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Abstract In this study, the fabrication of alumina-based composites (in situ) in the Al-ZrO,(ZrSi04)-B,05(TiO,)-
C system was carried out by the self-combustion synthesis method. According to the results, different compounds
of zirconium aluminide, diboride, and disilicide, boron, zirconium and silicon carbide, and aluminum titanate were
formed in the alumina matrix, depending on the type of system. For samples sintered by spark plasma sintering in
the Al-ZrSiO4-B,05-C system, which exhibited the highest relative density (92%) and a more homogeneous
microstructure than the other systems, the highest mechanical properties (Vickers hardness of 1159, flexural

Synthesis, strength of 271.5 MPa, and fracture toughness of 8.76 MPa-m1/2) were obtained.

Microstructure,

Phase Composition,
Mechanical Properties,
Thermal Analysis

https://doi.org/10.30501/jamt.2026.555433.1343

URL: https://www.jamt.ir/article 246013.html

1. INTRODUCTION

Alumina has many applications in various industries
due to its properties such as high refractoriness, strength,
wear resistance, and chemical neutrality. However, its
use has been limited by its poor fracture toughness and
thermal shock resistance. Among the reinforcing phases
for alumina that are formed by in situ aluminothermic
reactions (self-combustion synthesis) (Levashov et al.
2017; Pacheco, 2007; Rao & Biswas, 2015), zirconium
diboride (Mishra et al., 2007), zirconium carbide, boron
carbide (B4C and BC), titanium diboride (Tapsuan &
Niyomwas, 2012), titanium carbide (Li et al., 2012),
zirconium aluminides, the zinc metallic phase (Maleki
etal., 2018), the iron metallic phase and titanium carbide
simultaneously (Kholghy et al., 2010), titanium diboride
and titanium carbide simultaneously (Vallauri et al.
2008), iron and chromium aluminides (Aghili et al.,
2014), niobium boride (Yeh & Li, 2009), etc., can be
mentioned. The use of the aluminothermic self-
combustion synthesis (SHS) method simultaneously
with carbothermic reduction offers benefits such as
energy savings and the use of less expensive raw
materials (Al + B2O; + C + ZrO; + ZrSiO4). On the other
hand, reinforcing agents (zirconium boride and carbide,
boron carbide, and different types of intermetallic
compounds) can be formed in situ in the composite
(alumina) matrix. In this way, the composite is more
economical to manufacture and, due to the in situ
formation of the matrix and reinforcement, good
homogeneity and bonding are established between

them. Today, various alumina matrix composites in
different aluminothermic systems have been produced
by the self-combustion synthesis method for
applications such as cutting tools. Usually, composite
samples synthesized by the combustion synthesis
method are porous and require a supplementary
sintering step. For example, for Al,O3-TiAl composites
synthesized by the SHS method in the Al-TiO> system,
a supplementary hot-pressing step was performed (Shen
et al., 2011), which resulted in a significant increase in
fracture toughness and strength. Similarly, such a
process was performed for the Al,03-Ti3SiC, composite
in the AI-TiO,-Si-C system, in which a multilayer
structure appeared in the TizSiC, grains (Yeh et al.
2009).

The main objective of this research is to investigate
the possibility of manufacturing alumina matrix
composites with zirconium-based reinforcements (ZrO»,
Z1B,, AlzZr, and ZrC) and other compounds such as
B4C by in situ self-combustion synthesis in different
aluminothermic systems using the spark plasma
sintering technique. This is the first time that the spark
plasma sintering method has been used for the
combustion synthesis process in the studied
aluminothermic systems (Al-ZrO,-B,0;3-C, Al-ZrSiOs-
B,0s-C, and Al-ZrO>-TiO,-C). In this study, the
dependence of the physical (density and porosity) and
mechanical properties (flexural strength, hardness, and
toughness) of composite samples on the microstructure
and type of raw material system has been analyzed. In
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this research, the mixture of raw materials in a
stoichiometric ratio, according to the reaction
considered for each system, was subjected to
combustion synthesis and sintering heat treatment
(simultaneously) using the spark plasma sintering
technique after homogenization. In the next step, the
microstructure, phase composition, and physical and
mechanical properties of the manufactured composite
samples were investigated. In addition, to determine the
appropriate temperature for the spark plasma sintering
process, thermal analysis was performed on the
homogenized mixture of raw materials for each system.

