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Abstract—To obtain high density boron carbide-silicon carbide composites, the spark plasma sintering
method was used. 50% B,C—1.5% C—48.5% SiC mixture compositions were sintered at four different
temperatures (1800, 1850 1900, 1950°C) under 50 MPa pressure and four different applied pressures
(20, 30, 40, and 50 MPa) at a constant temperature of 1950°C. The boron carbide-silicon carbide
composites reached full density (>99% th. density) at 1950°C and under 50 MPa pressure. Samples
were characterized using SEM, XRD, and ultrasound analysis. Density, Vickers hardness, Berkovich
hardness and fracture toughness were also evaluated. Ultrasound analysis showed that increasing the
sintering temperature and applied pressure increased the elastic modulus, shear, and bulk modulus of
the composites. The samples densified at 1950°C under 50 MPa pressure, had 409 GPa elastic mod-
ulus, 176 GPa shear modulus, and 203 GPa bulk modulus. With increasing sintering temperature and
pressure, the hardness and fracture toughness of the composites also increased. Vickers hardness val-
ues dramatically increased from 17.55 GPa (1800°C) to 30.78 GPa (1950°C) with increasing sintering
temperature. The highest Berkovich hardness value was obtained as 37.37 GPa in the sample sintered
at 1950°C under 50 MPa. The highest calculated fracture toughness values were 2.64 MPa m'/?
(1950°C under 50 MPa).

Keywords: silicon carbide, boron carbide, spark plasma sintering, mechanical properties, microstruc-
ture
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1. INTRODUCTION

Both boron carbide and silicon carbide have superior physical and chemical properties [1, 2]. For
instance, boron carbide is a low-density material of 2.52 g/cm?® [3, 4], with supeior hardness and elastic
modulus. Boron carbide also has a high melting point, strength, neutron cross-section, wear resistance,
and elevated chemical stability [5—12]. SiC has a relatively low theoretical density of 3.21 g/cm?, a high
hardness and elastic modulus, high oxidation resistance, superior wear resistance, good thermal conduc-
tivity, and thermal shock resistance [5, 13—19]. Due to their outstanding properties, boron carbide-silicon
carbide composites are used as nozzles, in turbine engines, heat conducting tubes, and in the defense
industry (armor plate) [20, 21]. However, it is difficult to obtain sintered composite bodies with high den-
sity without applying pressure or sintering aids because of the strong covalent bonding [22—25]. Studies
have shown that SiC has improved the sinterability of B,C without worsening the properties. For this rea-
son, B,C-SiC composites have gained importance [26]. For example, a commercially avaiable pressure-
assisted densification (PAD)-B,C (hot pressed) has 25.82 GPa hardness while a B,C—SiC composite con-
taining only 50% B,C has a hardness of 30.34 GPa [11, 27]. In addition to improve the sinterability of
boron carbide-silicon carbide composites Al, Si, TiC, ZrB,, TiB,, Al,0;, Y,0;, TiH, and graphite have
been used as sintering aids [28, 29].

There are number of ways to sinter boron carbide-silicon carbide composites including pressureless
sintering, hot pressing and spark plasma sintering with solid state or liquid phase sintering [9, 30—32].

In this research the spark plasma sintering (SPS) method was used to achieve higher densities in shorter
times without grain growth at relatively low temperature [13, 33, 34].
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The aim of this study was to investigate the effect of sintering temperature and applied pressure on the
elastic and mechanical properties of boron carbide-silicon carbide composites and to produce high den-
sity ceramic composites with uniform distribution and small particle size. To achieve this goal, boron car-
bide-silicon carbide composites were densified at four different sintering temperatures and four different
applied pressures. The spark plasma sintering method was used to densify these boron carbide-silicon car-
bide composites with carbon additives.

