crystals

Article

Effects of theTiB,-SiC Volume Ratio and Spark Plasma
Sintering Temperature on the Properties and Microstructure of
TiB,-BN-SiC Composite Ceramics

Shi Tian 1, Zelin Liao !, Wenchao Guo !, Qianglong He !, Heng Wang %* and Weimin Wang 1*

check for
updates

Citation: Tian, S.; Liao, Z.; Guo, W.;
He, Q.; Wang, H.; Wang, W. Effects of
theTiB,-SiC Volume Ratio and Spark
Plasma Sintering Temperature on the
Properties and Microstructure of
TiB2-BN-SiC Composite Ceramics.
Crystals 2022,12,29. https://
doi.org/10.3390/ cryst12010029

Academic Editor: Shujun Zhang

Received: 16 November 2021
Accepted: 21 December 2021
Published: 25 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 The State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University

of Technology, Wuhan 430070, China; shitian@whut.edu.cn (S.T.); liaozelin1702@whut.edu.cn (Z.L.);
whutguowc@whut.edu.cn (W.G.); shsqlhe@whut.edu.cn (Q.H.)

Hubei Key Laboratory of Plasma Chemistry and Advanced Materials, Key Laboratory of Green Chemical
Engineering Process of Ministry of Education, Wuhan Institute of Technology, Wuhan 430205, China

*  Correspondence: wangheng@wit.edu.cn (H.W.); shswmwang@whut.edu.cn (W.W.)

Abstract: TiB,-BN composite ceramics combine excellent electrical conductivity, thermal shock re-
sistance, high-temperature resistance, corrosion resistance, and easy processing of TiB, and BN.
However, in practical applications, their high-temperature oxidation resistance is poor and the resis-
tivity distribution is uneven and changes substantially with temperature. A TiB,-BN-SiC composite
ceramic with stable and controllable resistivity was prepared by introducing SiC into the TiB,-BN
composite ceramics. In this work, spark plasma sintering (SPS) technology was used to prepare TiB;-
BN-SiC composite ceramics with various TiB,-SiC ratios and sintering temperatures. The samples
were tested by XRD, SEM, and thermal and mechanical analysis. The results show that as the volume
ratio of TiB,-SiC was increased from 3:1 to 12:1, the resistivity of the sample decreased from 8053.3
to 4923.3 uQ)-cm, the thermal conductivity increased from 24.89 to 34.15 W/(m k), and the thermal
expansion rate increased from 7.49 (10~%/K) to 10.81 (10~°/K). As the sintering temperature was
increased from 1650 to 1950 °C, the density of the sample increased, the mechanical properties were
slightly improved, and the resistivity, thermal expansion rate, and thermal conductivity changed sub-
stantially. The volume ratio and sintering temperature are the key factors that control the resistivity
and thermal characteristics of TiB,-SiC-BN composite ceramics, and the in situ from liquid phases of
FeB and FeO also promotes the sintering of the TiB,-BN-SiC ceramics.

Keywords: TiB,-BN-SiC; spark plasma sintering; physical properties; microstructure

