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In order to produce alumina matrix nanocomposite reinforced by titanium diboride, a mixture of titanium
oxide, boron oxide and aluminum powders was subjected to high-energy ball milling. The structural eval-
uation of powder particles after different milling times was studied by X-ray diffractometry, scanning
electron microscopy and transmission electron microscopy. The results showed that after 60 h of milling
the Al/TiO,/B,03 reacted with a self-propagating combustion mode and an alumina matrix nanocom-
posite containing titanium diboride particulate was formed. In final stage of milling, the crystallite size
of alumina and titanium diboride were calculated to be less than 50 nm. No phase change observed
after annealing treatment of the synthesized nanocomposite powders. The formation mechanism of this
nanocomposite was investigated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Alumina (Al,03) is a ceramic material with excellent potential
properties; high melting point, high hardness, thermal stability and
corrosion resistance. Such unique properties give alumina ceram-
ics wide applications, such as wear resistant materials and cutting
tools [1-5]. However, their applications as structural materials are
still restricted due to their brittleness, relative low thermal shock
and poor sinterability [6]. Compositing is a possible technique for
decrease some of these problems [7]. Researches on the alumina-
based ceramic tool materials during the past years are mainly
focused on the addition of one or several of the reinforcement
phases, such as TiC, TiN, TiB,, ZrO,, SiC, etc. into Al;03 matrix
[2-10]. Niihara showed that Al,03-based composites reinforced
with sub-micrometer or nanometer second phases have excellent
mechanical properties [11].

Titanium diboride (TiB;) is a potential choice as a second phase,
because it has good structural and thermodynamic compatibility
with Al; O3. Moreover, the TiB, particles exhibit very high hardness
and stiffness [12]. Al;03-TiB, composites with high wear resis-
tance, high strength and fracture toughness, and good sinterability
have drawn more attention because of their potential application
in cutting tools [13].

Several techniques such as hot pressing, pressure-less sin-
tering, self-propagating high temperature synthesis (SHS) and
mechanochemical synthesis have been developed to produce a
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wide array of alumina matrix composites. Among these methods,
mechanochemical synthesis; that is, chemical reactions induced
by high-energy ball milling, is well known for fabrication of novel
materials such as nanocomposites [ 14]. Mechanochemical process-
ing can lead to formation of interpenetrating phase composites
with nano-sized microstructures which exhibit properties and per-
formance much improved over their conventional microcrystalline
counterparts [15,16].

The reaction systems which are possible to prepare Al,03-TiB;
composites are Al-TiO,-B, AI-B,053-Ti, Al,03-Ti-B and
Al-TiO,-B,03. In order to decrease processing costs, Ti and B
are substituted by TiO, and B,03. The reductions of boron oxide
to boron and of titanium oxide to titanium by aluminum are
feasible and it can be observed from the free energy formation
of TiO,, B,O3 and Al;03 as shown in Fig. 1 [17]. In this study,
Al,03-TiB; nanocomposite was synthesized by mechanochemical
reaction between TiO,, B,O3; and Al. The formation mechanism
of Al,03-TiB, nanocomposite and its thermal stability were
investigated.

2. Experimental

High purity TiO; (rutile), B,O3 and Al powders were mixed according to reaction
(1) to produce Al,05-TiB, nanocomposite:

10Al + 3TiO; +3B,05 = 5Al,03 (71 wt.%) + 3TiB; (29 Wt.%) 1)

AG5e = —2633.9k]/mol, AH;4, = —2710k]/mol

The negative value of AG5o, suggests that reaction (1) can thermodynamically takes

place atroom temperature. AH3 ¢ value is also negative, indicating that this reaction
is exothermic.
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Fig. 1. Standard free energy of formation as a function of temperature for boron
oxide, titanium oxide and alumina.

Ball milling of powder mixture was carried out in a planetary ball mill at room
temperature and under argon atmosphere. Milling media was hardened chromium
steel vial (150 ml) with five hardened carbon steel balls (20 mm). The ball-to-powder
weight ratio and the rotational speed of vial were 10:1 and 500 rpm, respectively.
The milling was interrupted at selected times and a small amount of powder was
removed for further characterizations. Phase transformation and crystallite size
evaluation during milling were determined by X-ray diffraction (XRD) in a Philips
X' PERT MPD diffractometer using filtered with Cu Ka radiation (A =0.15406 nm).
The morphology of milled powder particles was examined by scanning electron
microscopy (SEM) in a Philips XL30 at an accelerating voltage of 30kV. The sam-
ple for transmission electron microscopy (TEM) was prepared by suspending the
powder sample in ethanol and subjecting it to ultrasonic vibration. A drop of the
suspension was then placed on a carbon-coated copper grid and dried. The pow-
der sample mounted on the copper grid was studied using a 120kV Philips CM120
transmission electron microscope.