2. EXPERIMENTAL

Commercial raw materials were used for this research: silicon carbide (UF-25, H.C. Starck
GmbH&Co., Germany), boron carbide (HD-20, H.C. Starck GmbH&Co., Germany), and carbon
(Lamp black from Fisher Scientific). The average particle sizes of both silicon carbide and boron carbide
were 0.6 um. To produce all samples, 50 wt % B,C—1.5 wt % C—48.5 wt % SiC powders were mixed by
ball milling in an ethanol for 24 h with silicon carbide balls. It was not aimed to reduce the particle size of
the powders. Ball mill was a low energy mill used to mix powders evenly. The liquid mixture was dried
using a hot plate at 275°C. Then the dry powder chunks were ground with mortar and pestle. Samples were
sintered using the spark plasma sintering method (Thermal Technology SPS 10-4) with 5 grams of each
powder mixture in a 20 mm inner diameter graphite die lined with graphite foil. The graphite die had a
small hole drilled partially through the wall mid-way along its length. An optical pyrometer pointed at this
hole to measure the temperature of the sample during the heating cycle.

To find the optimal sintering temperature boron carbide-silicon carbide composites were sintered at
four different temperatures of 1800, 1850, 1900, and 1950°C. Samples were heated to an intermediate
dwell of 1400°C with a 200°C/min heating rate under a vacuum and 50 MPa applied pressure. After 1 min
at 1400°C, the samples were heated to the sintering temperature at 200°C/min under 50 MPa applied
pressure and held for 5 min.

To find the optimal applied pressure boron carbide-silicon carbide composites were sintered at 1950°C
with four different applied pressures of 20, 30, 40, and 50 MPa. Samples were heated to 1400°C with a
200°C/min heating rate under vacuum and 20, 30, 40, or 50 MPa applied pressure. After 1 minute at
1400°C, the samples were heated to 1950°C at 200°C/ min, maintaining at the same applied pressure and
held for 5 min.

After sintering, each sample required sandblasting upon removal from the SPS die to remove a layer of
graphite foil that remained from the sintering process. Surface grinding was necessary after sand blasting
to produce a smooth and flat surface for ultrasound analysis and X-ray diffraction since the samples had
remaining carbon from the graphite foil and imperfections from sandblasting. The density was measured
after surface grinding using Archimedes’ method. Then, the samples were cut using a LECO Vari/Cut 50
diamond saw and mounted in epoxy using a Buehler SimpliMet 1000 mounting press. Samples were then
polished to a 0.25 um finish using Buehler-Ecomet 250-Grinder-Polisher. Another small piece was cut,
and cross section milled for 5 h with 6 kV acceleration voltage using a Hitachi IM4000 Plus ion milling
system. After cross sectioning, samples were flat milled for 5 min at 80° tilt angle with 3 kV acceleration
voltage to remove imperfections from the sample surfaces.

Microstructural analysis was carried out on sintered dense composite samples. The Zeiss Sigma field
emission scanning electron microscope was used to define pores, inhomogeneities, grain size, and shape.
The linear intercepts method was used to measure grain size using Lince 2.4.2 image analysis software,
and at least a hundred grains were measured. XRD diffraction analysis was done using a Panalytical X’ Pert
X-Ray diffractometer to determine the phase composition.

Elastic properties of dense composite samples were measured by ultrasound analysis according to
ASTM standard E494-10 [35] using single transducers in a pulsed-echo configuration where the same
transducer both emits and receives ultrasonic energy. Using an Olympus V316 transducer (Olympus Cor-
poration, Tokyo, Japan) longitudinal time of flight (LTOF) was measured with the sample immersed in
water. Shear time of flight (STOF) was measured (using Sonotech Shear Gel as a couplant) using an
Olympus V222-BA-RM shear contact transducer. Using measured LTOF and STOF values, the longitu-
dinal (c;) and shear (cg) sound speeds values were calculated according to the following equations:
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where d is the thickness of the sample. Poisson’s ratio (v), Young’s modulus (£), bulk modulus (K), and
shear modulus (G) were calculated by the following equations:

Poisson’s ratio:
2
1-2 (C—Sj

v . (3)
2-2|%
‘L
Young’s modulus:
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Vickers hardness was measured using a LECO M-400-G3 microhardness tester. Ten acceptable inden-
tations were made for 9.8 N load with an holding time of 10 s. Indent sizes were measured using a Keyence
VHX 5000 digital microscope.

