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In this work, an in-situ Al3Ti–Al2O3 composite was optimally synthesized from raw
powders via mechanical milling and conventional sintering processes. The strong
influence of milling time on the promotion of the phase reaction between the
initial TiO2 and Al materials was proven by using X-ray diffraction and surface
morphology analysis. The obtained results showed that themilling process did not
initiate any reaction between the raw TiO2 and Al materials. However, the milling
process was important for creating a homogeneous powder mixture and refining
the particle size of the powders. The Al3Ti–Al2O3 composites were completely
formed after conventional sintering at 750°C for 30 min for a milling time of over
4 h. The highest obtained microhardness of the composite was approximately
130 HV, which was suggested to be related to the microstructure of the bulk
composite specimen consisting of twomain phases, the Al3Ti matrix and the Al2O3

particles dispersed in the matrix. A small portion of an unidentified phase, a Ti-rich
compound, was found in the matrix together with a tiny fraction of AlTi3. We
suggest that the optimal sintering process and mechanical milling are important
key factors in fabricating bulk hardness Al3Ti–Al2O3 composite materials.
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1 Introduction

Aluminum matrix composites, which benefit from a uniform microstructure, desirable
phases, and superior mechanical properties in comparison with aluminum alloys, have been
tried and used in numerous structural, nonstructural, and functional applications in different
engineering sectors (Reddy et al., 2007; Singh and Chauhan, 2016; Yashpal et al., 2017; Chao
et al., 2019; Zhang et al., 2020; Akhlaghi et al., 2022). Particulate-reinforced aluminum
matrix composites have a growing demand in the aircraft and automotive industries due to
their light weight, high specific strength, and corrosion resistance (Tang et al., 2014; Mitra,
2018; Salari et al., 2021). The use of aluminum intermetallic instead of aluminum as a matrix
led to further improvement in the mechanical properties of the composite at higher
temperatures (Milman et al., 2001); thus, aluminum intermetallic matrix composites
have been widely developed for high-temperature applications. Among the
intermetallics, tri-aluminide intermetallic Al3Ti has been commonly selected as a matrix
due to its high specific strength at high temperature, relatively high melting point, and low
density (Uenishi and Kobayashi, 1996; Mitra, 2018; Nayak and Murty, 2004; Schmidt et al.,
2018). Furthermore, when reinforcement, such as Al2O3 particles, is introduced into the
matrix, the composite exhibits good wear resistance and high-temperature strength. The
Al3Ti–Al2O3 intermetallic matrix composite has shown potential application in the fields of
aerospace, aircraft, and high-speed transportation (Schmidt et al., 2018; Wang et al., 2020).
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Al3Ti–Al2O3 composites have been fabricated in different ways.
Fukunaga and Wang used reactive melt infiltration of TiO2 whisker
preforms with molten Al to fabricate in-situ Al3Ti–Al2O3 (Fukunaga
et al., 1991). Their product was a composite material with a nonuniform
microstructure, and thus, a large variation in the hardness of the
composite was reported, that is, between 30 and 1050 HV (Fukunaga
et al., 1991). Wang et al. prepared TiO2/Al mixtures by squeeze casting
and subsequent sintering at 810°C and 910°C to produce Al2O3/TixAly
in-situ composites, but an incomplete reaction was experienced in these
works (Wang et al., 1993). A combination of squeeze casting and
combustion synthesis has successfully been used to fabricate in-situ
Al3Ti–Al2O3 from TiO2 and Al, and the fabricated composite showed
superior compressive strength at high temperature (Peng et al., 2000).
Another in-situ process using mechanical alloying in combination with
chemical reaction in molten salt also successfully fabricated an Al3Ti-
Al2O3 composite in powder form, and the powderwas then consolidated
into a bulk composite material (Verdian, 2010). Attempts were also
successfully made to fabricate Al2O3/TiAl3-reinforced aluminum
composites via the in-situ reaction between TiO2 and the Al matrix
by using multiple friction stir processing or powder metallurgy (Zhang
et al., 2011; Zhang et al., 2012; Binh et al., 2021). In one of these attempts,
a composite with a high content of reinforcing particles (Al2O3 and
Al3Ti) was fabricated by accumulative roll-bonding and spark plasma
sintering. The composite exhibited high microhardness, high strength,
and a good strength–ductility combination at elevated temperatures
(Zhang et al., 2020). However, the main issues during fabrication were
mixing the raw materials Al and TiO2 by controlling the ball-mining
time before thermal treatment, which were not well investigated for
archiving the optical processing. In particular, the TiO2 raw materials
were homogenously distributed on the matrix surface of an aluminum
foil to enhance the reaction. As mentioned above, dispersed aluminum
intermetallic composites, especially tri-aluminide, such as Al3Ti, have
been synthesized and tried in numerous structural, nonstructural, and
functional applications in different engineering sectors due to their high
melting points, ability to retain strength at elevated temperatures, and
appreciable resistance to environmental degradation. Thematerials were
successfully synthesized, either ex situ or in-situ, via different routes that
included chemical reaction, combustion, and even casting. However, the
properties of the fabricated composite materials varied depending on the
synthesis process. In other words, the optimal fabrication process must
be investigated to control the in-situ phase reaction.

