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Abstract
Al2O3-20 vol% TiC-10 vol% TiN ceramic tool materials were fabricated with the hot-pressing technique at different

sintering temperatures. The effects of the sintering temperature on the phase composition, mechanical properties, and
microstructure were investigated. The results have shown that hexagonal-Mo3C2 and tetragonal-AlNi3 adversely
affected the mechanical properties overall. Orthorhombic-MoNi and cubic-AlNi3 were able to improve the flexural
strength and hardness, but cubic-AlNi3 decreased the fracture toughness. When the ceramic materials were sintered
with the holding time of 10 minutes and sintering pressure of 32 MPa, all mechanical properties changed in the same
way with the increment of the sintering temperature. The highest flexural strength of 807.4 MPa was measured
when the sintering temperature was 1 650 °C, the highest Vickers hardness of 20.78 GPa was measured when the
sintering temperature was 1 700 °C, the highest fracture toughness of 7.58 MPa⋅m1/2 was measured when the sintering
temperature was 1 500 °C. The overall mechanical properties were optimal when the sintering temperature was
1 500 °C, at which the mechanical properties were 796.6 MPa, 20.5 GPa, 7.58 MPa⋅m1/2 for flexural strength, Vickers
hardness, and fracture toughness, respectively.
Keywords: Al2O3-TiC-TiN, sintering temperature, phase composition, mechanical properties

I. Introduction
High-speed machining is used more and more widely

since it can enhance productivity, improve quality, in-
crease the material removal rate, and lower cost signifi-
cantly. The cutting speed for high-speed machining of steel
can reach 300 ∼ 800 m/min 1, 2. When machining steel with
high speed, ceramic cutting tool materials demonstrate ex-
cellent performance, such as high red-hardness, wear re-
sistance, and oxidation resistance 3, 4, 5. Al2O3-matrix ce-
ramics are especially suited for cutting quenched steel at
high speed 6, 7, 8, 9.

The inherent brittleness of alumina ceramics has lim-
ited their applications, but Al2O3-matrix composites
with different additives exhibit better mechanical prop-
erties. The additives for Al2O3-matrix ceramics include
reinforced phase, toughening phase, sintering aids, met-
al binders and so on. TiC 9, 10, 11 and TiN 11, 12, 13, 14 are
commonly used as secondary phases, since they can im-
prove flexural strength and hardness. MgO 15, 16, 17, 18 and
Y2O3

18, 19, 20 are most commonly used as sintering aids
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because they can decrease the sintering temperature and
inhibit grain growth. Ni, Co, and Mo are mostly used as
binders to accelerate the sintering process and increase
toughness 21, 22, 23, 24, 25.

The Al2O3-TiC-TiN material system had been studied
in previous work 17, 21, 26, 27. The ceramic cutting tool ma-
terials were fabricated with the hot-pressing technique
and with varying content of the different components.
The results showed that with the sintering temperature of
1 600 °C, holding time of 10 minutes, and the pressure of
32 MPa, the overall mechanical properties and cutting per-
formance were good when the volume content of TiC was
20 vol%, the volume content of TiN was 10 vol%, the vol-
ume content of MgO was 1 vol%, the volume content of
Mo was 1 vol%, and the volume content of Ni was 1 vol%,
respectively.

Besides the material composition, the sintering param-
eters are also important factors influencing the materi-
al’s mechanical properties. In the present work, different
sintering temperatures were applied for the material sys-
tem described above. The composites thus obtained were
characterized based on their microstructure, phase com-
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position, and mechanical properties. The microstructure
of the ceramics was observed by means of scanning elec-
tron microscopy (SEM), the phase composition of the sin-
tering body was analysed with X-ray diffraction (XRD),
the mechanical properties, such as flexural strength, Vick-
ers hardness, and fracture toughness, were evaluated. Par-
ticular emphasis was placed on studying the effects of the
sintering parameters on the phase composition, mechani-
cal properties and microstructure of Al2O3-20 vol% TiC-
10 vol% TiN ceramic materials.