2. MATERIALS AND METHODS

2.1. Starting materials

In this study, aluminum (Al), boron oxide (B,03),
activated carbon (C), zirconia (ZrO), zircon (ZrSiOy),
and titanium oxide (TiO;) powders from Merck,
Germany, with a purity of 99.99%, were used as raw
materials.

2.2. Synthesis and process of making samples

The raw material mixtures, based on the
stoichiometric compositions according to Reactions (1)
to (3), were mixed and homogenized using a planetary
ball mill at a rotational speed of 750 rpm and a weight
ratio of zirconia balls to powder of 5:1 for 6 h.

35A1+6ZrO2+ 9B203+ 3C — 13A1L03 + AZBC (1)
3ZrB2+ 3B4C + 3Al3Zr

10A1+ 3ZrSiO4+ B203+2C - 5AL0s + | AZSBC  (2)
SiC + ZrSiz + ZrC + ZrB»

2A1+ ZrO2+ TiO2+ 3C - ALLOs3 + ZrC + AZTC (3)
TiC + CO

The in situ spark plasma sintering (SPS) process was
used to fabricate the composite samples. For this
purpose, homogenized powder mixtures of raw
materials were passed through a 500-mesh (25 um)
sieve and then placed into a graphite mold with a
diameter of 30 mm. A temperature of 1200 °C, a
mechanical pressure of 45 MPa, and a pulsed direct
electric current were applied throughout the process
(Amirimoghaddam & Kalantar, 2024; Hoseinpour &
Kalantar, 2024). Finally, samples with an average
diameter of 30 mm and a thickness of 3 mm were
obtained.

2.2. Characterization

In order to select the appropriate temperature for the
in situ spark plasma sintering process, differential
thermal analysis (TGA-DTA) was performed on
homogenized powder mixtures in the three systems
under the following conditions: a maximum temperature
of 1400°C, an argon atmosphere, and a heating rate of
10°C/min. To investigate the phase composition and
microstructure of the composite samples, X-ray
diffraction, field-emission scanning electron
microscopy, and energy-dispersive X-ray spectroscopy
(EDS) were used, respectively. The bulk density of the
samples was measured using the Archimedes method,
and the relative density and porosity of the composite
samples were calculated based on their theoretical
density. A three-point bending test in accordance with
ASTM C1161-02 was used to measure the fracture load,

and the flexural strength of the composite samples was
calculated using Equation (4).
6=1/5 o2 )
BW?

P: fracture force; D: support distance, which is equal
to 15 mm; and B and W: the width (4 mm) and thickness
(3mm) of the samples, respectively. To determine the
fracture toughness, samples containing pre-cracks were
loaded in a three-point bending machine, and the
fracture toughness was calculated using Equation (5).

Kic-orvVra Y Q)

where Kjc is the fracture toughness, a is the length of
the crack created in the sample (pre-crack), oris the
fracture strength of the sample, and Y; is the
dimensionless stress intensity factor, which is calculated
using Equation (6).

Yi=(-1297+9.516 (1)~ (047 + 16457 ) g+ (6)
(1.071 +34.401 (3)) 2

In this equation, S is the distance between the
support points (m), D is the width of the sample, f3 is the
ratio of the crack length to half the thickness of the
sample, and R is the width of the sample (Kuruppu et
al., 2014). The hardness of the composite samples was
determined using a Vickers hardness tester in
accordance with ASTM E384 (applied load of 20 N for
10 s) (Hosseini and Abdolalizadeh, 2017).