1. Introduction

Both TiB; and BN have high hardness, high wear resistance, high melting point, and
high temperature stability; hence, they are widely used in industrial production, such as
in aerospace applications, metal evaporation plating, and wear-resistant coatings [1-5].
TiB,-BN composite ceramics have the unique properties of both TiB, and BN, such as
excellent electrical conductivity [6,7] and excellent lubricity to molten metal. Therefore,
TiBy-BN composite ceramics are widely used in the cast aluminum industry [8]. In 2008,
Jens Eichler et al. [8] composited BN and ZrO, to prepare side dams for use in thin
strip casting, which showed satisfactory corrosion resistance, wear resistance, and high-
temperature compressive stress. In 2012, by magnetron sputtering, Dong et al. [9] prepared
a TiB, /BN multilayer film with a smaller grain size and a stable layer structure that had a
polycrystalline TiB, texture with amorphous BN; it showed higher hardness and higher
elastic modulus than coatings of only TiB; or BN. The study in [10] indicates that McKinnon
et al. used flash spark plasma sintering (FSPS) technology to quickly sinter a cold-pressed
TiB,-hBN disc from a powder into an almost-dense material (up to 97%) in less than 110 s.
Recently, Bin Song et al. [11] prepared nearly densified samples by doping BN and SiC
into TiB, powder under hot-press sintering conditions at 2000 °C and 50 MPa. The density
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of a ceramic has a larger impact on the mechanical properties and thermal properties
of the ceramic and is an important factor in determining the service life of the ceramic.
However, the environment of the evaporation plating industry is relatively harsh. Due
to the high temperature and the service conditions of contact with molten metal, ceramic
boats that contain molten metal in the metal evaporation plating industry need to have
high-temperature resistance, corrosion resistance, satisfactory metal compatibility, and
stable conductivity [12-14]. Unstable conductivity and a narrow adjustment range will lead
to unstable current when the boat is in service, unbalanced boat body temperature, and
reduced evaporation efficiency. In addition, uneven resistivity and poor high-temperature
thermal stability will also reduce TiB, which is an important factor in the working life of
BN ceramics. Therefore, the density of ceramics and their thermal and electrical properties
are equally important in evaporative aluminum plating.

SiC has high wear resistance, high strength, high hardness, a low thermal expansion
coefficient, high thermal conductivity, satisfactory thermal stability at high temperatures,
and satisfactory oxidation resistance [15-17]. In addition, adding SiC to a ceramic can
improve the material’s fracture toughness, oxidation resistance, and controllable conductiv-
ity [2,18-21]. In our previous research, TiB,-BN-SiC composite ceramics were produced
using the hot-pressing sintering method, and the progress in sintering technology has
made ceramic sintering methods more diverse. In this work, the mechanical alloying
method is used to prepare a mixed powder, and the TiB,-BN-5iC three-phase composite
ceramic is prepared by the SPS sintering method, which differs from the hot-pressing
sintering method. The relative density, resistivity, and elasticity of the composite ceramic
are characterized. The modulus, flexural strength, thermal expansion coefficient, thermal
conductivity, and other properties and three test methods, namely, X-ray diffraction (XRD),
scanning electron microscope (SEM), and back scattered electron (BSE) are used to analyze
the samples, and the changes in the above properties under various TiB,-SiC ratios and
sintering temperatures are studied. This work has reference significance for the preparation
and production of ceramics of the same type for high-temperature work.

2. Experimental Procedure
2.1. Preparation of the TiB,-BN-SiC Composite Powder

TiB, powder (Dandong Chemical Engineering Institute, dg 5 = 4 pm, oxygen content
0.79%), h-BN powder (Dandong Chemical Engineering Institute, dg5 = 0.6 um, oxygen con-
tent 0.91%), and SiC powder (Shanghai Chaowei Nanotechnology Co., Ltd. dg5 = 0.34 pm,
purity >99%) were used as raw material powders. Ethanol was used as a process control
agent (PCA), and the addition amount was calculated as a mass percentage of the powder.
The volume content of BN was controlled at a constant percentage of 72%, the volume ratio
of TiB, /SiC was changed, and the mixed powder was configured in ratios of 3:1, 6:1, 9:1,
and 12:1, as presented in Table 1. The planetary ball milling method [22-24] was used to
mix the powder. Weighed steel balls, the mixed powder, and absolute ethanol were added
to the ball milling tank in sequence. Then, the ball milling tank was closed and placed into
the planetary ball mill (the ball milling tank was a @90 mm x 80 mm stainless steel tank,
the stainless-steel grinding balls had a ratio of ¢12 mm:@6 mm = 1:5, the mass ratio of the
stainless-steel balls to the mixed powder was 30:1, the ball mill speed was 300 r/min, and
the ball milling time was 2 h). The middle ball mill was completed. Then, the ball mill
tank was removed, and the resulting mixed slurry was poured into a rotary evaporator and
rotary evaporated. After completion, vacuum drying, grinding, and sieving were carried
out to obtain the composite powder.
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Table 1. Theoretical volume ratios of TiB, and SiC.

