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Nowadays, energy applications constitute the main causes of global problems such as environmental
pollution, excessive energy consumption, and disproportionate use of non-renewable resources.
Therefore, research and investments in the efficient use of energy, alternative renewable energy
sources, and environmentally friendly practices are imperative. In energy efficiency applications, special
attention must be paid to the thermoelectric properties of materials, including thermal stability, Seebeck
coefficient, electrical conductivity, and thermal conductivity. In these applications, carbides such as B,C
and SiC are of great importance due to their tunable and effective thermoelectric properties at high
temperatures. In this study, B,C and SiC-based composites with various compositions were produced
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g:rz:’gar:ibis(;e by using the spark plasma sintering method to examine and improve the temperature-dependent
Composite (573 K to 923 K) thermoelectric properties through the effect of the ratios of B,C and SiC within the

Silicon carbide
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composition and powder or granule matrix.

1. Introduction

The high usage of non-renewable energy resources
and industrial processes has led to increased
environmental pollution, energy consumption, and
costs, resulting in global warming and the energy
crisis. The primary cause of these global-scale
problems is energy-related practices. Therefore, the
efficient use of energy, alternative renewable energy
sources, and environmentally friendly applications
have necessitated research and investment in these
areas. Research today is focused on materials that
offer improved performance/cost ratios and minimal
environmental damage throughout their service life. In
this regard, thermoelectric devices can directly convert
heat into electricity and utilize thermal sources such
as industrial waste heat and solar energy, without
any moving parts or components. Consequently,
the market share of thermoelectric technology in
renewable energy continues to grow rapidly, along
with the discovery of new market opportunities [1]. The
efficiency of a thermoelectric material is measured by
the thermoelectric figure of merit, ZT, which defines
its maximum performance limitation, given below as
Equation 1.

2
zr=227 (1

Where S represents the Seebeck coefficient (uV/K),
o represents the electrical conductivity (S/m),

K represents the thermal conductivity (W/mK),
and T represents the absolute temperature (K). In
thermoelectrics, special attention must be given to
these properties, since a high Seebeck coefficient and
electrical conductivity, or a highpower factor (S%o), in
addition to a low thermal conductivity is required for a
high ZT value [2]. There are two general approaches to
enhance the thermoelectric efficiency of thermoelectric
materials: (1) reducing the total thermal conductivity
(k). given in Equation 2, and (2) enhancing the power
factor [3].

Kiot=KL*Ke (2)

Where k, and k_ represent the lattice and the electronic
contributions to the thermal conductivity, respectively
[4].

Thermoelectric materials that function at high
temperatures and are widely used can be classified
into skutterudites, half-Heusler compounds, and
Si-Ge alloys. Since these materials contain expensive
and rare compounds, it is essential to explore
alternative materials that do not include costly and rare
constituents [5].

In this context, due to their remarkable properties,
carbide and boride ceramic and ceramic-based
composite materials, which are used in various
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applications such as energy storage, electronics,
aviation, and space industries, might serve as effective
substitutes as high-temperature thermoelectric
materials. Their high electrochemical corrosion,
thermal shock, and wear resistance, large Seebeck
coefficients, good electrical and thermal transport
properties, along with their thermal, chemical, and
mechanical stability at high temperatures, make them
environmentally friendly and cost-effective alternatives
[6].

Among the carbide ceramics, B,C [7], SiC [8], and
TiC [9] have been the focus of research due to their
tunable and effective thermoelectric properties at high
temperatures [10]. Boron carbides, in particular, have
drawn interest in thermoelectric applications due to
their high Seebeck coefficient (=250 uV/K) with high
charge carrier densities (=102' cm™®). Intermetallic
borides with high boron content (>65%) exhibit great
potential among well-known thermoelectric materials
and can be used at extremely high temperatures,
typically exceeding 1200 K, where commercially
available thermoelectric materials are ineffective [10,
11].