By the following equation, Vickers hardness value was calculated referring to ASTM C1327-15 [36]:

H, (GPa) = 1.8544%, (7)

where P (kgf) is the applied load, and d (mm) is the average length of the two diagonals of the indentation.
The reported hardness value presents the mean of the calculated hardness values from the 10 indents.

The indentation fracture toughness was calculated by measuring Vickers indentation crack lengths.
Each reported indentation fracture toughness value presents the mean of the calculated fracture toughness
from 10 indents. Indentation fracture toughness was calculated by the following equation [37]:

K. =0.018(E/H,)" (P/c"?). (8)

Using the Micromaterials NanoTest Vantage tester with Berkovich indenter, nanoindentation test also
was performed on the B,C—SiC composites. For this test, 20 indents were made for 200 mN load on the
polished sample surfaces. Then the hardness values of samples were calculate using the MicroMateriaks
software.

3. RESULTS AND DISCUSSION
3.1. Effect of Sintering Temperature

The density values of the spark plasma sintered samples were measured using the Archimedes’ method
and theoretical density of the samples were determined by the rule of mixtures. Table 1 shows the sintering
conditions and relative density of the samples. It can be seen that the sample sintered at 1950°C with
50 MPa applied pressure was almost fully dense. Also, it may be seen that there was a significant increment
in relative density from 93.59 to 99.64% moving from the sample sintered at 1800°C to that sintered at
1950°C. As can be seen from the density values, highly dense B,C—SiC composites can be obtained with
a short sintering time at relatively low temperature with the SPS method. Zhang et al. densified B,C—SiC
samples at 2300°C for 16 h by pressureless sintering method and only could be reached 93.9% theoretical
density [38].

The influence of sintering temperature on the relative density can be seen in Fig. 1. Each density value
represents the mean of five measurements. It can be concluded that the density of the material increases
as the sintering temperature increases. Increasing the sintering temperature, increases the diffusion
between particles, in turn increasing the density of the materials. Zhang et al. sintered B,C—SiC compos-
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Table 1. SPS sintering conditions for the effect of sintering temperature

Sintering Applied Dwelling Density, Theoretical | Average percent
Sample o . . 3 . 3 .
temperature, °C | pressure, MPa | time, min g/cm density, g/cm density, %
1400-1-1800-5-50 1800 50 5 2.630 = 0.002 2.81 93.59
1400-1-1850-5-50 1850 50 5 2.730 £ 0.002 2.81 97.15
1400-1-1900-5-50 1900 50 5 2.770 = 0.001 2.81 98.57
1400-1-1950-5-50 1950 50 5 2.800 + 0.002 2.81 99.64

ites at 1800, 1900 and 1950°C under 30 MPa applied pressure for 60 min with hot press and their relative
densities were 68.0, 97.2 and 98.6%, respectively [39]. When comparing the results in the literature [39]
with the results in this study, it is possible to conclude that SPS helps to achieve higher density than hot
press.

In Fig. 2, the microstructure images for the samples sintered at different temperatures can be seen. The
light areas are silicon carbide (SiC), and the dark areas are boron carbide (B,C). The images confirmed
the Archimedes’ density results since they showed irregular pores at the low sintering temperature and a
fully dense microstructure at 1950°C. When looking at the study of Zhang et al. [39] with the hot press
method, the samples were not dense at 1800°C and extremely large pores were observed. Likewise, the
pores can be easily seen in the sample sintered at 1900°C. However, looking at the SEM images in this
study, it can be clearly seen that this problem does not exist as all of the samples densified with only small
pores.