Crystallite size and internal strain of specimens were calculated from broaden-
ing of XRD peaks using the Williamson-Hall method [18].

Bcost = % +2\/(8)2 sinf

where 0 is the Bragg diffraction angle, D is the average crystallite size,  is the average
internal strain, A is the wavelength of the radiation used and 8 is the diffraction
peak width at half maximum intensity. The average internal strain can be estimated
from the linear slope of B cos 6 versus sin 6, while the average crystallite size can be
estimated from the intersect of this line at sin6=0.

Prepared Al,03;-TiB, nanocomposite powder was isothermally annealed to
study the thermal behavior of as-milled powders. Powder samples were sealed and
then annealed at 900 and 1200 °C for 1 h under flowing argon atmosphere in a con-
ventional tube furnace and then cooled in air. The structural evolutions occurred
during annealing were determined by XRD.

3. Results and discussion
3.1. Phase evolution and reaction mechanism

Al;03-TiB; nanocomposite was synthesized according to reac-
tion (1) which involves two steps. In the first step, since the Gibbs
free energy of Al,03 is highly lower than of both TiO, and B;03
(Fig. 1), the aluminothermic reduction reactions take place to form
Al,03, elemental Ti and B as follows:

4Al + 3TiOp = 2a-Al,05 + 3[Til, 2)
AG,gg = —500.2Kk]/mol, AH,gg = —521.2Kk]/mol
2Al + By03 = a-Al, 03 +2[B], (3)

AG,gg = —416.9K]/mol, AH,gg = —402.7 k]/mol
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Fig. 2. XRD patterns taken from the Al/TiO,/B,03; powder mixture after different
milling times.

After the first step, the released heat for exothermic reactions (2)
and (3) provide the activation energy for reaction of Ti with B in the
Al, 03 matrix as follow:

Ti + 2B = TiBy, (4)

AGygg = —319.9K]/mol, AH,qg = —342k]/mol

During milling in room temperature, reactions (2), (3) and (4) can
thermodynamically occur due to their negative free energy change.
However reactions with negative AG3q, are not necessarily occur-
ring at room temperature because of their slow kinetic. In this
regard, mechanochemical processing can enhance kinetics of reac-
tions via (i) introducing excess energy into reactants in the form
of structural defects, (ii) creating high diffusivity paths, (iii) pro-
viding extensive interface area between reactants during repeated
fracturing and cold welding of powder particles and (iv) local tem-
perature rise [15].

Fig. 2 shows the XRD patterns of powder mixture as-received
and after different milling times. The diffraction pattern of initial
powder mixture shows all expected peaks of Al and TiO,. The lack of
B, 03 peaks on XRD pattern is related to the lower intensity of B, O3
peaks compared to Al and TiO,. XRD patterns of powder mixture
up to 50 h of milling time were identified as a mixture of titanium
oxide and aluminum. This result indicating that ball milling up to
50 h had no effect on as-received powder mixture except broaden-
ing of Bragg peaks which is caused by reduction of the crystallite
size as well as microstrain induced in the powder particles. The
variation of crystallite size and lattice strain of the Al and TiO; pow-
ders as a function of milling time, is presented in Fig. 3. Both Al and
TiO, powders achieved a crystallite size of about 40 nm after 50 h
of milling time. As expected the lattice strain of Al and TiO, was
increased during milling time as result of increasing number of lat-
tice defects. Reducing the crystallite size to nanometer range and
increasing the defect densities can promote the reaction kinetically
by providing short circuit diffusion paths [14].

XRD patterns after 60 h, showed no TiO, and Al peaks. Mean-
while several additional peaks corresponding to a-Al,03 and TiB,
compounds developed on XRD patterns. It is worthwhile to notice
that this phase transformation was accompanied by an increase of
the temperature of vial, measured by pyrometer, suggesting that a
combustion reaction occurred between Al, TiO, and B,0s.

The mechanochemical reactions which can occur during milling
take place in two distinct modes, i.e., either self-propagating com-
bustion reaction or a progressive reaction. It has been demonstrated
that the value of adiabatic temperature (T,4) can be used as a rough
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Fig. 3. Variation in crystallite size and lattice strain with milling time for: (a) Al and
(b) TiO>.
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guide to the existence of combustion in milling process. T,4 should
be above 1800 K in self-propagating combustion reaction in a ther-
mally ignited system [19,20].

The value of T,4 can be calculated using following relation:

N Taa
Q = (—AHzgg) = /
208
where Q is the heat of reaction, AH;98 is the enthalpy change at
298 K (room temperature) and G, is the heat capacities of products.

Using relation (5) and thermodynamic data [21], the T,q for
reaction (1) was found to be 2812K which is much higher
than the critical value of 1800 K. Consequently, during milling of
Al/TiO,/B,03 powder mixture, reaction (1) takes place in self-
propagating combustion mode.