II. Experiments

(1) Starting materials and sample preparation
The specifications of the raw materials are listed in Ta-

ble 1. The combination of the raw materials was mixed us-
ing ethyl alcohol as a solvent, and the compounds were ho-
mogenized for 48 hours in a ball mill with alumina balls.
Then the slurries were dried in a vacuum oven (Moder ZK-
82A), and a 100-mesh sieve was used to obtain the pow-
ders. In order to produce ceramic disks, the compacted
powders were ultimately densified by hot pressing in the
ZRC85 – 25T sintering furnace. With reference to experi-
ence, the sintering temperature we applied for hot press-
ing ranged from 1 500 °C to 1 750 °C, at 50 K intervals.
The holding time was 10 minutes and the sintering pres-
sure was 32 MPa.

Each sintering experiment was repeated at least three
times to provide enough ceramic disks for the following
work.

(2) Characterization techniques
The ceramic disks were cut into bars with a diamond slic-

ing machine (J5060CE1), then the bars were ground in-
to rectangular bar specimens (4 mm × 3 mm × 30 mm). A
universal testing machine (WDW-50E) was used to per-
form three-point bending tests and measure the flexural
strength at room temperature. The test span was 20 mm
and the crosshead speed was 0.5 mm/min. Measurements
of the Vickers hardness and the fracture toughness were
calculated based on the direct indentation method. The in-
dentation on the polished surface of the samples was ob-
tained with a Vickers hardness testing machine (HVS-50)
using a pyramid indenter. The indentation load applied
was 196 N and the holding time was 15 s. For each spec-
imen, the three-point bending test was performed at least
six times, while the indentation test was performed at least
ten times.

A scanning electron microscope with energy-dispersive
spectrometry (ZEISS SUPRA-55) was used to observe the
microstructures of the ceramics, which included polished
and fracture surfaces. XRD analysis was conducted using a
diffractometer (D/max-rb) with copper Ka radiation. The
phase composition of the sintered ceramic materials was
determined based on comparison with the standard values
from the International Centre for Diffraction Data’s Pow-
der Diffraction File (JCPDS).

III. Results and Discussion

(1) Phase composition
Fig. 1 shows the X-ray diffraction results of the six ce-

ramic materials fabricated at different temperatures, and
Table 2 lists the details of the phase components in each
material.

It indicates that all ceramic materials had Al2O3 phase
maintaining the original lattice structure, but other com-
ponents had different products and a variety of lattice
structures.

When the sintering temperature was 1 500 °C, TiC and
TiN dissolved completely and generated TiC0.51N0.12
(hexagonal system). Mo changed to MoNi (orthorhom-
bic system) with part of the Ni atoms. The remaining Ni
atoms changed to AlNi3 (cubic system). The lattice struc-
ture of AlNi3 is the same as that of Ni, but the lattice
volume is larger than that of Ni. Mg element finally ex-
isted in the form of Mg0.388Al2.408O4 (cubic system). Mo
is a strong soluble element of Ni, when Mo atoms enter
the lattice of Ni, they can slow the softening speed. As
a consequence, the heat-resisting strength of the material
can be improved. Shi et al. 28 calculated the heats of forma-
tion of six Ni-Al intermetallic compounds, and the values
indicated a very strong chemical interaction between Al
and Ni. AlNi3 is an ordered intermetallic with the L12
lattice structure. Aluminium is the dominant diffusing el-
ement during Al3Ni growth, Al atoms can cause lattice
distortion of Ni. As a result, the strength of the material
can be increased. Meanwhile, non-deformable particles
have the Orowan mechanism, and the deformable parti-
cles have the dislocation mechanism, so the intermetallic
compounds of Al and Ni can cause a precipitation harden-
ing effect 29, 30. Mg0.388Al2.408O4 is Al2O3-rich spinel is
formed as a result of the cation defect (3Mg2+and 2Al3+),
and the lattice volume of Mg0.388Al2.408 is larger than that
of the MgO.