The average grains size of boron carbide and silicon carbide with standard deviations can be seen in
Table 2. Even with increasing sintering temperature, the boron carbide and silicon carbide grains
remained below 0.5 um. SPS sintering did not cause significant grain growth compared to the initial size
of the powders. In the literature, the average grain size of B,C—SiC composite samples densified by hot
press was found to be 2 um [39].

In Fig. 3 X-ray diffraction patterns of the samples sintered at different temperatures are displayed. All
samples showed similar XRD patterns with silicon carbide, boron carbide and a small amount of carbon
as expected. Compared with raw starting materials, no byproducts were formed. Since the composites
were not made from in-situ processing, the sintering temperature did not affect the peak intensity and
therefore the relative amount of the main phases.

The samples’ elastic properties were measured using ultrasound analysis. Each value represents the
mean of five measurements. Longitudinal sound speed (c;), shear sound speed (cg), Poisson’s ratio,
Young’s modulus (F), shear modulus (G), and bulk modulus (K) values can be seen in Table 3. The elastic
properties have a direct relation to density, and therefore they all increased with increasing sintering tem-

2.85
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Sintering temperature, °C

Fig. 1. Effect of the sintering temperature on the density.
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Fig. 3. X-ray diffraction patterns of 50% B4C—1.5% C—48.5% SiC samples sintered at 1800, 1850, 1900, and 1950°C.

perature. When the sintering temperature increased from 1800 to 1950°C, the Poisson’s ratio value
increased from 0.160 to 0.165, Young’s modulus showed a significant increase from 333 to 409 GPa, the
shear modulus changed from 144 to 176 GPa, and the bulk modulus increased from 163 to 203 GPa. Thu-

Table 2. Average grain sizes for different sintering temperatures

Sample Average grain size of B,C, um (Std. Dev) | Average grain size of SiC, um (Std. Dev)
1400-1-1800-5-50 0.46 £ 0.05 0.31+£0.03
1400-1-1850-5-50 0.44 +0.04 0.34+0.03
1400-1-1900-5-50 0.43 +0.04 0.41 £0.04
1400-1-1950-5-50 0.44 £ 0.04 0.44+0.04

Vol. 43 No. 6 2021
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Table 3. Elastic properties of 50% B,C—1.5% C—48.5% SiC samples sintered at 1800, 1850, 1900, and 1950°C

Sample ¢, m/s cg, m/s Poisson’s ratio E, GPa G, GPa K, GPa
1400-1-1800-5-50 11611 7387 0.160 & 0.003 333+ 7 144+3 163+3
1400-1-1850-5-50 | 12525 7944 0.163 £ 0.003 401 =8 172+ 3 199 + 4
1400-1-1900-5-50 12523 7928 0.166 = 0.003 405 £ 8 174 £ 4 202 +4
1400-1-1950-5-50 | 12506 7921 0.165 %+ 0.003 409+ 8 176 + 4 203+ 4

ault et al. processed B,C-SiC composites via reaction bonding method, and the samples containing 85%
B,C obtained by this method could only reach an elastic modulus value of 309 GPa [40]. Similar results
were also found in literature as Hayun et al. measured the elastic modulus of the B,C—SiC composite as
360 GPa [41]. Although this value is higher than Thuault’s value, it is still considerably lower than the
value of elastic modulus obtained in this study.

To determine the fracture mode of the composites, SEM imaging was used. Figure 4 shows the fracture
surfaces of samples sintered at different temperatures. From the images it can be seen that the composites
have a transgranular fracture mode.

Figure 5 shows indentation cracks in polished surfaces. The images show that the composites mostly
have a transgranular fracture mode and the crack propagated straight without any deflection due to the
similar thermal expansion coefficient. The different sintering temperatures did not affect the fracture
mode of the composites.