However, the thermoelectric potential of B,C is limited
for several reasons: its low fracture toughness [12],
and a low sinterability due to low surface diffusion
rate and strong covalent bonding between boron and
carbon. For nearly full densification, B,C requires
sintering at very high temperatures (>2200°C) [13].
Since the densification rate of monolithic B,C is
relatively low, making it is difficult to achieve more than
80% of its theoretical density through pressureless
sintering [14]. To overcome these challenges,
researchers have explored various secondary phases
and additive materials (e.g., C, TiC, SiC, TiB,, Si,N,)
[15-18] combined with different sintering techniques,
including pressureless sintering [12, 19], hot pressing
[20, 21], hot isostatic pressing [22, 23], and spark
plasma sintering (SPS) [24, 25]. SPS method
simultaneously utilizes pressure and direct current
during powder densification, under vacuum or an
inert atmosphere. Thus, a higher heating rate, lower
sintering temperature, and shorter sintering time could
be achieved compared to the conventional sintering
methods [26]. These properties and advantages make
the SPS method an ideal process to consolidate hard-
to-sinter carbide materials such as B,C [27].

On the other hand, while B,C exhibits high electrical
and low thermal conductivities, SiC has a very high
Seebeck coefficient, but needs enhanced electrical and
thermal conductivities to be viable for thermoelectric
applications. By combining SiC and B,C powders in
different ratios, these properties can be tailored as
desired. Therefore, in theory, producing B,C C-SiC
composites addresses the low sinterability of B,C. At
the same time, it provides the electrical and thermal
transport properties required for thermoelectric
applications. As a result, these composites emerge as
promising alternative materials for high-temperature

thermoelectric applications [28, 29].

The aim of this study is to investigate the thermoelectric
properties of B,C-SiC composites with various
compositions and optimize the production process by
the spark plasma sintering method. Another objective
is investigating the effect of raw material morphology
on the thermoelectric properties of the composites.
For this purpose, SiC in both granule and powder
forms was mixed with B,C powders in different ratios.
Powder compositions were then spark plasma sintered
at different sintering temperatures (1870-2120°C),
dependent on composition, with a constant holding
time of 10 minutes. The goal was to achieve B,C-SiC
composites with a high densification rate and improve
thermoelectric performance.

2. Materials and Methods
2.1. Materials

B,C powders (d,,=1.61 um, >98%, CRS Chemicals,
USA), SiC powders (d,,=0.45 pm, >99.99%, H. C.
Starck, Germany) and as-received SiC granules
(d,,=89.25 uym, 97.4%, Sika, Norway) were used as
raw materials in this study.

2.2. Methods

B,C-SiC powder mixtures were prepared by mechanical
mixing with a planetary ball mill (Pulverisette 7,
Fritsch, Germany) with a rotational speed of 300 rpm
for 1 hour in a Si,N, jar utilizingSi,N, milling media,
maintaining a mass ratio of 3:1 of ethanol to solid.
Different compositions and sample denominations
dependent on B,C/SiC content are given in Table 1.
Prepared suspensions were then placed in a rotary
evaporator (Hei-VAP ML, Heidolph, Germany) to
remove the liquid content. Dried powder mixtures were
then sieved through a 75 pm sieve to eliminate any
agglomerations.

Table 1. Sample denominations, compositions, and spark plasma
sintering temperatures.

Composition (wt. %) Sintering

Sample Name . SiC Temperature

B,C Sic (granule) (°C)
B,C 100 - 1900
75B,C25SiC 75 25 - 1970
70B,C30SiC 70 30 1965
65B,C35SiC 65 35 - 2000
65SiCG35B,C 35 - 65 2125
65SiC35B,C 35 65 - 2060
70SiC30B,C 30 70 2060
758iC25B,C 25 75 - 2035
SiC - - 100 2090

Prepared powders were sintered in a spark plasma
sintering furnace (HP 25D, FCT, Germany). Powders
were wrapped in graphite foil to prevent direct
contact between the powders and the graphite die.
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Prior to sintering, 10 MPa pressure was applied
for 30 seconds using a hand press. Spark plasma
sintering process was carried out within a temperature
range of 1900-2125°C under vacuum; the sintering
temperature of each sample is given in Table 1.
Sintering temperatures were determined during the
sintering process by following the sintering curves for
each composition to obtain the maximum densification.
Although a general trend of increased sintering
temperature with an increasing amount of SiC addition
was observed, slight deviations from this trend were
also observed. These deviations might be attributed
to the temperature measurement systems used in
SPS, where misalignment of the pyrometer and shifts
of the die are two common problems of temperature
measurement errors that affect the accuracy and the
reproducibility of the experiments [30]. That's why the
sintering temperature of each sample was determined
by following the displacement/shrinkage curve to
obtain maximum densification, instead of using
predetermined sintering temperatures. Other sintering
parameters, excluding the sintering temperature,
remained the same for all the samples, with a heating
rate of 100°C/min, uniaxial pressure of 40 MPa, and a
holding time of 10 minutes.