TiB,-SiC TiB; (Vol%) SiC (Vol%)
3:1 21 7
6:1 24 4
9:1 252 2.8
12:1 25.8 22

2.2. Preparation of TiB,-BN-SiC Multiphase Ceramics

Into a graphite mold, 3.60 g of raw powders with various proportions were placed. The
composite powders were separated from the mold and the indenter with graphite paper
and placed in an SPS sintering furnace for sintering [25]. During the sintering process, the
heating rate was controlled to 100 °C/min, the holding time was 5 min, and the protective
atmosphere was Ar. First, the sintering temperature was controlled to 1850 °C, and 3:1, 6:1,
9:1, and 12:1 samples were prepared. Then, the composition was controlled to a constant
ratio of 6:1 at 1650, 1750, 1850, and 1950 °C. The samples were prepared separately at the
sintering temperature.

2.3. Testing and Characterization

The relative density of the sample was measured by the Archimedes drainage method
at room temperature. An ST2258C digital four-probe tester was used to measure the
resistivity of the complex phase ceramics, and the distance between the two probes was
0.2 cm.

Figure 1 shows the method and principle of resistivity testing. When four metal
probes were arranged in a straight line and touched on the sample with a certain pressure,
the current passing between probes 1 and 4 is recorded as Current (I), and the potential
difference generated between probes 2 and 3 was marked as Voltage (V). In that case, the
resistivity p(()-cm) of the material can be calculated by following Formula (1):

p=CxV/I 1)
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—

1 2

Figure 1. Schematic diagram of resistivity measurement by four-probe method.

In the formula, C is the probe correction coefficient, which is determined by the dis-
tance between the probes. When the sample resistance is evenly distributed and the sample
size meets the semi-infinity condition, C can be calculated by the following Formula (2).
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In the above formula, S1, 52, and S3, respectively, represent the distances between 1
and 2, 2 and 3, and 3 and 4 in Figure 1. After calculating the resistivity result from the test
data, the conductivity value ¢(S/m) can be calculated by the following Formula (3):

o= ®
P

The flexural strength of the material and the elastic modulus of the material were
measured by the three-point bending method on an MTS-810 ceramic test system, and
the loading rate was 0.5 mm/min. A TC-7000H Laser Flash thermal constant analyzer
was used to measure the thermal conductivity of the sample; the test temperature was
600 °C, and an Ar atmosphere was used. A NETZSCHDIL402C thermal dilatometer was
used to measure the thermal expansion coefficient of the sample. The test temperature
ranged from room temperature to 1000 °C in an Ar atmosphere. X-ray diffraction was used
to characterize the phase composition of the sample, and the fracture morphology of the

sample was observed with a scanning electron microscope (JSM-53400).

3. Results and Discussion
3.1. Effects of the TiB,-SiC Volume Ratio on the Material Properties, Microstructure, and
Phase Composition

In order to better study the effect of the ratio of titanium diboride and silicon car-
bide on the performance of TiB,-BN-5iC composite ceramics, we controlled the sintering
temperature at 1850 °C and explored four ratios of TiB; and SiC, namely 3:1, 6:1, 9:1, 12:1.