In this work, an in-situ Al3Ti–Al2O3 composite was synthesized
from aluminum and titanium dioxide powders via mechanical milling
and conventional sintering. The in-situ formation of Al3Ti and Al2O3

during mechanical milling and sintering is expected to offer improved
dispersion of the fine reinforcing particles, resulting in improved
mechanical properties of the composite.

2 Experimental

Aluminum (Al) and titanium dioxide (TiO2) powders were used
as the starting materials for the fabrication of in-situ Al3Ti–Al2O3

composites. Aluminum (Al) powder was obtained from Merck,
Germany, had a purity of 99% and average of 125 µm in particle
size. Titanium dioxide powder was obtained from Xilong Chemical,
China, had a purity of 99.5% and average of 0.2 µm in particle size.
The Al and TiO2 powders were weighed according to the

stoichiometric ratio of the reaction: 13Al + 3TiO2 → 3Al3Ti +
2Al2O3 by using the balance (KERN ABS220-4N). The raw powders
were mixed and the mixture was then placed in a sealed grinding jar
with a hardened steel ball as the grinding media. The ball-to-powder
weight ratio was 10:1. The powder mixture was then milled in an
planetary ball mill (NQM-4 planetary ball mill, China) at a rotation
speed of 300 rpm. Themining time was changed from 1 h to 5 h with
a step of 1 h. The milled sample was compressed into pellets 16 mm
in diameter under 100 MPa pressure. Afterward, the sample disks
were thermally treated at 750 °C for 30 min in an argon atmosphere
using an electric furnace (Lenton EF11/8B, England). The surface of
the as-fabricated samples was polished by using sandpaper,
increasing in roughness from 80 CC-Cw to 2000 CC-Cw, and
finally using Al2O3 powder. A sketch of the sample fabrication
process is shown in detail in Figure 1. The phase composition was
determined using X-ray diffraction (XRD, Smart Lab, Rigaku Corp.,
Japan). The surface morphologies and of the samples were
characterized by using scanning electron microscopy (SEM,
JSM7001FD, JEOL Ltd., Japan). The mapping of elements of
samples were characterized by using energy dispersive X-ray
(EDS, JSM7001FD, JEOL Ltd., Japan) spectroscopy.
Microhardness was measured with the Vickers HMV-1 tester
(Shimadzu Corp., Japan) under 245.2 mN and 15 s. The
microhardness of samples was measured in at least three
positions. The density of samples were measured based on
Archimedes’ method by using the balance (OHAUS PX224).

3 Results and discussion

3.1 Microstructure and phase composition
of the Al3Ti–Al2O3 composites

Figure 2 shows the SEM images of the Al–TiO2 powder mixture
milled from the initial and milling times of up to 5 h. The results
showed that the image of the nonmilling powder depicted that the

FIGURE 1
Schematic of the sample fabrication process.
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raw aluminum powder has a relatively large particle size of
approximately 70 ÷ 140 µm, and the size of titanium oxide
powder is relatively smaller, i.e., approximately 250 ÷ 350 nm, as
shown in Figure 2A. Before milling, the titanium dioxide particles
were unevenly dispersed and adhered to the surface of the aluminum
foil. After 1 h of milling, an improved distribution of TiO2 in the
mixture was achieved, and the aluminum foils were broken down to
approximately 20–30 µm in size, as shown Figure 2B. The surface
morphologies of the Al–TiO2 powder mixture with increasing
grinding time from 2 to 4 h are shown in Figures 2C–E. The
results clearly showed that the aluminum particles no longer
existed in the foiled form but changed to a rounded shape with
fine TiO2 particles distributed evenly on the surface. Until ball
milling, the raw Al–TiO2 powder for 5 h, the raw materials were
well blended, and the TiO2 particles were almost indistinguishable
from aluminum, as shown in Figure 2F. The results indicated that
the milling time enhanced the distribution of TiO2 powder in the
host Al matrix. In other words, the mechanical milling process has
shown its effectiveness in producing deformations and defects in the
raw powders and increasing the temperature in the jar during
milling might facilitate the diffusion process. As the milling time

increased, the aluminum particles were broken, crushed, and mixed
with the titanium dioxide particles. The increase in temperature in
the jar during milling also increased.

