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Abstract: In this study, a type of micro-nano Si3N4 matrix ceramic cutting tool material was suc-
cessfully prepared by controlling the addition amount of TiC0.7N0.3 and the hot-pressing sintering
temperature. The effects of different volume fractions of TiC0.7N0.3 on the microstructure, mechanical
properties, particle size distribution, and relative density of Si3N4 ceramic tools at the same tempera-
ture were investigated. The results show that the addition of TiC0.7N0.3 makes the β-Si3N4 grains with
different diameters and aspect ratios interlaced and tightly bonded, thus achieving the strengthening
and toughening effects. In addition, the effects of different hot-press sintering temperatures on the
properties of Si3N4 ceramic tool materials were studied. It was concluded that the density of the
material increased with the increase of the hot-pressing temperature. The relative density, flexural
strength, and fracture toughness of the samples with 1 vol% TiC0.7N0.3 added at 1750 ◦C and 30 MPa
pressure reached 99.22%, 993 MPa, and 9.81 MPa·m1/2, respectively.

Keywords: Si3N4; ceramic cutting tool; hot-pressing sintering; TiC0.7N0.3; self-toughening

1. Introduction

With the development of modern manufacturing technology, the use of various new
difficult-to-machine materials is increasing, such as iron-based, nickel-based, cobalt-based,
titanium-based superalloys, ultra-high strength steel, and high wear-resistant cast iron.
Therefore, the cutting and machining of such materials are becoming increasingly important.
However, with the current use of traditional hard alloy or high-speed steel and other tool
materials to process, tool life is very low or even impossible to process. This prompted
people to study and manufacture suitable-for-processing engineering materials for use as
tool materials. Because of the outstanding performance of high-toughness ceramic tools,
ceramic tools are considered to be the most prominent and widely useful option. In modern
machining, ceramic materials have become the most promising utility tool materials due to
their excellent heat resistance, high-temperature oxidation resistance, high hardness, and
wear resistance [1–5].

Although ceramics cutting tools play an increasingly important role in cutting difficult-
to-machine materials, ceramics cutting tools suffer from relatively low fracture toughness
and ductility due to the inherent brittleness of ceramic materials [6]. Therefore, some
scholars have focused their research on improving the fracture toughness of conventional
ceramic tool materials to meet the requirements of high-speed precision cutting processing.
Some researchers choose to prepare a coating (cBN coating, [7] TiAlN coating, [8,9] WS2/Zr
soft-coating [10]) on the surface of the ceramic tool to achieve the purpose of improving the
tool life, study the wear mechanism of the tool during cutting, and prepare a composite
ceramic tool with good performance. These coatings can effectively prevent the internal
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ceramic material from being corroded, thereby increasing the service life of the tool. Mikoła-
jczyk et al. [11] studied a new selective exchange worn cutting edge (SEWCE) scheme,
which achieved the effect of reducing tool cost. Wang et al. [12] fabricated Si3N4 ceramic
cutting tools with high fracture toughness by introducing tungsten particles and chang-
ing nitrogen pressure. Lucchini et al. [13] found that although the Al2O3/Mo composite
increases the toughness of the ceramic cutting tool, there is a performance defect in some
material cutting due to the too-low adhesion between the Al2O3 matrix and the Mo dis-
persion. TiCN-based materials have the characteristics of high hardness and high melting
point, so they are also widely used in various metal-based ceramic materials [14–17]. It has
been reported that adding 10–30 wt.% coarse TiCN to ultrafine TiCN metal-based ceramics
can significantly improve the fracture toughness and strength of the material [18]. In the
past, there were very few studies on TiCN-toughened silicon nitride ceramic materials. The
TiC0.7N0.3 used in this experiment is a continuous solid solution formed by TiC and TiN,
both of which have high hardness and high melting points. Most academic research focuses
on the performance improvement of Si3N4 by TiC or TiN [4,10,19–21], while TiC0.7N0.3 is
mostly used to improve the performance of other ceramic materials.

In this study, Si3N4-based ceramic materials with good overall performance were
prepared from two commercial ultrafine Si3N4 powders by controlling the addition of
TiC0.7N0.3 and different sintering temperatures. In addition, the chemical composition,
microstructure, and micro-interface of the Si3N4-based ceramics were characterized, and
the mechanical properties of the ceramics were measured. In addition, the bimodal particle
size distribution phenomenon and the self-toughening principle of β-Si3N4 are discussed.