3.1.1. Effects of the TiB,-SiC Volume Ratio on the Material Properties

Figure 2a shows that as the volume ratio of TiB,-SiC increases, the density of the
sintered body increases slightly. This is because as the volume content of TiB, increases, TiB,
grains sinter more easily, and the probability of contact between heterogeneous particles
decreases, thereby resulting in fewer pores [26]. Overall, the volume ratio of TiB,-SiC has
no significant effect on the relative density of the composite ceramics. According to the
images in Figure 2b, the resistivity of TiB,-BN-SiC composite ceramics at room temperature
decreases with increasing TiB,-SiC volume ratio. The deviation interval in the figure is
measured at various positions of the same sample. For the set of resistivities, the deviation
gradually decreases with increasing ratio, thereby indicating that the resistance stability is
gradually improved. This is because the mass fractions of the conductive phase (TiBy) and
the semiconductor phase (SiC) are increased relative to that of the insulating phase (BN),
which promotes the formation of a conductive network and decreases the resistivity. As
shown in Figure 2c, with an increase in the volume ratio of TiB,-SiC, the elastic modulus of
the sample fluctuates at approximately 84 GPa, the change in the elastic modulus is not
obvious, and the flexural strength fluctuates in the range of 180-190 MPa. Figure 2d shows
that as the volume ratio of TiB,-5SiC increases, the average thermal expansion coefficient
increases from 7.5 x 107¢/K to 10.8 x 10~¢/K, namely, by 44%. In addition, as the volume
ratio of TiB,-SiC increases, the thermal conductivity increases from 28.89 to 34.04 W/(m-K).
This is because the theoretical thermal conductivity of TiB, is much higher than that of SiC.
As the volume content of TiB; increases, the crystal structure of the material becomes more
perfect, less scattering of lattice waves occurs, the mean free path of phonons increases, and
the thermal conductivity increases.
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Figure 2. Properties of TiB,-BN-SiC composite ceramics with various volume ratios of TiB,-SiC:
(a) the apparent relative density, (b) electrical resistivity, (c) elastic modulus and bending strength,
and (d) thermal conductivity and mean thermal expansion coefficient.

3.1.2. Influence of the TiB,-SiC Ratio on the Material Phase and Microstructure

Figure 3 shows that the XRD spectra of four samples all show clear diffraction peaks
of TiB, and BN. As the volume ratio of TiB,-SiC increases, the peak that corresponds to
TiB, gradually increases, and the BN peak does not obviously change. The angle of 30-50°
of the diffraction pattern was enlarged to better observe the subtle changes of the phase.
In the peak region of 35-50°, different impurity peaks are detected with different TiB,
contents. With increasing TiB; content, a transition from the FeO phase to the Feg 9240
phase occurs. This is mainly because the raw material powder wears part of the steel balls
under mutual extrusion with the stainless-steel balls in the process of mechanical alloying
and, consequently, Fe is introduced; the TiB, powder contains impurity oxygen, and with
increasing TiB; content, the increase in the oxygen impurity content of the mixed powder
promotes the transformation of the FeO phase to the oxygen-rich Fe( 940 phase. FesSi
peaks are also detected in the two samples with ratios of 3:1 and 6:1, but the peaks are
not detected in the samples with ratios of 9:1 and 12:1. The former shows a peak of FeB,
while the latter shows a peak of FepB. This is because when the volume ratio of TiB, to SiC
increases, the relative content of SiC decreases, and the amount of Si element that can react
with Fe to form Fe3Si decreases. Therefore, Fe3Si is not detected at the ratios of 9:1 and 12:1.
The melting points of FeB and Fe,B are approximately 1600 °C. These impurities form a
liquid phase during the sintering process of the ceramic [2,4], which promotes the sintering
of the ceramic; this is consistent with the relative density result.
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Figure 3. (a) XRD patterns of TiB,-BN-SiC composite ceramics with various TiB,-S5iC volume ratios,
(b) is their local feature.