Phase and microstructural analyses were carried out
on the polished surfaces of the spark plasma sintered
bulk samples. An X-ray diffractometer (XRD) was used
to determine phase structure (Miniflex, Rigaku, Japan),
measurements were conducted between 26=20-80°
with a scan speed of 2.0°/min. The microstructures
were investigated by using backscatter electron
imaging in scanning electron microscopy (SEM Supra
50VP, Zeiss, Germany).

Electrical conductivity and Seebeck coefficient
measurements were conducted simultaneously by
a thermoelectric analysis device, utilizing the four-
point-probe method (LSR-3, Linseis, Germany). The
measurements were performed in the 573-923 K
temperature range under a He atmosphere, without
applying any platinum or gold surface contact.

The thermal conductivity values of the sintered samples
were calculated according to Equation 3, given below.

K=acpp 3)

Where x represents thermal conductivity (W/mK),
a represents thermal diffusivity (mm?/s), c_represents
heat capacity (J/gK), and p represenfs the bulk
density (g/cm®) of the sintered samples. Thermal
diffusivity and heat capacity measurements were
conducted by using the laser flash technique (LFA 457,
Netzsch, Germany) under an Ar atmosphere in the
573-923 K temperature range. Bulk densities were
measured by using Archimedes' method at room
temperature. In addition to this, relative densities of
the samples were calculated by the rule of mixtures
to evaluate the densification during the spark plasma
sintering process.

3. Results and Discussion

Sintering temperatures of each composition were
determined during the spark plasma sintering process
by following the sintering curves to obtain the maximum
densification.  Sintering temperatures of each
composition are given in Table 1, as mentioned before.
Bulk and relative densities of spark plasma sintered
B,C-SiC composites are shown in Figure 1. A general
trend of an increase in both bulk and relative density
values was observed with increasing SiC content.
Small differences between the relative density values
were observed depending on the composition. All the
samples showed relative densities higher than 97%,
with the lowest being the monolithic B,C as 97.0%
and the highest being 75B,C25SiC as 98.9%. Relative
densities of the composites decreased with higher
amounts of B,C content, where a relatively higher
sintering temperature is needed for densification [31].
Samples with SiC content higher than 30% required
sintering temperatures above 2000°C. When the
densification of samples with the same composition
but different morphologies was evaluated, it was
observed that the sample 65SiCG35B,C required a
higher sintering temperature than 65SiC35B,C, and
relative densities of 98.2% and 98.6% were obtained,
respectively.
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Figure 1. Bulk and relative density values of spark plasma sintered
B,C-SiC composites.

XRD patterns of sintered bulk samples of B,C-SiC
ceramic composites are given in Figure 2. XRD
analysis revealed only peaks corresponding to SiC
and B,C, with no additional phases detected, meaning
no interaction occurred between the raw materials of
SiC and B,C during sintering. In addition to this, XRD
patterns showed that both the 6H and 4H polytypes of
SiC are present in the samples. Intensities of 6H and
4H-SiC peaks increase with increasing SiC content,
whereas intensities of B,C peaks decrease, and vice
versa.

Microstructures of B,C-SiC composites are given
in Figure 3, where Figure 3 (b, c) is the B,C-rich
sample and Figure 3 (d, €) is the SiC-rich sample.
Light gray phases represent SiC, whereas black
phases represent B,C, as confirmed by the energy
dispersive X-ray spectroscopy (EDS) analysis given
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Figure 2. XRD patterns of spark plasma sintered B,C-SiC
composites.

in Figure 3 (a). Regardless of the composition, SiC
and B,C phases were homogeneously distributed
within the microstructure, with small amounts of both
B,C and SiC agglomerations present. A small amount
of porosity was observed within the microstructures,
consistent with the relative density values given in
Figure 1.