2. Experimental Procedures

Two sizes of commercialα-Si3N4 powders (α> 92.5 wt.%, D50 = 0.8µm and D50 = 0.35 µm,
oxygen content = 1.20 wt.%, Shanghai Ansame Fine Ceramics Co., Ltd., Shanghai, China)
were used. Al2O3 (purity≥ 99.9 wt.%, Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China), Y2O3 (purity ≥ 99.5 wt.%, Shanghai Aladdin Biochemical Technology
Co., Ltd., Shanghai, China), and TiC0.7N0.3 ultrafine powder (purity ≥ 98%, D50 = 200 nm,
Shijiazhuang Huatai Ceramic Materials Factory, Shijiazhuang, China) were used as raw
materials. The 0.8 µm Si3N4 powder was marked as Si3N4-80, and the 0.35 µm Si3N4
powder was marked as Si3N4-35. In this experiment, a combined Y2O3-Al2O3 sintering aid
was selected, and the Si-Al-O-N and Y-Si-O-N liquid phases formed during the sintering
process allowed for more than adequate sintering of the Si3N4 [22,23]. The starting compo-
sition was determined to be Si3N4-80:Si3N4-35:Y2O3:Al2O3 = 87:5:6:2 by mass ratio, and the
powder was weighed and planetarily ground in ethanol at a speed of 300 rpm using Si3N4
balls for 10 h. After the planetary milling, the mixed slurry was poured out and placed
in an oven for drying at a drying temperature of 60 ◦C. The ground and dried powder
was passed through an 80-mesh sieve and recorded as the initial powder SN. According to
different TiC0.7N0.3 contents and different hot-pressing temperatures, it is divided into five
experimental schemes, SN1, SN2, SN3, SN4, and SN5, for hot-pressing sintering at 30 MPa
pressure, as shown in Table 1.

Table 1. Starting powder composition (vol%) and sintering parameter.

Sample SN TiC0.7N0.3 Temperature (◦C)

SN1 100 / 1650
SN2 99 1 1650
SN3 97 3 1650
SN4 99 1 1700
SN5 99 1 1750

The samples obtained by sintering were cut into several standard samples of
40 mm × 5 mm × 6 mm with a diamond cutter, and the standard samples were polished
and ground until the surface was mirror-like for various performance tests. Relative densi-
ties of Si3N4 tool material were evaluated by the Archimedes method. Phase characteriza-
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tion was performed by X-ray diffraction (XRD; PW3040/60, Panalytical Ltd, Netherlands,
The Netherlands). Backscatter observation and energy spectrum analysis were performed
on the polished surface of the specimen using a scanning electron microscope of SSX-550
(Shimadzu, Kyoto, Japan). The Vickers hardness of the material was measured with a
450SVDTM Vickers hardness tester (Walbert Measuring Instruments (Shanghai) Co., Ltd.,
Shanghai, China), the indentation load was 10 Kg, and the diamond indenter was loaded
on the surface of the sample for 15 s. The single-edge notched beam (SENB) method
was used to test the fracture toughness of the material. The strength of the material was
measured using the three-point flexural strength method. The surface of the ground and
polished sample strip was tested on a SANS computer-controlled electronic universal
testing machine (Shenzhen Xinsansi Material Testing Co., Ltd., Shenzhen, China).

3. Results and Discussion

Figure 1 shows the morphology of the SN2 mixed powder. In the SN2 composite
powder of various raw materials mixed and dispersed by ball milling, the particles are
separated from each other, the small particles are dispersed between the large particles,
and there is no agglomeration between the large and small particles. This shows that the
composite powder after dispersion treatment is evenly mixed and has good dispersibility,
which is beneficial for the subsequent experiments.
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Figure 1. SEM image of SN2 sample powder before hot-pressing sintering.