Table 1: Specifications of the raw materials

Components Volume content Purity Mean particle size
(lm)

Density (g/cm3) Manufacture

Al2O3 0.67 99.9% 0.50 3.99 Zibo, China

TiC 0.20 >99.0% 0.50 4.93 Hefei, China

TiN 0.10 >99.0% 0.50 5.43 Hefei, China

MgO 0.01 ≥98.0% 1.52 3.58 Tianjin, China

Ni 0.01 ≥99.5% 2.30 8.90 Beijing, China

Mo 0.01 ≥99.7% 2.30 10.20 Beijing, China
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Fig. 1: The X-ray diffraction results for the sintered materials (10 min, 32 MPa).
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Table 2: The phase composition of the sintered ceramic materials

Sintering
temperature

Al2O3 TiC TiN Mo Ni MgO

1 500 °C Al2O3 TiC0.51N0.12 MoNi cubic-AlNi3 Mg0.388Al2.408O4

1 550 °C Al2O3 Ti6C3.75 C0.7N0.3Ti Mo3C2 tetragonal-AlNi3 (Mg0.88Al0.12)
(Al0.94Mg0.06)2O4

1 600 °C Al2O3 Ti8C5 TiN hexagonal-MoC NiAl2O4 Al3Mg2

1 650 °C Al2O3 Ti(O0.19C0.53N0.32) TiN MoNi cubic-AlNi3 spinel-MgAl2O4

1 700 °C Al2O3 TiC0.51N0.12 Mo9Ti4 NiAl10O16 MgAl2O4

1 750 °C Al2O3 C0.7N0.3Ti Cubic-MoC cubic-AlNi3 MgAl2O4

When the sintering temperature was increased to
1 550 °C, the original TiN became C0.7N0.3Ti solution (cu-
bic system) with part of the TiC, while the remaining TiC
changed to Ti6C3.75 (hexagonal system). Mg element final-
ly existed in the form of (Mg0.88Al0.12) (Al0.94Mg0.06)2O4
(cubic system), which is a kind of incomplete spinel. De-
carbonization of TiC occurred during the sintering pro-
cess, then Mo element combined with the C element and
generated Mo3C2 (hexagonal system). Ni element exist-
ed in the form of AlNi3 (tetragonal system). Each crystal
system has a specific lattice structure, so tetragonal-AlNi3
and cubic-AlNi3 may affect the mechanical properties in
different ways. The lattice volume of tetragonal-AlNi3 is
larger than that of cubic-AlNi3. Both tetragonal-AlNi3
and hexagonal-Mo3C2 are interstitial phases, they cause
brittleness and impair the mechanical properties.

When the sintering temperature was increased to
1 600 °C, Ti8C5 (rhombohedral system)was generated,
and TiN retained the original lattice structure. After sin-
tering, Mg element existed in the form of Al3Mg2 (cu-
bic system). There was also decarbonization of TiC and
the C element combined with the Mo element. Howev-
er, the two elements generated MoC (hexagonal system),
not Mo3C2 (hexagonal system), which was generated
at 1 550 °C. The intermetallic compound Al3Mg2 has a
complex face-centred cubic structure, with a giant unit
cell containing about 1 168 atoms 31. Al3Mg2 is usually
considered as a brittle phase, which can adversely affect
strength and toughness. However, Straumal’s research
showed that Al3Mg2 could wet the Al/Al grain bound-
aries, thus enhancing the hardness of the materials 32.

When the sintering temperature was increased to
1 650 °C, the original TiC became Ti(O0.19C0.53N0.32)
(cubic system), the remaining TiN kept the same phase as
the raw materials. Mg element finally existed in the form of
spinel-MgAl2O4 (cubic system). Ni element existed in the
forms of orthorhombic-MoNi and cubic-AlNi3, which
were the same as the products sintered at 1 500 °C. The
research of Lu et al. indicated when MgO combined with
Al2O3 and generated spinel-MgAl2O4, the microstruc-
ture was fine-grained and the bending strength was excel-
lent 18. The interface energy between the Al2O3 and spinel
is low, so the diffusion velocity is decreased and the grain
growth is restrained. Consequently, spinel-MgAl2O4 can
decrease grain size and improve the sintered density.

When the sintering temperature was increased to
1 700 °C, the original TiN combined with TiC and gen-
erated TiC0.51N0.12 (hexagonal system), which was the
same phase as the product generated at 1 500 °C. Mg ele-
ment finally existed in the form of MgAl2O4 (orthorhom-
bic system), which was different from spinel-MgAl2O4
generated at 1 650 °C. Mo element existed in the form
of Mo9Ti4 (tetragonal system). The Ni element changed
to NiAl10O16 (monoclinic system), which is more stable
than NiAl2O4. Mo is the stable element of b-Ti, the lattice
of Mo is the same as b-Ti, and the lattice parameters are
close. Therefore, when the Mo atoms replace Ti atoms to
form Mo9Ti4, the lattice distortion is small, so the ductility
and toughness are good.