Figure 4 shows the microstructures of the 65SiC35B,C
powder and 65SiCG35B,C granule matrix composites
comparatively. When the microstructures of
composites sintered with SiC powders (Figure 4 (a))
and SiC granules (Figure 4 (b)) were investigated,
SiC granule clusters and B,C phase densities at the
granule boundaries were observed. Small amounts of
porosities can also be found within the SiC granules,
which may be caused by the difference in densification
between the SiC matrix and B,C boundary regions.
This densification can be explained by the localization
of the spark plasma sintering current density on the
B,C phase due to the high electrical conductivity
difference between the SiC and B,C phases [32].

Electrical transport properties dependent on
composition and temperature were plotted in Figure 5.
The electrical conductivity values of the sintered
samples in the temperature range of 573-923 K, given
in Figure 5 (a), showed that the electrical conductivity
of all samples increased with increasing temperature,
indicating typical semiconductor behavior [6]. It was
observed that the electrical conductivity increases as
the B,C content in the composition increases. This is
due to the much higher electrical conductivity of B,C
compared to SiC. A maximum electrical conductivity
value of =4625 S/m was obtained with the sample
75B,C25SiC at 923 K, a value approximately two
orders of magnitude higher than pristine SiC and
=30% lower than pristine B,C. On the other hand, the
lowest value obtained was =230 S/m with the sample
75SiC25B,C, which is approximately three times
higher than the monolithic SiC.

The electrical conductivity of the SiC powder-B,C
powder composite 65SiC35B,C is =1530 S/m at
923 K, whereas the electrical conductivity of the SiC
granule matrix composite 65SiCG35B,C at the same

temperature is 1190 S/m. When these two samples
are compared, it can be inferred that changing the
matrix from powder to granule leads to a significant
decrease in electrical conductivity values, which
may be explained by the bigger SiC phase regions
indirectly reducing electrical conductivity by trapping
charge carriers at SiC grains and reducing the number
of free charge carriers or dropping their mobility by
blocking the conductive B,C pathways [33]. Another
explanation for this may be the porosities present
inside the SiC granules, which were observed by
the SEM images given in Figure 4 (b), as well as the
lower relative density values given in Figure 1. Since
porosities act as electron scattering centers, a slightly
more porous 65SiCG35B,C sample would have lower
electrical conductivity [34].

The Seebeck coefficient values of the sintered samples
in the temperature range of 573-923 K are shown
in Figure 5 (b). If the Seebeck coefficient increases
proportionally with temperature, it exhibits p-type
behavior, indicating that the charge carriers are electron
holes. Conversely, if the Seebeck coefficient decreases
inversely with temperature, it exhibits n-type behavior,
meaning that the charge carriers are electrons. The
Seebeck coefficients between 573 and 923 K were
observed to be increasing with increasing temperature
for all samples, indicating a p-type semiconductor
behavior and the dominant charge carriers as electron
holes. It was observed that the Seebeck coefficient
values of all the composites are higher than those of
monolithic B,C and lower than SiC, throughout the
temperature range. Regardless of whether the matrix
is B,C or SiC, the Seebeck coefficient values increase
with the increasing SiC ratio. This may be attributed to
the increased carrier scattering, causing a reduction
in carrier mobility by increasing the amount of SiC in
the system, increasing the Seebeck coefficient while
reducing the electrical conductivity [33], which is in
conjunction with the lower electrical conductivity values
observed with the samples with higher SiC content, as
seen in Figure 5 (a). Amaximum Seebeck coefficient of
=350 pV/K was obtained with the sample 75SiC25B,C
at 923 K, a value =55% higher than pristine B,C and
~35% lower than pristine SiC, whereas the lowest value
obtained was =240 uV/K with the sample 75B,C25SiC,
which is =5% higher than the monolithic B,C.

It was observed that the SiC granule matrix composite
65SiCG35B,C showed =3% higher Seebeck
coefficient than the SiC powder-B,C powder composite
65SiC35B,C. These values are in conjunction with
the electrical conductivity results, since electrical
conductivity and Seebeck coefficient have an adverse
relationship due to Mott’s relation [35]. The phenomena
explained above, affecting the electrical conductivity of
65SiCG35B,C adversely, had a positive effect on the
Seebeck coefficient.