The phase forms in Al–TiO2 powder before and after thermal
treatment as a function of milting time are shown in Figure 3. The
XRD patterns of samples with 5 h of milled powder showed that only
Al and TiO2 phases were obtained in the XRD patterns, indicating
that the milling process only promoted the homogeneous
distribution of TiO2 (PDF Card No. 01-075-1537) into the host
Al matrix (PDF Card No. 00-001-1176), whereas no reaction to form
the new phase occurred. The observation results further confirmed
that the milling process only enhanced the mixing between raw Al
and TiO2 powders. In other words, the milling process simply refines
the sizes of the aluminum particles and creates an even distribution
of the TiO2 particles in the powder mixture. Evidence of the
influence of milling time on the phase form was clearly obtained
in the XRD pattern, as shown for various milling times. The main
diffraction peaks of the Al2O3 (PDF Card No. 00-005-0712) and
Al3Ti (PDF card No. 03-065-4202) phases were obtained in the XRD
spectra for 1 h milling, indicating that the reaction between TiO2

and Al already occurred after thermal treatment at 750°C for 30 min.

FIGURE 2
SEM images of (A) initial Al–TiO2 powders and Al–TiO2 milled at different milling times: (B) 1 h, (C) 2 h, (D) 3 h, (E) 4 h, and (F) 5 h.
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Our results were consistent with recently reported characterization
of the reaction of TiO2 and Al (Zhang et al., 2011). The observation
results showed that the Al2O3 and Al3Ti phases already formed even
with a low milling time of 1 h. However, the strong main diffraction
peaks of Al and TiO2 still appeared in the XRD patterns for samples
fabricated with milling times from 1 h to 3 h. The main intensity of
the Al and TiO2 peaks tended to decrease as the milling time
increased and completely disappeared when the milling time
increased over 4 h. Thus, we suggested that a short milling time
could not evenly distribute the TiO2 into the aluminum, resulting in
low energy for the full formation of Al3Ti and Al2O3. The
observation results indicated that controlling the milling time
was one of the key factors for enhancing the phase form during
thermal treatment.

The formation of Al-Ti intermetallic in the system was the
results of the following reactions (Khoshhal et al., 2010; Zhang et al.,
2011; Binh et al., 2021):

13Al + 3TiO2 → 3Al3Ti + 2Al2O3 (3.1)
7Al + 3TiO2 → 3AlTi + 2Al2O3 (3.2)
5Al + 3TiO2 → AlTi3 + 2Al2O3 (3.3)

For further information, the Gibbs free energy of the
reactions were calculated based on thermodynamic data from

literatures which were shown in Figure 4 (Kattner et al., 1992;
Gui-rong et al., 2010; Khoshhal et al., 2010). Thermodynamic
calculations indicated that the Gibbs free energy of the (3.1)
reaction was the lowest in a wide range of temperature, followed
by the (3.2) and finally the (3.3) reaction. Therefore, the (3.1)
reaction was in favor and the Al3Ti was the favorable
intermetallic to be formed. Other thermodynamic assessment

FIGURE 3
XRD pattern of sintered composites at 750°C for 30 min in an Ar environment as a function ofmilling time. The XRD pattern in the lowest figure is that
of milling at 5 h before thermal treatment.

FIGURE 4
Gibbs free energy as a function of temperature.
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of the Al-Ti intermetallic formation also concluded this order of
intermetallic formation, the Al3Ti has the lowest Gibbs free
energy of formation, followed by the AlTi, and finally the
AlTi3 (Kattner et al., 1992; Khoshhal et al., 2010).

To investigate further the distribution of the phases in the
samples, samples were fabricated with a ball milling time of 4 h.
The surface morphology of the samples is shown in Figure 5A. The
SEM results exhibited three regions consisting of bright, gray, and
dark regions. The observation results suggested that the
microstructure of the samples consisted of three components,
where small dark particles were distributed on a gray matrix and
a small white grain was occasionally present. The size of the dark
particle was approximately 1–2 µm, and its distribution was not
uniform throughout the matrix. Furthermore, EDS mapping for Al,
O, and Ti, as shown in Figures 5B–D, respectively, suggested that the
dark particles were aluminum–oxygen compounds, the gray matrix
was a compound of aluminum and titanium, and the bright grain
was a Ti-rich phase. On the basis of the crystal structural analysis, we
suggested that the gray matrix was Al3Ti, whereas the dark particles
were Al2O3, and the white grain composition remained unidentified.