In Table 4, hardness and fracture toughness results are shown. Each value represents the mean of ten
calculated hardness and indentation fracture toughness values. The measured Vickers hardness results
showed that with increasing sintering temperature, the composite’s hardness is enhanced. Since the
porosity diminished with increasing sintering temperature, it showed a positive beneficial outcome on the
materials hardness. In the study of Zhu et al. it is clear how density affects the hardness as the composite
material with 85% B,C content could only reach a hardness value of 20 GPa because its density was only
85% [26]. It would have been expected to have a higher hardness value due to its high B,C content, but the
low density prevented this. Since a high density value was reached in this study, the composite containing
50% B,C was able to reach a very high hardness value.

Similar to Vickers hardness, Berkovich hardness values increased from 21.19 to 37.37 GPa when the
sintering temperature increased. Since the Berkovich (nanoindentation) test is performed with smaller
loads, it shows higher results compared to the Vickers test. Dub et.al. performed nanoindentation to B,C

Fig. 4. Fracture surface images of 50% B4C—1.5% C—48.5%SiC samples sintered at 1800, 1850, 1900, and 1950°C.
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1850°C, 50 MPa

Fig. 5. Indentation crack in polished surfaces images of 50% B4C—1.5% C—48.5% SiC samples sintered at 1800, 1850,
1900, and 1950°C.

at 10mN and obtained a hardness value of 45.3 GPa [42]. When this hardness value is compared with the
hardness value of current research, although it contains only 50% B,C, a quite high hardness value was
obtained at a loading value of 200 mN.

Since the sample that was sintered at 1800°C had pores on the surface, the crack length and fracture
toughness could not be measured. Fracture toughness values were very similar despite the different den-
sities of the samples.

3.2. Effect of Applied Pressure

Table 5 shows the sintering conditions and relative densities of the samples obtained at 1950°C with
different applied pressures. It is observed that the sample sintered at 1950°C with 50 M Pa applied pressure
is almost fully dense. The relative density changed from 98.57 to 99.64% with increasing pressure. Zhu
et al. densified B,C—SiC composites with pressureless sintering method at 2150°C for 60 min and the
sample could only reach 85% of its theoretical density [26]. With the SPS method, a density value higher
than this value was obtained even at a relatively low pressure such as 20 MPa.

In the present study, samples sintered with SPS for 5 min below 30 MPa at 1950°C reached 98.93%
relative density. In literature, samples sintered by hot pressing at 1950°C under 30 M Pa pressure for 30 min
could only reach 96% relative density [43]. Even at the same temperature and pressure and shorter dwell-
ing time, the SPS method has provided higher density than the hot press method.

The effect of applied pressure on the density can be seen in Fig. 6. It may be seen that the relative den-
sity of the materials increased with increasing applied pressure. Increasing the applied pressure increased
the diffusion between particles so that the material’s density also increased.

Table 4. Effect of sintering temperature on hardness and indentation fracture toughness

Sample Vickers hardness, GPa | Fracture toughness, MPa m!/2 | Berkovich hardness, GPa
1400-1-1800-5-50 17.55 £ 0.78 - 21.19 £ 1.90
1400-1-1850-5-50 28.63 = 1.11 2.50 £0.05 3543+ 1.27
1400-1-1900-5-50 28.91 £ 0.68 2.60 £0.14 36.70 = 1.47
1400-1-1950-5-50 30.78 £ 1.79 2.641+0.24 37.27 £ 1.88

JOURNAL OF SUPERHARD MATERIALS Vol. 43 No. 6 2021
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Table 5. SPS conditions for the effect of applied pressure

Sample Sintering Applied Dwelling Densi 3 Theoretical | Average percent

p temperature, °C | pressure, MPa| time, min ensity, g/cm density, g/cm? density, %
1400-1-1950-5-20 1950 20 5 2.770 £ 0.004 2.81 98.57
1400-1-1950-5-30 1950 30 5 2.780 £ 0.002 2.81 98.93
1400-1-1950-5-40 1950 40 5 2.790 £ 0.006 2.81 99.28
1400-1-1950-5-50 1950 50 5 2.800 = 0.002 2.81 99.64
Table 6. Average grain sizes for different applied pressures