When the sintering temperature increased to 1 750 °C
the original TiN combined with TiC and generated
C0.7N0.3Ti solution (cubic system), which was the same
phase as the product generated at 1 550 °C. Mg element
also existed in the form of MgAl2O4 (orthorhombic sys-
tem). Decarbonization of TiC occurred during the sinter-
ing process again, and the C element combined with Mo
element to generate MoC (cubic system), which was dif-
ferent from the MoC (hexagonal system) generated after
sintering at 1 600 °C. Ni element existed in the form of
AlNi3 (cubic system), which was the same phase as the
product at 1 500 °C.

Based on a comparison of the six X-ray diffraction re-
sults, we firstly found that when the sintering temperature
was higher than 1 600 °C, the TiC phase dissolved com-
pletely. When the sintering temperature was higher than
1 650 °C, the TiN phase dissolved completely. According
to the research by Paseuth et al. 33, the indentation hard-
ness of C0.7N0.3Ti can reach 28.5 GPa, so the existence of
C0.7N0.3Ti can improve the hardness of the material. But
during the generation of TiC0.51N0.12, the Ti atoms easi-
ly combine with the liquid phase and form brittle phase,
which decreases the strength of the materials.

Secondly, after the sintering process, Ni existed in five
forms: MoNi, AlNi3(cubic system), AlNi3 (tetragonal
system), spinel- NiAl2O4, and NiAl10O16. Ni atoms tend
to combine with multiple elements and form nickel-based
solid solution. These solute elements have a strengthening
effect based on elastic interaction, chemical interaction,
and electron interaction. As a result, the strength and
hardness of the materials can be enhanced. As previously
mentioned, the compound of Ni and Mo can stabilize the
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matrix phase and hard phases. Al atoms can increase the
slip resistance because of the distortion of the Ni lattice.
Meanwhile the Ni-Al intermetallic compounds can cause
a precipitation strengthening effect.

Moreover, with the variation of sintering temperature,
the Mo element was also present as multiple phases after
the sintering process. The results showed that the Mo el-
ement tended to combine with C element, but there were
different forms. The details of the phases are listed in Ta-
ble 3. Hugosson et al. 33 predicted the relative stabilities
of experimentally verified molybdenum carbides, the re-
sult showed that hexagonal-MoC is the most stable phase
followed by cubic-MoC and hexagonal Mo3C2. However,
the mechanism has not yet been understood. Our further
work will investigate the phase transition with the help of
phase-field-crystal simulation.

Last but not least, the solubility of MgO in the spinel in-
creased with the increment of the sintering temperature.
When the sintering temperature was higher than 1 650 °C,
MgO combined with Al2O3 completely and generated
spinel-MgAl2O4. During the conversion process, there
was volume expansion (about 5 % ∼ 8 %). Meanwhile, the
recrystallization capacity of MgAl2O4 is weak, which de-
creases the microstructure compactness, thus adversely af-
fecting the mechanical properties. When the sintering tem-
perature was higher than 1 700 °C, the lattice of MgAl2O4
stretched along two directions, while it was significantly
compressed along another direction, before changing to an
orthorhombic system, the lattice volume decreased. Taken
as a whole, the lattice of the phases generated by Mg and
Mo changed by the same rule, the volume first increased
and then decreased with the increment of sintering tem-
perature.

(2) Mechanical properties
In previous work 26, the mechanical properties of Al2O3-

TiC-TiN ceramic tool materials had been studied. Fig. 2
shows the mechanical properties of the material system in
this research. It indicated that all three mechanical prop-
erties first decrease, then increase and decrease again with
the increment of the sintering temperature. When the sin-
tering temperature was 1 650 °C, the flexural strength was
the highest, with a value of 807.4 MPa. When the sinter-
ing temperature was 1 700 °C, the Vickers hardness was
best, with a value of 20.78 GPa. When the sintering tem-
perature was 1 500 °C, the fracture toughness was highest,
with a value of 7.58 MPa⋅m1/2. In general, when the sin-
tering temperature was 1 500 °C, the mechanical proper-

ties were the best overall, the flexural strength measuring
796.6 MPa, the Vickers hardness 20.5 GPa, and the frac-
ture toughness 7.58 MPa⋅m1/2.