The formation of the in situ Al3Ti–Al2O3 composite could be
divided into two stages. Initially, the reaction between the two raw
materials, i.e., aluminum and titanium dioxide, leads to the
formation of alumina and titanium metal by the following
reaction equation:

4Al + 3TiO2 → 2Al2O3 + 3Ti

Thus, the titanium metal then reacts with aluminum and forms
Al3Ti by the following reaction equation:

3Al + Ti → Al3Ti

Thermodynamically, the formation of Al3Ti is favored because
of the subzero Gibbs free energy of the reaction. The mechanism of
the reaction is believed to be that the titanium atom diffuses into the
crystal lattice of aluminum; thus, Al3Ti has the lattice structure of
aluminum (FCC). This reaction continues until the titaniummetal is
exhausted.

If the raw material had excess aluminum, then the final product
includes Al2O3, Al3Ti, and Al. If there was excess titanium, AlTi and
AlTi3 could be formed in accordance with the following reaction
processing steps:

Al3Ti + 2Ti → 3AlTi

AlTi + 2Ti → AlTi3

On the basis of the observation of crystal structural analysis
combined with surface morphology, a Ti-rich phase was found in
the composite specimen, which indicated the presence of excess
titanium in the raw material. In this case, the excess titanium might
have caused the formation of the unidentified Al–Ti compound in
the composite. Furthermore, the surface morphologies of samples
fabricated at a milling time of 5 h are shown in Figure 6. The results
showed that the Al2O3 particles were finer in size and had a better
distribution in the matrix than those of samples fabricated with a

FIGURE 5
(A) SEM image and selected EDS mappings of (B) Al, (C) O, and (D) Ti for samples milled for 4 h.
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milling time of 4 h, as shown in Figure 5A. The surface morphologies
of the samples showed that the Ti-rich grains broke into thin streaks
and remained in the composite. The observation results were
consistent with the XRD characterization observations. In
addition, the archived results further confirmed that the milling
time was a key factor for enhancing the reaction of raw materials to
form the phase during thermal treatment.

An increase in milling time provides extra energy for the
reactions. Given that a change in the Ti-rich phase structure
occurred, the Ti-rich phase can possibly react with other
components to form a new phase. As suggested above, AlTi and
AlTi3 intermetallics could be formed in the matrix. The energy
provided after 5 h of milling and sintering at 750°C for 30 min was
not enough to initiate the formation of large-scale AlTi/AlTi3

intermetallics, and the phases might appear after longer milling
and/or higher temperature sintering.

3.2 Densification and microhardness of the
synthesized Al3Ti–Al2O3 composites

The influence of milling time on the porosity and the
microhardness of the Al3Ti–Al2O3 composites is shown in
Figures 7, 8, respectively.

As depicted in Figure 7, the porosity of the material ranges from
approx. 14 ÷ 28%, which is relatively large for composite material.
Low compaction pressure during compaction could be one of the
causes while the others might be short milling time and relatively
low sintering temperature. Longer milling time might help refine the
particles and give better distribution of the components, as the
porosity decreased from approx. 20% down to 14% when milling
time increased from 4 to 5 h.

The observation results showed that the microhardness of the
composite dramatically increased as the milling time increased
from 1 h to 5 h, as shown in Figure 8. At a short milling time of 1 h,
the microhardness was approximately 50 HV but dramatically
increased to approximately 130 HV when the milling time was
raised to 5 h. The microhardness obtained in this work was
comparable to those reported for the Al–Al3Ti–Al2O3 composite,
also fabricated by the powder metallurgy route, which is
approximately 140 HV (Lakra et al., 2020). Similar composites
prepared by other methods, such as thermal decomposition, have
considerably lower microhardness, i.e., approximately 50 HV
(Azarniya and Hosseini, 2015). Increasing the milling time was
expected to enhance the Al3Ti distribution in the Al2O3 matrix,
resulting in an enhancement in the microhardness. Thus, we
suggested that an increase in milling time resulted in a smaller
grain size, improved material diffusion, and thus created a more
uniform structure, resulting in an improved microhardness of the
composite.

FIGURE 6
SEM image of the sintered specimen at 750°C for 30 min after
sample milling for 5 h.

FIGURE 7
Porosity of the sintered Al3Ti–Al2O3 bulk specimen.
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4 Conclusion

An in situ Al3Ti–Al2O3 intermetallic matrix composite was
successfully fabricated from aluminum and titanium dioxide powders
via mechanical milling and conventional sintering. The mechanical
milling process alone was unable to initiate any reaction between the
raw materials, and the formation of Al3Ti and Al2O3 only took place
after sintering. The microstructure of the composites consisted of two
main phases, a fine Al2O3 particle distributed on the Al3Ti matrix. An
unidentified Al–Ti compound was also found in small portions together
with a tiny AlTi3 intermetallic compound on the matrix. The highest
measured microhardness was approximately 130 HV.
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