Sample Average grain size of B4C, um (std. dev) | Average grain size of SiC, um (std. dev)
1400-1-1950-5-20 0.63 £ 0.05 0.53+0.05
1400-1-1950-5-30 0.51 £0.04 0.51 £0.05
1400-1-1950-5-40 0.50 £0.07 0.43 +£0.07
1400-1-1950-5-50 0.44 +0.04 0.44 +0.04

Figure 7 displays the microstructure images for samples sintered under different applied pressures. The
light areas are SiC, and the dark areas are B,C. The microstructure images support the Archimedes den-
sity results. Even at the lower applied pressure (20 MPa), pores could not be seen.

The average grain sizes of boron carbide and silicon carbide grains with standard deviations for differ-
ent applied pressures are shown in Table 6. Increasing the applied pressure from 20 to 50 MPa at the same
sintering temperature, did not cause the boron carbide or silicon carbide grains to coarsen.

In Fig. 8, X-ray diffraction patterns of the samples sintered at different pressures can be seen. All sam-
ples contained the nominal phases: silicon carbide, boron carbide were observed as the major phases and
carbon was the minor phase.

The samples longitudinal sound speed (c;), shear sound speed (cg), Poisson’s ratio, Young’s modulus
(F), shear modulus (G), and bulk modulus (K) values are summarized in Table 7. Due to the strong rela-
tion between relative densities and elastic properties, the elastic modulus, bulk modulus, and shear mod-
ulus increased with increasing sintering applied pressure. The Poisson’s ratio changed from 0.160 to 0.165,
the Young’s modulus increased from 390 to 409 GPa, the shear modulus increased from 168 to 176 GPa,
and the bulk modulus increased from 192 to 203 GPa.

2.805

2.800
2.795
2.790
2.785
2.780

Density, g/cm?

2.775
2.770
2.765

20 30 40 50
Pressure, MPa

Fig. 6. Effect of the applied pressure on the density.
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Fig. 7. Microstructure images of 50% B4C—1.5% C—48.5% SiC samples sintered at 1950°C under different applied pres-
sures 20, 30, 40, and 50 MPa.
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Fig. 8. X-ray diffraction patterns of 50% B,C—1.5% C—48.5% SiC samples sintered at 1950°C under different applied
pressures 20, 30, 40, and 50 MPa.

Figure 9 shows the fracture surfaces of samples sintered at 1950°C with different applied pressures
Microstructure images showed that composites showed transgranular fracture mode.

Figure 10 shows indentation cracks in the polished surfaces. From the images show that the composites
have a transgranular fracture mode. Changing the applied pressure from 20 to 50 MPa did not affect the
fracture mode of the composites, with the cracks propagating straight in each case.

In Table 8, the hardness and fracture toughness results are shown. The Vickers hardness values show
that by increasing the applied pressure at the same sintering temperature, the composite’s Vickers hard-
ness also increased. It is again related to the amount of porosity in the samples; if porosity decreases with
increasing pressure, then the hardness increases. Zhang et al. [43] sintered their samples with a hot press
at 1950°C under 30 MPa pressure and the hardness value of the samples was only 24 GPa. In this study,
the hardness of the samples sintered with SPS at the same temperature and pressure reached 28.76 GPa.
Using only a different sintering method, the hardness of the sample with the same composition increased

JOURNAL OF SUPERHARD MATERIALS Vol. 43 No. 6 2021



EFFECT OF SINTERING TEMPERATURE AND APPLIED PRESSURE 401

Table 7. Elastic properties of 50% B,C—1.5% C—48.5% SiC samples sintered at 1950°C under different applied
pressures 20, 30, 40, and 50 MPa

