lot of heat, the combustion temperature
increases and causes to decrease ignition time. But with increasing
extra Al from 1 to 2 mol, adiabatic temperature decreases strictly,
hence SHS reaction takes place difﬁculty, i.e. in more time in rather
than 0 and 1 mol extra Al. It means that combustion temperature
can be decreased. Similarly from Figs. 6 and 7 it can be concluded
that the best milling time must be 1 h because it gives a much
more surface area for reduction of TiO2 particles by molten Al. The
achieved results in the current research validate the mechanical
activation of double phase in Al–C–TiO2 system reported by Fatemi
Nayeri et al. [21].
Also heating with 900 W shows a good impact and this must
be due to the effect of power on melting of Al, i.e. the most power
makes melting of aluminum more and better.
From the topside results, it is clear that there is a reverse relation between ignition time and combustion temperature. In other
words, the factors that induce to increase the combustion temperature decrease the ignition time. Thus an increase in one of
them causes to decrease the other. It is worth noting that Atong
and Clark mentioned this reverse relation in their previous work
[8].
3.3.2. Contribution of each parameter
The purpose of the analysis of variance (ANOVA) is to investigate which process parameters signiﬁcantly affect the ignition time
and combustion temperature. This is accomplished by separating
the total variability of the S/N ratios, which is measured by the
sum of the squared deviations (SS) from the total mean of the S/N
ratio (Sm ), into contributions by each process parameter and the
error. Equations for calculating the variance for the ignition time
and combustion temperature are presented in this section [18].
Sm = correction factor =

(

i=n
i=1

S/Ni )

2

(10)

n

Table 6
Average S/N ratio for each level of the parameters for combustion temperature.
Factor

Stress (MPa)
Excess Al (mol)
Ball milling time (h)
Power of microwave (W)

Average S/N ratio
Level 1

Level 2

Level 3

62.17
59.64
60.34
61.18

61.37
62.75
61.17
61.23

60.05
61.20
62.08
–

Factor

DF

SS

MS

Stress (MPa)
Excess Al (mol)
Ball Milling time (h)
Error

2
2
2
2

124.48
14.94
382.49
1.25

Total

8

523.16

62.24
7.47
191.24
0.625
–

(%)
23.55
2.62
72.87
0.96
100

Table 8
ANOVA for S/N ratio of the combustion temperature.
Factor

DF

SS

MS

Stress (MPa)
Excess Al (mol)
Ball milling time (h)
Power of microwave (W)
Error

2
2
2
1
1

6.88
14.51
4.54
0.18
0.05

3.44
7.25
2.27
0.18
0.05

Total

8

26.16

–

(%)
25.92
55.08
16.97
0.5
1.53
100

SSi = sum of squares for factor i



=

(lmi1 )

2

l

+

(lmi2 )
l



2

+ · · · − Sm

(11)

where mi1 , mi2 , . . . are the average S/N ratios for level 1, 2, . . . of
factor i respectively and L is the number of each level in orthogonal
array.
ST = total sum of squares =

i=n


2

(S/Ni ) − Sm

(12)

i=1

DF is the degree of freedom which is the number of experiments minus 1. The degree of freedom for each factor is equal to
the number of levels of that factor minus 1.
MSi = mean sum of squares for factor i =
Se = error sum of squares = ST −
Fi = variance ratio for factor i =



SSi
DF of i

SSi

MSi
MS of error

(%) = The perentage contribution for factor i =
SSi − (DF of i)(MS of error)
× 100
ST

=

(13)
(14)
(15)

(16)

Tables 7 and 8 show the ANOVA results for ignition time
and combustion temperature respectively. The results show that
milling time has the most inﬂuence on the ignition time with 72.87%
contribution and the stress (green density) with 23.55% contribution is second important factor. The power of microwave has the
least inﬂuence on the ignition time. While the extra aluminum
posses the most inﬂuence on the combustion temperature with
55.08% contribution and the stress (green density) with 25.92% contribution is another important factor. The power of microwave with
0.5% contribution has least inﬂuence on combustion temperature
too.
4. Conclusion
Al2 O3 /TiC composites are synthesized under different conditions using microwave-combustion synthesis method. Taguchi
robust design method with L9 orthogonal array is implemented to
optimize the experimental conditions in order to ﬁnd the minimum
ignition time and maximum combustion temperature. Applied
stress (porosity), ball milling time, excess aluminum and power
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of microwave are chosen as controlling factors. The results are as
follows:
i. Ignition time and combustion temperature have an inverse relation, i.e. the factors that increase the combustion temperature
decrease the ignition time.
ii. Ball milling time has the most inﬂuence on the ignition time
(72.87%) and the stress (green density) stands in second place
(23.55%).
iii. Extra aluminum has the most inﬂuence on the combustion
temperature (55.08%) and the stress (green density) stands in
second place (25.92%).
iv. Power of microwave has the least inﬂuence on both ignition
time and combustion temperature.
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