The power factor values of the sintered samples in
the temperature range of 573-923 K are shown in
Figure 5 (c). The highest and the lowest power factor
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values at 923 K were obtained with the 75B,C25SiC
sample as 3.6x10* W/mK? and the 75SiC25B,C
sample as 2.8x10% W/mK?, respectively. Despite the
Seebeck coefficient having more effect on the power
factor than the electrical conductivity, and SiC having
higher Seebeck coefficient values compared to B,C,
the power factor values of the SiC-rich composites
are lower, since these enhanced Seebeck coefficients
did not compensate for the reduced electrical
conductivities.

The power factor values of the SiC powder-B,C powder
composite 65SiC35B,C and the SiC granule matrix
composite 65SiCG35B,C are 1.1x10* W/mK? and

A A

Spectrum 1

c"o

Spectrum 2

& 4

rent phases present in the sample with 35% SiC; SEM images of the

1.3x10“ W/mK?, respectively, at 923 K. It is observed
that the power factor of the 65SiC35B,C is higher
than the 65SiCG35B,C, since the enhanced electrical
conductivity overcomes the lower Seebeck coefficient
of the 65SiCG35B,C sample.

Thermal transport properties dependent on
composition and temperature were plotted in Figure 6.
A monotonous decrease in both thermal diffusivity and
conductivity was observed with increasing temperature
for all of the samples. In addition to this, all composites
showed thermal conductivity values between B,C and
SiC. Both thermal diffusivity and conductivity values
are increasing with the increasing SiC content, due to
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XA v

the intrinsically high thermal conductivity of SiC [6]. A
minimum thermal conductivity value of =3.6 W/mK was
obtained with the sample 75B,C25SiC at 923 K, a value
~300% lower than pristine SiC and =10% higher than
monolithic B,C, whereas the highest value obtained
was =10.8 W/mK with the sample 75SiC25B,C, which
is =50% lower than the monolithic SiC. In general,
introducing B,C to the SiC matrix greatly increased the
thermal performance of the composites, whereas the
other way around had adversely affected the thermal
conductivity of B,C.

Interestingly, the SiC granule matrix composite
65SiCG35B,C showed =7.5% lower thermal
conductivity than the SiC powder-B,C powder
composite 65SiC35B,C; this may be caused by the
lower densification rate of the 65SiCG35B,C sample,
forming porosities inside SiC granules, which promotes
phonon scattering and lower thermal conductivity [34],
which were observed in the SEM images given in
Figure 4 (b).

In this work, B,C-SiC composites with various
compositions were produced to maximize the ZT value
(Figure 7) of the materials for optimum thermoelectric
performance. Despite the enhanced electrical and
thermal transport properties of the composites,
monolithic B,C showed a ZT value of 3.05x102 at
923 K, higher than the B,C-SiC composites, due to
having both the highest electrical and lowest thermal
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Figure 5. (a) Electrical conductivity, (b) Seebeck coefficient,
and (c) power factor values of spark plasma sintered B,C-SiC
composites dependent on temperature.

conductivity values. On the contrary, monolithic SiC
showed the lowest ZT values among all samples, with
a maximum value of 2.91x10* at 923 K. The sample
with the minimum addition of 25% B,C improved the
ZT value of SiC by approximately 110%, whereas the
75% B,C addition improved the ZT value two orders of
magnitude, to the ZT of 2.00x102 at 923 K. SiC-rich
samples showed higher Seebeck coefficients, whereas
B,C-rich samples showed better electrical and thermal
conductivity values. It was observed that forming
a composite with B,C improves the thermoelectric
properties of SiC significantly.

Although there are other studies on the thermoelectric
properties of B,C-SiC composites, they did not
mention any thermal conductivity or ZT values. These
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studies on the thermoelectric properties of B,C-SiC
composites are summarized in Table 2.

The study of Uehara et al. reported a high Seebeck
coefficient value of =700 uV/K at 900°C by hot pressing
B,C and SiC powders [28]. The so-called synergistic
enhancement of the Seebeck coefficient attributed
to the fine defect structures was not observed in this
study or other studies in the literature [29, 35, 36].
Ohba et al. pressureless sintered SiC with the addition
of B,C, C, and ALO, and obtained a high Seebeck
coefficient of =500 pV/K and low electrical conductivity
of 5.5%10° S/m [36]. Lankau et al. investigated the
thermoelectric properties of pressureless sintered
B,C-SiC composites with various compositions,
somewhat similar to this study. This study reported
the highest Seebeck coefficient value of 390 pV/K
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Figure 7. ZT values of spark plasma sintered B,C-SiC composites
dependent on temperature.