In combustion type reactions, there is an induction milling time
after which the reaction initiates and proceeds at a high trans-
formation rate, producing a rapid rise in temperature, which can
be detected by the increased temperature at the wall of the mill
vial [14,15]. As mentioned earlier as milling time was increased to
about 60 h, reactions (2) and (3) occurred. The heat released from
these exothermic reactions provides the activation energy for TiB,
formation according to reaction (4).

The crystallite size and internal strain of synthesized Al,03-TiB;
nanocomposite were estimated using the Williamson-Hall method
[18]. The crystallite size and mean lattice strain of Al,03 and TiB,
after 60 h of milling time were calculated to be 45nm, 0.3% and
40 nm, 0.35%, respectively.

X Cp(Products)dT (5)

3.2. SEM study

Fig. 4 shows the morphology of as-received Al, TiO, and B,05
powder particles. The aluminum powder particles were irregular
in shape with a size distribution of 20-100 pm. TiO, powders with
spherical morphology and mean particle size of 0.2 wm show a ten-
dency to agglomeration. The B,03 particles were angular in shape
with a size distribution of 1-30 pm.
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Fig. 4. SEM micrographs of as-received elemental powder particles: (a) Al, (b) TiO, and (c) B,0s.
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Fig. 5. SEM micrographs of Al,03-TiB, powder particles after (a) 2 h, (b) 20h, (c) 40 h and (d) 60 h of milling times.

The underlying mechanism of ball milling is repeated defor-
mation, fracturing and cold welding of powder particles during
collision of balls [15]. During milling of Al/TiO,/B,03 powder mix-
ture, TiO, and B,03 powder particles are dynamically dispersed
through the ductile reductant (Al).

Fig. 5 shows morphology of powder particles after different
milling times. Fig. 5a shows that after 2 h of milling the morphology
of powder particles was angular with a mean particle size of about
5 wm. By increasing milling time to 20 h, the mean particle size of
powders increased which was caused by cold welding phenomenon
(Fig. 5b). After 40 h of milling, the morphology of powder parti-
cles was almost equiaxed with a wide size distribution of 1-30 pum
(Fig. 5¢). Further milling up to 60 h led to a significant decrease in
powder particle size because of occurrence of combustion reaction
and fragmentation of the brittle constituent phases, Al,O3 and TiB,
(Fig.5d). The powder particles after 60 h of milling are agglomerates
of ultrafine particles.

3.3. TEM study

Fig. 6 shows TEM images and related selected-area diffraction
pattern (SADP) of the powder milled for 60 h. Fig. 6a and b displays
the bright field (BF) micrographs indicating nano-sized phases with
less than 50 nm. The SADP, Fig. 6¢, also indicates fine crystalline
size. As can be seen, relatively good agreement exists regarding the
grain size of the phases estimated from TEM observation and that
from XRD analysis using Williamson-Hall method.

3.4. Thermal stability

Nanocrystalline structures are thermodynamically metastable
because of the large excess free energy stored in their grain
boundaries [15]. Significant grain growth was observed in several
nanocrystalline materials [22,23]. Thermal stability of Al,03-TiB,
nanocomposite was investigated by annealing of ball-milled pow-

.
® -

Fig. 6. TEM images ((a) and (b)) and selected-area diffraction pattern (c) of Al,03-TiB, nanocomposite.
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Fig. 7. The XRD patterns of Al,03-TiB, powder (a) as-milled for 60 h; (b) and (c)
after subsequent annealing at 900 and 1200°C for 1h.

ders at 900°C and 1200°C for 1 h. The XRD patterns of as-milled
samples and after subsequent annealing are shown in Fig. 7.

Annealing at 900 °C caused only a slight narrowing of XRD peaks
indicating that no significant crystallite growth occurred at 900 °C.
In contrast, after annealing at 1200 °C the crystallite size of Al,03
and TiB, was achieved to 80 nm and 70 nm, respectively. No addi-
tional change in phase composition occurred in powder particles
after annealing.

4. Conclusions

This study investigated synthesis and characterization of
Al,03-TiB, nanocomposite by ball milling of mixture of Al, TiO,
and B, 03 powders. Ball milling up to 50 h led to no phase change
in as-received powder mixture except broadening of Bragg peaks
which is caused by reduction of the crystallite size as well as
microstrain induced in the powder particles. However, after 60 h

of ball milling the reaction occurred with combustion mode and
as a result Al,03-TiB, nanocomposite formed. It was found that
Al,03 and TiB; phase had a nanocrystalline structure with a crys-
tallite size less than 50 nm. No significant grain growth or phase
change observed after annealing of 60 h milled Al,03-TiB, powder
at 900°C and 1200°C for 1h.
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