The relationship between some phases with specific me-
chanical properties can be inferred from Table 2 and Fig. 2.
MoNi (orthorhombic system) can improve the flexural
strength and hardness. Mo3C2 (hexagonal system) and
AlNi3 (tetragonal system) can easily lead to brittleness,
thus decreasing the mechanical properties overall. AlNi3
(cubic system) is a typical dispersion-strengthening and
binding phase, and it can thus enhance the strength and
hardness of the material. However, it will reduce its frac-
ture toughness. Further work is required here to explain
this mechanism.

(3) Typical microstructure
The mechanical properties are closely related to the mi-

crostructure. Fig. 3 shows typical SEM micrographs of the
materials.

Fig. 3(a) shows that when the materials were sintered at
1 500 °C, the microstructure of ceramic material was ho-
mogeneous, most of the particles were equiaxial, the mean
particle size was about 2 lm. The metal binding phase wet-
ted the big hard-phase particles well, and a special three-
layers core-rim structure was observed, which has been
marked with a circle. The wetted hard phases were mainly
spherical in shape, while the hard phases that had not been
wetted were columnar. The columnar particles can be easi-
ly pulled out, which can increase the fracture toughness of
the material. As shown in Fig. 3(b), we found that the frac-
ture surface had obvious transgranular fracture morphol-
ogy and many particles were split (marked with a circle).

As shown in Fig. 3(c) and Fig. 3(d), when the sintering
temperature was increased to 1 650 °C, the microstructure
was non-uniform, some binding phases were distribut-
ed close to the hard-phase particles, some short colum-
nar particles existed separately. The hard-phase particles
were small and had sharp edges, which could result in a
pinning effect, and hence increase the strength of the ma-
terial. As marked by the arrow, the binding force between
the binding phase and hard phase was strong, while they
maintained a tight junction even at the fracture surface.

From Fig. 3(e) and Fig. 3(f), it can be seen that when the
sintering temperature was 1 700 °C, the compactness of
the microstructure was good, hard-phase particles were
uniform and dispersed sparsely. There were micro-cracks
(marked with a circle) in the big particle, which would
increase the fracture toughness.

Table 3. The phase details of the molybdenum carbides

Sintering Lattice parameters Pearson Space

temperature Product a (nm) b (nm) c (nm) a(°) b(°) c(°) symbols group

1 550 °C Mo3C2 0.3016 0.3016 1.464 90 90 120 hP12 P63/mmc

1 600 °C hexagonal-MoC 0.2932 0.2932 1.097 90 90 120 hP8 P63/mmc

1 750 °C cubic-MoC 0.4273 0.4273 0.4273 90 90 90 cF8 Fm-3m
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Fig. 2: The mechanical properties of the materials (10 min, 32 MPa).
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Fig. 3: Typical SEM micrographs of the materials (10 min, 32 MPa).
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IV. Conclusions
The effects of sintering temperature on the phase com-

position, mechanical properties and microstructure of
Al2O3-TiC-TiN ceramic tool materials were investigat-
ed.

The identified phases were analysed not only with regard
to the crystal structures, but also the properties they might
bring to the ceramic materials. It is inferred that hexago-
nal-Mo3C2 and tetragonal-AlNi3 will adversely affect the
mechanical properties overall. Orthorhombic-MoNi can
improve the flexural strength and hardness. Cubic-AlNi3
can enhance the strength and hardness of the material, but
it reduces its fracture toughness.

The wetting effect of binding phase on the hard phase
changed with the increment of the sintering temperature,
the particle size and crack propagation path were also af-
fected.

When the Al2O3-TiC-TiN ceramic materials were sin-
tered with the holding time of 10 minutes and sinter-
ing pressure of 32 MPa, the highest flexural strength, the
highest Vickers hardness, and the highest fracture tough-
ness were measured when the sintering temperature was
1 650 °C, 1 700 °C, and 1 500 °C, respectively. The mechan-
ical properties were overall optimal when the sintering
temperature was 1 500 °C, at which the mechanical prop-
erties were 796.6 MPa, 20.5 GPa, 7.58 MPa⋅m1/2 for flexu-
ral strength, Vickers hardness, and fracture toughness, re-
spectively.
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