Figure 4 shows cross-sectional SEM images of TiB,-BN-5iC composite ceramics with
four volume ratios of TiB,-SiC. The microstructure of the section is interlaced with large
crystal grains and numerous flaky crystals. The lamellar structure crystals are the BN phase,
and the granular crystal grains (TiB, phase and SiC phase) are dispersed among the flaky
BN crystal grains. As the ratio of TiB,-SiC increases, the granular grains grow significantly.
This has the same changing trend as the microstructure of the multiphase ceramics in Van-
Huy Nguyen’s research [4]. This is because the relative content of the TiB, phase increases,
the probability of contact between particles in the TiB, phase increases, and bonding
between TiB, particles produces large grains. According to the theory of multiphase
ceramic percolation, the increase in TiB, large crystal grains reduces the resistivity of the
multiphase ceramics and improves the conductivity, which is consistent with the result
that the resistivity decreases with increasing ratio of Figure 2b. According to the figure, the
fracture mode is dominated by transgranular fracture of flaky BN grains and intergranular
fracture of granular TiB, and SiC. The growth of TiB, grains promotes the mechanical
properties of the ceramics [27]. This is because the size of the grains increases and the
fracture form of TiB, changes from intergranular fracture to partial transgranular fracture
and partial intergranular fracture. In addition, because the theoretical thermal expansion
coefficient of TiB, is much higher than that of SiC and the TiB, content increases, the TiBp
grains in the sample are tightly connected; hence, the overall thermal expansion coefficient
of the sample is substantially affected by the volume content of TiB, and, thus, the thermal
expansion coefficient increases.

Since the volume of the BN phase accounts for 72% and the total volume of the TiB;-SiC
phase accounts for 28%, the pores that are formed by many flaky BN crystals intersecting
each other during ceramic sintering are difficult to replace because small amounts of TiB,
and SiC are completely filled and changed. Therefore, there are many pores, which is the
main reason that the relative density (93.5-94.5%) of the sample is not high.

Figure 5 shows surface backscattering photos of TiB,-BN-SiC composite ceramics
with four volume ratios. The grey-white areas in the picture are TiB, particles, and the
black areas are the BN matrix. As shown in the figure, as the content of TiB, increases,
the grain size of TiB; in the ceramic matrix increases significantly. From Figure 5a—d the
grain size increases from 2.61 to 5.08 um. This is because as the content of TiB; increases,
the possibility of TiB, particles contacting each other is higher, which facilitates bonding
during the sintering process, thereby promoting grain growth. According to the figure,
as the ratio increases, the number of fine particles on the surface gradually decreases,
thereby indicating that the crystallinity is better, which is also evidenced by the finer phase
diffraction peaks.
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Figure 4. Cross-sectional SEM images of TiB,-BN-SiC composite ceramics with four TiB,-SiC volume
ratios: (a) 3:1, (b) 6:1, (c) 9:1, and (d) 12:1.

Figure 5. BSE photos of TiB,-BN-SiC composite ceramics with four TiB,-SiC volume ratios: (a) 3:1,
(b) 6:1, (c) 9:1, and (d) 12:1.
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3.2. Effects of the Spark Plasma Sintering Temperature on the Material Properties, Microstructure,
and Phase Composition

To further study the effect of sintering temperature on the performance of TiB,-BN-SiC
composite ceramics, we explored four temperatures, namely, 1650, 1750, 1850, and 1950 °C,
of TiB; and SiC powders with a volume ratio of 6:1 and examined various properties of the
fired block.