X-ray diffraction (XRD) phase analysis was performed on the pre-compact body and
sintered body before and after hot-pressing sintering, respectively, to determine the phase
change before and after sintering, as shown in Figure 2. Based on the analysis of the
XRD pattern, it can be seen that the Si3N4 before sintering is mainly α-Si3N4, and there is
only β-Si3N4 remaining in the sample after sintering, indicating that during the sintering
process, the α-Si3N4 in the initial powder is all converted into columnar β-Si3N4 [24,25].
In addition, oxygen-containing sintering aids react with surface SiO2 and Si3N4 to form
a liquid phase of oxynitride at a high temperature. That is, during the high-temperature
sintering process of Si3N4, Al2O3 enters the Si3N4 crystal, and Al3+ and O2− ions replace
part of the Si4+ and N3− ions in the Si3N4 lattice, respectively. This forms the Si-Al-O-N
(which is β-sialon) phase, Y2O3 becomes Y-N apatite, and the Y-Si-O-N phase appears. The
resulting liquid phase can provide a solvent for bond breaking, reconstruction, and phase
transition; phase transition usually occurs only at the solid-liquid phase contact because
the sintering and densification of Si3N4 are affected by the solubility and viscosity of the
liquid phase [26–28]. During the phase transition, the unstable and easily soluble α-Si3N4
dissolves into the liquid phase, while the stable and insoluble β phase is precipitated, and
this liquid phase becomes the grain boundary phase when cooled. It can be seen from XRD
(Figure 2) that the TiC0.7N0.3 phase exists before and after sintering. Therefore, it can be
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inferred that TiC0.7N0.3 does not undergo phase transformation during the experiment but
is uniformly dispersed in the Si3N4 matrix.
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Figure 2. X-ray diffraction (XRD) patterns of SN2 samples before and after sintering at 1650 ◦C for 1 h:
(a) Standard data for TiC0.7N0.3 (PDF#42-1489); (b) Sample before sintering; (c) Sample after sintering.

Table 2 presents the mechanical properties of materials with different TiC0.7N0.3 ad-
ditions. Figure 3 shows the relationship between the relative density, hardness, flexural
strength, fracture toughness of the material, and the amount of TiC0.7N0.3 added. It can
be seen from Figure 3a that with the increase of the addition amount of the second phase
TiC0.7N0.3, the relative density of the material has a downward trend. However, the relative
density is more than 98%, which can be regarded as densification at the same time, and the
overall hardness has an increasing trend. This is because TiC0.7N0.3 has the characteristics
of high hardness [29,30]. In the meantime, the addition of TiC0.7N0.3 is equivalent to adding
a hard second phase, so it can be expected that when the addition amount continues to
increase, the hardness of the material will further increase.

Furthermore, adding 1 vol% of TiC0.7N0.3 can significantly improve the flexural
strength of the material, but when the addition is 3 vol%, it decreases significantly. It
can be seen from Figure 3b that the fracture toughness increases gradually with the increase
in the addition amount. The toughening effect of TiC0.7N0.3 on the matrix material is mainly
due to the difference in thermal expansion coefficient and elastic modulus between the
Si3N4 matrix and the dispersed phase particles of TiC0.7N0.3. In the process of material
preparation, when sintering and cooling, local residual stress will inevitably be generated.
When the residual stress is greater than a certain value, microcracks will be generated.
During the propagation of the main crack, the energy required for the propagation of the
main crack is consumed by microcracks, thereby improving the fracture toughness of the
material. Among the four performance indicators of the material, under the premise that
the relative density, Vickers hardness, and fracture toughness do not change much, the
flexural strength of the material added with 1 vol% TiC0.7N0.3 is the best. Therefore, among
the three samples with different compositions, the best comprehensive performance is the
sample with the TiC0.7N0.3 addition of 1 vol%.

Table 2. Effect of TiC0.7N0.3 content on the mechanical properties of materials.

Sample Relative Density (%) Bending Strength (MPa) Fracture Toughness (MPa·m1/2) Vickers Hardness (GPa)

SN1 99.42 809 9.10 15.9
SN2 98.78 916 9.47 15.8
SN3 98.90 856 9.89 16.1
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Figure 3. The effect of different volume fractions of TiC0.7N0.3 in SN1, SN2, and SN3 on the properties:
(a) Relative density and Vickers hardness; (b) Flexural strength and fracture toughness.