950

at 450°C with a composition of 40:60 B,C to SiC
ratio, albeit with a very low electrical conductivity
of =5 S/m [29]. Feng et al. reported a ZT value of
0.036 at a higher temperature, 1000 K, with spark
plasma sintered B,C-Si-B composites. The resulting
structure of B, SiyC/SiC composites showed improved
Seebeck coefficient and thermal conductivity values by
increasing the carrier scattering due to the structural
defects produced by the B SiyC ternary phase
transformation [37]. Ozer et al. designed and fabricated
a carrier scattering SiC network microstructure around
B,C granules rather than a classical particulate
composite microstructure (as in this work and other
studies from the literature). This designed SiC network
had minimal adverse effects on electrical conductivity
while simultaneously improving Seebeck coefficient
and thermal conductivity, resulting in a record high ZT
value of 0.12 for B,C-based thermoelectric materials
[35].

4. Conclusions

To investigate and compare the thermoelectric
properties for high temperature applications (>650°C)
of SiC/B,C composites, SiC powders/granules, and
B,C powders in varying compositions were mixed and
then sintered with the SPS process. XRD analysis only
revealed the peaks of SiC (6H and 4H polytypes) and
B,C phases, indicating no occurrence of any reaction
between the starting particles during sintering.
Microstructural investigations showed that, regardless
of the composition, SiC and B,C were distributed

Table 2. Thermoelectric properties of B,C-SiC based composites.

Composition Production cErIﬁﬁ?t?\?:ty coaeheck CoTnILeJSI?Jity bl Reference

B,C sic Method (S/m) oeff. (LV/K) (W/mK)

30 70 Hot Press 700 (900°C) 28]

5 95  Pressureless 3800 (800°C) 500 (800°C) - [36]

40 60  Pressureless 140 (450°C) 390 (450°C) 812 (55°C) [29]
BSICISC  SPS 4500 (1000K) 275(1000K) 15(1000K) 0.036(1000K)  [37] [37]

98 2 SPS 7800 (923K) 274(923K) 43 (923K) 0.12(923K)  [35]

75 25 SPS  4625(923K) 242(923K) 359 (923K) 0.02(923K)  This work
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homogeneously throughout the samples with minor
local agglomerations. All of the compositions showed
relative density values above 97%, with a general
trend of increased densification by increasing the SiC
content.

Electrical conductivities of all the samples increased
with increasing temperature, indicating typical
semiconductor behavior, and a general trend of
increase is observed as the B,C content in the
composition increases, with a maximum electrical
conductivity value of =4625 S/m with the sample
75B,C25SiC and a minimum value of =230 S/m with
the sample 75SiC25B,C at 923K.

Vice versa, a general trend of decrease of the
Seebeck coefficient was observed as the B,C content
increased, with maximum and minimum Seebeck
coefficient values of =350 and =240 uV/K, with the
samples 75SiC25B,C and 75B,C25SiC, respectively,
at 923K.

All composites showed thermal conductivity values
between B,C and SiC, and the thermal conductivity
values are observed to be increasing with the increasing
SiC content. A minimum thermal conductivity value of
=3,6 W/mK was obtained with the sample 75B,C25SiC,
whereas the highest value obtained was =10.8 W/mK

with the sample 75SiC25B,C, at 923 K.

Overall, the ZT value of SiC was increased by the
addition of B,C, with the best value achieved with the
sample 75B,C25SiC as 2,00x107 at 923 K, indicating
that forming a composite with B,C improves the
thermoelectric properties of SiC significantly.

Although having lower ZT values than common
high-temperature thermoelectric materials (such as
skutterudites and half-Heusler alloys) for waste heat
recovery from power plants, industrial processes, and
the automobile industry, B,C-SiC composites have high
potential due to their high operational temperatures
and can withstand large thermal differences between
the hot and cold sides in a thermoelectric module [38].
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