3.2.1. Effects of the Sintering Temperature on the Material Properties

According to the images in Figure 6a, when the sintering temperature is increased from
1650 to 1750 °C, the density of the multiphase ceramic sample increases obviously, and when
the sintering temperature is increased from 1750 to 1950 °C, the density increases slightly,
but the change is not large. Figure 6b shows that with increasing sintering temperature
in the range of 1650-1850 °C, the resistivity increases; however, when the temperature
reaches 1950 °C, the resistivity decreases. In a previous study, when the author used hot
pressing to sinter samples under similar conditions, the resistivity trend was the opposite,
namely, a trend of decreasing initially and subsequently increasing was observed [28].
Whereas hot pressing uses an external thermal field to achieve slow energy transfer and
uses the surface energy of the material to be densified, SPS uses a large pulse current to
conduct rapid sintering, which may be unstable compared with hot pressing. The effects
of the sintering temperature on the elastic modulus and flexural strength of TiB,-BN-SiC
composite ceramics are shown in Figure 6¢c. As shown in the figure, as the sintering
temperature increases, the flexural strength and elastic modulus both increase. When the
sintering temperature is 1650 °C, the elastic modulus and bending strength are 77.5 GPa
and 182.2 MPa, respectively. Up to 1950 °C, the elastic modulus value is 85.5 GPa, and
the bending strength value is 193.6 MPa. They increase by 10.3% and 6.3%, respectively.
Figure 6d shows the effect of the sintering temperature on the thermal conductivity of
TiB,-BN-SiC composite ceramics. When the sintering temperature is 1650, 1750, and
1850 °C, the thermal expansion coefficients of the samples are 7.3 x 107%,7.6 x 107%, and
8.3 x 107, respectively. As the sintering temperature increases, the thermal expansion
coefficient of the sample increases, and the density of the sample increases. The slight
decrease in the thermal expansion coefficient at 1950 °C may be due to the very tight
bonding between the ceramic powders, which reduces the increase in the amplitude of
the lattice vibration when the temperature is increased, thereby macroscopically reducing
the thermal expansion. When the sintering temperature is increased from 1650 to 1950 °C,
the thermal conductivity of the sample increases from 28.1 to 32.9 W/(m-k), namely, by
17.1%. The reason may be that the density of the sample is increased, and the bonding
force between the grains is enhanced, which improves the mechanical properties of the
sample. The thermal conductivity increases. This is because the grain size increases, the
grain boundaries and pore defects are reduced, the density of the sample increases, and the
microstructure becomes more complete and uniform, which is beneficial for increasing the
mean free path of phonons and increasing the thermal conductivity rate. At 1650 °C, the
sample density is significantly lower, the sample has the most pore defects, the scattering
of lattice waves increases, the mean free path of phonons decreases, and the resistivity
is the highest, which is not conducive to electronic heat conduction; hence, the thermal
conductivity is obviously the lowest.
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Figure 6. Properties of TiB,-BN-SiC composite ceramics at various sintering temperatures: (a) appar-
ent relative density, (b) electrical resistivity, (c) elastic modulus and bending strength, and (d) thermal
conductivity and mean thermal expansion coefficient.

3.2.2. Influence of the Sintering Temperature on the Phase and Microstructure

Figure 7 shows that the diffraction peaks that correspond to TiB; and BN are detected
in the samples that are fired at four temperatures, and the peak intensities of the two
phases are more consistent among the temperatures. The peak width that corresponds to
BN gradually narrows with increasing sintering temperature, thereby indicating that the
BN powder has higher crystallization performance with increasing temperature and the
corresponding BN matrix is purer. Various impurity peaks, such as FeO, Fe3S5i, and FeB
peaks, are also detected in the 35-50° interval. As the temperature increases, the diffraction
peaks of FeB and Fe; B, among others, gradually disappear and are replaced by increasingly
enhanced FesSi peaks. This may be due to the increase in temperature accelerating the
formation of the liquid phase, in which some of the Si atoms enter the Fe atoms to form
Fe3Si intermetallic compounds. Fe3Si has excellent electrical properties [29]. Therefore, the
sudden drop in resistivity of the composite ceramic at 1950 °C may be because the contents
of FeO and Fe35i, which are conductive materials, in the sample have reached the threshold
of percolation theory.
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Figure 7. (a) XRD patterns of TiB,-BN-SiC composite ceramics at different sintering temperatures,
(b) is their local feature.