Sample ¢, m/s | cg, m/s Poisson’s ratio E, GPa G, GPa K, GPa
1400-1-1950-5-20 12254 7794 0.160 £ 0.003 390+ 8 168 + 3 192+ 4
1400-1-1950-5-30 12398 7852 0.165 + 0.003 400 + 8 172+ 3 199 £ 4
1400-1-1950-5-40 12457 7891 0.165 £ 0.003 406 = 8 174 £ 4 202 +4
1400-1-1950-5-50 12506 7921 0.165 £ 0.003 409 =+ 8 176 + 4 203+ 4

Table 8. Effect of applied pressure on hardness and indentation fracture toughness

Sample Hardness, GPa Fracture toughness, MPa m!/2| Berkovich hardness, GPa
1400-1-1950-5-20 28.72 £ 0.72 2.6510.06 27.10 £ 1.67
1400-1-1950-5-30 28.76 = 1.01 2.69 +£0.07 34.87 = 1.49
1400-1-1950-5-40 29.21 £ 0.48 2.72+£0.19 35.12 £ 1.49
1400-1-1950-5-50 30.78 £ 1.79 2.64 £0.24 37.27 £ 1.88

by approximately 20%. Adding different additives to B,C may also cause changes in the hardness values of
the samples. For example Ivzhenko et.al. added different proportions of TiH, to B,C. Active Ti was
obtained by the decomposition of TiH,. However, the hardness values decreased when the amount of Ti
increase in the composite. The highest hardness value was obtained at 23.3 GPa and 2.8 vol. % Ti content [29].

Similar to Vickers hardness, Berkovich hardness values increased from 27.10 to 37.37 GPa when the
applied pressure increased at the same sintering temperature.

Fracture toughness values did not vary much with applied pressure and density and were all in a narrow
range from 2.63—2.71 MPa m!/2, Since the B,C and SiC have similar thermal expansion of coefficient,
addition of SiC to B,C did not cause deflection in cracks. However, Ivzhenko et al. showed that fracture
toughness increased due to TiB, formation as a result of the reaction of Ti in the composite with C. Since

Fig. 9. Fracture surfaces of 50% B4C—1.5% C—48.5% SiC samples sintered at 1950°C under different applied pressures
20, 30, 40, and 50 Mpa.
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Fig. 10. Intentation cracks in polished surfaces images of 50% B4C—1.5% C—48.5% SiC samples sintered at 1950°C under
different applied pressures 20, 30, 40, and 50 MPa.

the thermal expansion coefficients of TiB, and B,C are very different, TiB, in the composites caused
deflection in the cracks.

4. CONCLUSIONS

In this research, SiC—B,C composites were produced by spark plasma sintering at different peak tem-
perature or applied pressures. The sintering temperatures, held for 5 min, were 1800, 1850, 1900, 1950°C
with 50 MPa applied pressure. The applied pressures varied from 20, 30, 40 and 50 MPa with a fixed tem-
perature of 1950°C for 5 min.

The sinterability of the composite was increased by increasing the sintering temperature and the pres-
sure which enhanced the diffusion mechanism and the bonding between particles. Ultrasound analysis
confirmed a direct relationship between density and elastic modulus, shear, bulk modulus and hardness.
The samples sintered at 1950°C had 409 GPa elastic modulus, 176 GPa shear modulus, 203 GPa bulk
modulus, 31 GPa Vickers hardness, and 37.27 GPa Berkovich hardness. Fracture toughness was unaf-
fected by any of the changed parameters.

The results confirmed that to densify SiC—B,C composites high temperatures and high pressures are
required. However, it seems that sintering temperature has a greater influence on the final density as com-
pared to the applied pressure. Indeed, the sample sintered at the lowest temperature, 1800°C with 50 M Pa,
had lower density as compared to the sample sintered at the lowest pressure, 1950°C with 20 MPa, 93.6
and 98.6% respectively.
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