3. RESULTS AND DISCUSSION

The results of XRD phase analysis for the AZBC
system (Figure 1) indicate the predominant formation of
zirconium aluminide; in other words, in the presence of
aluminum, the tendency for the formation of zirconium
aluminide is greater than that for zirconium boride. The
results of XRD phase analysis for the AZSBC sample
after SPS (Figure 2) indicate the formation of ZrB,, ZrC,
ZrSiy, SiC, and Al,O3 phases. Compared to the previous
sample, it can be said that, by replacing zirconia with
zirconium  silicate, the  aluminothermic  and
carbothermic reduction reactions proceed toward the
formation of a more diverse range of reinforcing phases,
which may be attributed to the higher reactivity of
ZrSi04 compared to ZrO».

Intensity (a.u)

20 (Degree)

Figure 1. Phase analysis of the AZBC sample, sintered at
1200°C with a heating rate of 150°C/min and an applied
pressure of 45 MPa in the spark plasma sintering process.
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Figure 2. Phase analysis of the AZSBC sample, sintered at
1200°C with a heating rate of 150°C/min and an applied
pressure of 45 MPa in the spark plasma sintering process.

According to the X-ray diffraction results (Figure 3),
for the AZTC sample (Al-ZrO,-TiO,-C system), the
ALOs, ZrC, and AL TiOs phases were formed after the
spark plasma sintering process. In other words,
zirconium does not tend to form an intermetallic
compound with titanium. However, the presence of a
strong zirconium carbide peak indicates more extensive
decomposition of zirconia. It can be said that, with the
substitution of titanium oxide for boron oxide, a
significantly stronger aluminothermic reaction occurs in
the AZTC system compared to the AZBC system. This
is due to the more negative Gibbs free energy change of
Reaction (3) compared to Reaction (1), as well as the
higher position of the titanium oxidation curve relative
to boron in the Ellingham diagram. In addition, similarly
to the previous systems, a compound of aluminum oxide
and titanium (aluminum titanate) is formed in the AZTC
system.
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Figure 3. Phase analysis of the AZTC sample, sintered at
1200°C with a heating rate of 150°C/min and an applied
pressure of 45 MPa in the spark plasma sintering process.

According to the density and mechanical property
data (Table 1), as well as the micrographs (Figure 4),
among the systems studied, the Al-ZrSiOs-B,0;-C
system exhibited composite samples with the highest
relative density (92%), the most homogeneous and
compact microstructure, and the best mechanical
properties (Vickers hardness of 1159, flexural strength
of 271.5 MPa, and fracture toughness of 8.76
MPa.m1/2) compared to the other two systems.

Table 1. Data on the relative density, porosity percentage,
and mechanical properties of composite samples after the
implementation of the spark plasma sintering process.

AZTC AZSBC AZBC 4 Properties
Sample <—co
7247 92+3 85+5 Relative density
percentage
28 8 15 Porosity
percentage
623£17 1159423 479£15 Hardness
(Kgf/mm?)
150+13 27149 179+10 Strength (MPa)
6.14£0.5 8.76+0.3 5.56£0.7 Toughness
(MPa.m'?)

Figure 4. FESEM images of different composite samples
after SPS. A: AZBC B: AZSBC C: AZTC.

4. CONCLUSION

Different phases of zirconium aluminide, disilicide,
and diboride, zirconium and silicon carbides, boron
carbide, and aluminum titanate are formed in the
alumina matrix depending on the system studied. For the
base system (Al-ZrO,-B,03-C), the intermetallic
compound zirconium aluminide is the dominant phase.
By substituting zirconium silicate for zirconia as the
zirconium-containing starting material, a greater variety
of reinforcing phases are formed (ZrSiz, ZrC, ZrB,, and
SiC). In addition, by substituting titanium oxide for
boron oxide as the starting material in the base system,
ZrC becomes the dominant phase. Among the systems
studied, the Al-ZrSiO4-B,0;3-C system exhibited
composite samples with the highest relative density
(92%), the most homogeneous and compact
microstructure, and the best mechanical properties
(Vickers hardness of 1159, flexural strength of 271.5
MPa, and fracture toughness of 8.76 MPa.ml/2)
compared to the other two systems.
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