Figure 8 shows that the large grains in the figure are TiB, and SiC, and the flaky
structure grains are BN. With increasing sintering temperature, the grains of the flaky BN
ceramics grow significantly, the TiB, and SiC grains are dispersed around the BN, the two
are more closely combined, and the voids are reduced. This is because at 1650 °C, the
sintering temperature is low, the growth of BN grains is not complete, and the density is not
high. Above 1750 °C, the densification process of BN grains is basically completed under
the effect of B,Oj3 sintering. With a further increase in the sintering temperature, TiB;, SiC,
and BN grains grow more completely; hence, the apparent relative density increases. The
growth of the grains of the lamellar BN causes more transgranular fractures of the lamellar
structure at the ceramic fracture; thus, the bending strength of the sample increases, which
is consistent with the result of Figure 6c.

Figure 8. Cross-sectional SEM images of TiB,-BN-SiC composite ceramics at four sintering tempera-
tures: (a) 1650 °C, (b) 1750 °C, (c) 1850 °C, and (d) 1950 °C.
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Figure 9 shows backscattered images of TiB,-BN-SiC composite ceramics with four
sintering temperatures. As the sintering temperature increases, the size of the white
particles in the image gradually increases, and abnormal crystal grains are observed at
1950 °C. The particle size reaches from 5 um in Figure 9a to 10 um in Figure 9d, which is
caused by overburning at sintering temperatures that are too high. As the content of each
component is the same, it is found that the sintering temperature has little effect on the
phase distribution of TiB,-BN-SiC composite ceramics.

Figure 9. BSE images of TiB,-BN-SiC composite ceramics at four sintering temperatures: (a) 1650 °C,
(b) 1750 °C, (c) 1850 °C, and (d) 1950 °C.

After investigation, there are not many studies on TiB,-BN-SiC composite ceramics,
Xiaowei Yang [3] has studied similar systems, but there are big differences in the proportions
of components [30]. It is widely proved that SiC can better adjust the sintering performance
of TiB,. Therefore, adding SiC to the TiB,-BN two phases to improve part of the properties
of TiB,-BN ceramics can be better reflected in this study. However, due to the difficulty
of sintering the covalent compound BN [31], the improvement of the ceramic density of
this system still needs further research and exploration. The introduction of a certain
liquid phase into the extremely difficult-to-densify boride ceramics to achieve liquid-phase
sintering to promote densification still needs further exploration [32].

4. Conclusions

In this experiment, TiB,-BN-SiC ternary composite ceramics with low resistivity and
satisfactory thermal stability were prepared by the spark plasma sintering method after
mechanically alloying the raw material powder. The following conclusions were obtained
regarding the influence of various factors on the electrical properties, mechanical properties,
thermal properties, phase, and microstructure of TiB,-BN-SiC composite ceramics:

(@) As the ratio of TiB,-SiC increases, the electrical resistivity of the TiB,-BN-SiC compos-
ite ceramics decreases, the thermal conductivity and thermal expansion coefficient
gradually increase, and the grain size of the ceramic cross-section increases signifi-
cantly. When the ratio is increased from 3:1 to 12:1, the resistivity drops from 8000 to
5000 pQ)-cm; the thermal conductivity rises from 28.8 to 34.2 W/m-K; and the thermal
expansion coefficient increases from 7.36 x 106 /K to 10.80 x 10~°/K.



Crystals 2022, 12, 29 12 of 13

(b) The increase in the sintering temperature of the multiphase ceramics promotes the
relative density and mechanical properties of the ceramics. The electrical resistance
initially increases and subsequently decreases at 1950 °C. The thermal conductivity
and thermal expansion also gradually increase.

(c) The small amount of Fe that is introduced in the process of mechanically alloying the
composite powder reacts with the main powder and the impurities in the powder
during the sintering process to produce FeB and FeO, among other products, and
melts into a liquid phase at high temperature to promote the sintering of the ceramics.
The earlier the liquid phase is formed, the higher the densification performance of the
ceramic.
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