Figure 4 is the backscattered photos of the polished surface of the sample without and
with 1 vol% and 3 vol% TiC0.7N0.3 added. It can be seen in Figure 4a–c that the black parts
are distributed in stripes of different sizes, and the white areas are evenly distributed. With
the increase of TiC0.7N0.3 addition, the size of the black strips gradually decreased. The
uniform distribution of the black and white areas indicates that the powders are well-mixed
and have no serious agglomeration. Figure 5a,b is the energy spectrum (EDS) analysis of
points A and B in Figure 4c, respectively. Combined with the XRD phase analysis of the
sintered body (Figure 2c), it can be seen that point A, that is, the white area in the figure,
is mainly the Y-Si-O-N phase, and there is also a small amount of the Si-Al-O-N phase.
Point B, which is the black area in the figure, is mainly the β-Si3N4 phase and also has a
small amount of Al, indicating that it also contains a small amount of the Si-Al-O-N phase.
Since the addition of TiC0.7N0.3 is very small, the Ti is not obvious in the energy spectrum.
As a result, it is difficult to determine whether it is distributed at the grain boundaries of
β-Si3N4 or involved in the nucleation of β-Si3N4 and located at its crystal lattice.
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It can be seen from Figure 6 that with the change in the addition amount of TiC0.7N0.3,
the microstructure of the material has undergone a relatively obvious change. The Si3N4
matrix in the sintered body is all long columnar β-Si3N4 grains with different diameters
and aspect ratios interlaced with each other, and the fractures are rough. From the fracture
morphology of the material (Figure 6a–c), it can be clearly seen that the holes and part of
the grain section are left by the grain pulling out. This indicates that the fracture mode
is a combination of intergranular fracture and transgranular fracture. The long columnar
β-Si3N4 has the effect of strengthening and toughening similar to fibers and whiskers. This
is the self-toughening of Si3N4, and it is also an important reason why the flexural strength
and fracture toughness of Si3N4-based ceramic tool materials are higher than other tool
materials. At the same time, a small amount of β-Si3N4 in the raw material exists in the
form of seed crystals, and self-toughening Si3N4 ceramics can also be synthesized [31,32].
In addition, a small number of irregularly shaped and deep holes can be seen from the
fracture of the material. These are the pores inside the material, indicating that the density
of the material is not enough, especially the pores in Figure 6b are more obvious, and the
number of pores is slightly more than the other two. This also corresponds to the lowest
relative density of the sample added with 1 vol% TiC0.7N0.3 measured earlier. It can also be
seen from Figure 6 that with the increase of TiC0.7N0.3 addition amount, the average grain
size gradually decreases.
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Figure 6. (a–c) are the fracture scan photos of no addition, the addition of 1 vol%, and the addition
of 3 vol% TiC0.7N0.3, respectively; (d–f) are the scanning photos of the corroded surface without
adding, adding 1 vol%, and adding 3 vol% TiC0.7N0.3, respectively. On the right are the diameter
distributions of the three corresponding β-Si3N4 grains.

It can be seen from Figure 6d–f of the corroded surface topography that the grains
without TiC0.7N0.3 are more uniform and have little difference in size. After adding a small
amount of TiC0.7N0.3, due to the pinning effect of the second phase particles, the growth of
part of the grains is prevented so that the diameter and aspect ratio range of the overall
grains increases. Small grains are embedded between large grains, and the structure is
more tightly packed. This is also the reason why the flexural strength increases after adding
1 vol% TiC0.7N0.3. When the addition amount is 3 vol%, the number of small grains is too
large, which weakens the self-toughening effect of Si3N4. Therefore, the flexural strength
starts to decrease again while the fracture toughness continues to increase, which is still
due to the difference in thermal expansion coefficient and elastic modulus between the
Si3N4 matrix and the dispersed phase particles of TiC0.7N0.3.

It can be clearly seen from the particle size distribution diagram on the right that
the diameter of β-Si3N4 grains in the sample without TiC0.7N0.3 is concentrated between
0.4 and 0.8 µm. After adding 1 vol% TiC0.7N0.3, the diameters of β-Si3N4 grains are
concentrated between 0.3 and 1 µm. After adding 3 vol% TiC0.7N0.3, the diameters of
β-Si3N4 grains are concentrated between 0.1 and 0.65 µm. It shows that the addition of
TiC0.7N0.3 reduces the diameter of some β-Si3N4 grains in the sample and increases the
diameter distribution range. It can also be seen that the diameter of β-Si3N4 grains has a
bimodal distribution, especially the bimodal distribution of the 1 vol% TiC0.7N0.3 sample
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is more obvious. At the same time, when the grain size of β-Si3N4 in the Si3N4 matrix
presents a bimodal distribution, its mechanical properties are greatly improved [33–35].
This is also an important reason for the improvement of the mechanical properties of the
material after adding a small amount of TiC0.7N0.3.

The above discussion can be concluded that the addition of TiC0.7N0.3 has a certain
effect on the relative density and hardness of ceramic tool materials. However, TiC0.7N0.3
exists as a hard second phase in the Si3N4 grain boundary, and the second phase particles
act as pegging. When the addition amount is 1 vol%, the β-Si3N4 grains have an overall
bimodal structure. Different diameters of β-Si3N4 are interlaced with each other, which
makes the flexural strength of ceramic tools much higher.

In the process of hot-pressing sintering, the influence of hot-pressing temperature on
the properties of materials is also very obvious. The addition of sintering aids can reduce
the sintering temperature, and the optimal sintering temperature of different sintering aid
combinations is also different. It can be seen from Figure 2c that the mixed powder with
1 vol% TiC0.7N0.3 that was hot-pressed and sintered at a sintering temperature of 1650 ◦C
for one hour, the α → β phase transition was complete. Therefore, when the sintering
temperature increased to 1700 and 1750 ◦C, the phase composition of SN2, SN4, and SN5
samples did not change after sintering. It was still the four phases of β-Si3N4, Si-Al-O-N
(which is β-sialon), Y-Si-O-N, and TiC0.7N0.3. In XRD images (Figure 7), the difference
between the three images is only the difference in peak strength.
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Figure 7. XRD patterns of samples at different hot-pressing temperatures: The sintering temperatures
of SN2, SN4, and SN5 samples were 1650, 1700, and 1750 ◦C, respectively.

Table 3 presents the mechanical properties of the materials prepared at different hot-
pressing sintering temperatures. Figure 8 shows the relationship between the relative
density, hardness, flexural strength, fracture toughness of the material, and hot-pressing
sintering temperature. It can be seen from Figure 8 that with the increase of hot-pressing
temperature, the relative density of the material increases gradually, indicating that increas-
ing the hot-pressing sintering temperature can promote the densification of the material.
The Vickers hardness of the material had almost no change, indicating that the hardness of
the material is mainly affected by its composition and phase, and is little affected by the
hot-pressing temperature. In addition, the flexural strength and fracture toughness of the
material increased significantly with the increase in hot-pressing temperature, which may
be related to the increase in the material density or the change in grain size, which can be
verified by the microstructure and morphology. Some researchers claim that the α-Si3N4
powder can be completely densified under the temperature of about 1850 ◦C and the
pressure hot-pressing of 23 MPa [36]. However, our temperature has not reached 1850 ◦C
at present, so by increasing the hot-pressing sintering temperature, the comprehensive
performance of the Si3N4-based ceramic tool material can be further improved.
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Table 3. Effect of hot-pressing temperature on the mechanical properties of materials.

Sample Relative Density (%) Bending Strength (MPa) Fracture Toughness (MPa·m1/2) Vickers Hardness (GPa)

SN2 98.78 916 9.47 15.8
SN4 99.04 961 9.95 15.9
SN5 99.22 993 9.81 15.9
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Figure 8. Comparison of performance parameters of SN2, SN4, and SN5 samples at different sintering
temperatures: (a) Relative density and Vickers hardness; (b) Flexural strength and fracture toughness.

Figure 9 shows the scanned photographs of the fracture cross-sections at three hot
pressing temperatures. When sintered at 1650 ◦C, the β-Si3N4 seeds in the raw material
grow through the Ostwald maturation mechanism. Due to the relatively low sintering
temperature, the overall grain radius is relatively small, and there are many pores at the
grain boundary. The TiC0.7N0.3 in the raw material is uniformly dispersed in the Si3N4
matrix. Because its thermal expansion coefficient and elastic modulus are different from
those of Si3N4, β-Si3N4 grains with different diameters and different aspect ratios are
interlaced and tightly combined with each other during the sintering process to achieve the
effect of reinforcement and toughening.
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In the sintering process, there are two main factors affecting the crystal growth, one
is the diffusion rate of solute atoms, and the other is the deposition rate of solute atoms
at the particle-matrix interface [37]. In this experiment, with the increase of temperature
under the same conditions, the diffusion rate of solute atoms increases greatly, making the
grain size of β-Si3N4 larger. At the same time, the density of the material increases, and
the porosity defect decreases so that the mechanical properties such as flexural strength,
fracture toughness, and hardness are improved.

At the same time, we can also draw from Figure 9, with the change of hot-pressing
sintering temperature, the intrinsic reasons for the change of mechanical properties of
materials. With the increase of hot-pressing sintering temperature, the phenomenon of grain
pull-out during fracture becomes more and more obvious, and the fracture is rougher; that
is, the holes left after grain pulling out are larger and deeper. This indicates that the diameter
and length of the grains increased. Due to the existence of rod-like β-Si3N4, crack deflection
and bridging occur during crack propagation, which increases the crack deflection angle,
consumes more energy, and inhibits crack propagation [26,35]. Furthermore, the larger
the rod size, the better the effect. The β-Si3N4 particles at 1750 ◦C are larger than other
samples, so the performance is better. It may be that the increase in temperature makes
a large amount of liquid phase to be formed at the grain boundary during the sintering
process, which increases the crystal phase transformation rate and makes the particle
diameter of β-Si3N4 larger. Compared with those shown in Figure 9a,b, the fracture surface
(Figure 9c) seems to be denser, and the number of irregularly-shaped deeper pores at the
fracture is significantly reduced. This basically conforms to the relative density variation
trend of samples at different temperatures shown in Table 3. Therefore, increasing the
sintering temperature is helpful to improve the flexural strength and fracture toughness of
the samples.
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Figure 10 is the distribution curve of the aspect ratio of β-Si3N4 grains in samples with
hot-pressing sintering temperatures of 1650, 1700, and 1750 ◦C. It can be seen that with the
increase in hot-pressing temperature, the aspect ratio of β-Si3N4 grains increases signifi-
cantly. This makes the inter-grain interleaving of Si3N4 more complex so that the overall
mechanical properties are relatively high. This is the same as the previous experimental
results. At the same time, the mechanical properties still show an increasing trend as the
temperature continues to increase. The increase in grain diameter and aspect ratio enhances
the self-toughening effect of the material and improves the overall performance [38].
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Figure 10. The distribution curves of the aspect ratio of β-Si3N4 grains in SN2, SN4, and SN5 at
different hot-pressing temperatures.

4. Conclusions

In this study, the mechanical properties of Si3N4 ceramic tool materials were improved
by adding a new TiC0.7N0.3 sintering aid to the traditional sintering additive combination
of Al2O3 and Y2O3. Using different sintering temperatures, Si3N4 ceramic tool materials
with excellent bending strength and fracture toughness were prepared. The relationship
between the microstructure and mechanical properties of the prepared Si3N4 ceramics
was systematically characterized and discussed. Based on the experimental results and
discussion, the following conclusions are drawn:

(1) The added TiC0.7N0.3 and the matrix Si3N4 have different thermal expansion coeffi-
cients and elastic moduli; they prevent the growth of part of the grains so that the
β-Si3N4 grains with different diameters and different aspect ratios are staggered and
tightly combined with each other. At the same time, because TiC0.7N0.3 has the char-
acteristics of high hardness and high strength, it is uniformly dispersed in the matrix
of Si3N4 as a hard second phase, and the effect of strengthening and toughening is
achieved. In addition, the effect of adding 1 vol% TiC0.7N0.3 is relatively the best; the
flexural strength and fracture toughness are 916 MPa and 9.47 MPa·m1/2, respectively.

(2) Use of the Ostwald maturation mechanism to explain the grain growth process at
different temperatures. By increasing the temperature of hot-pressing sintering, the
degree of grain growth is greater, the degree of the interlacing of β-Si3N4 grains
with different diameters and different aspect ratios is also gradually increased, and
the mechanical properties of the material are also improved. The relative density,
flexural strength, and fracture toughness reached 99.22%, 993 MPa, and 9.81 MPa·m1/2,
respectively, when the hot-pressing sintering temperature was 1750 ◦C. However,
there is still a great potential for improvement in numerical value.
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