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A B S T R A C T  
 
Additive-free SiC ceramics are prepared from polymer-derived powders with Si, C and B elements homo-geneously 
distributed on the atomic level by rapid hot-pressing at 1750 °C and 1800 °C under argon and a load of 50 MPa. As-sintered 
samples display a Vickers hardness in the range of 9.6 ± 0.5 GPa–17.3 ± 1.9 GPa and an elastic modulus varying from 137 ± 
3.4 GPa to 239 ± 6 GPa, both depending on the sample phase composition, crystallinity and porosity. Accordingly, the 
electrical conductivity changes from 340 to 3900 S/m whereas the thermal conductivity varies from 17.7 to 45.1 W/m K as a 
function of these characteristics. Thus, we demon-strated that a polycarbosilane containing 0.7 wt.% of boron could produce 
boron-doped SiC powders that de-monstrate tailored sinterability at temperatures as low as 1750 °C to form nearly dense SiC 
ceramics with adjusted hardness, Young’s modulus, electrical and thermal conductivities.  

 
 
 
 
1. Introduction 
 

Silicon carbide (SiC), a highly covalent engineering ceramic with high 
strength and decomposition temperature, high oxidation/corro-sion and 
thermal shock resistance and low coefficient of friction, is conventionally 
used in high-end applications where high-temperature stability, chemical 
resistance and mechanical reliability are required.  

SiC ceramics for high temperature applications usually contain a small 
content of sintering additives (e.g., boron (B ≤ 0.3 wt.%), carbon (C 3 wt.%)) 
[1,2] to activate the powder and promote their sintering at high temperatures 
(Ts > 2000 °C) and under high pressure (p ≥ 30 MPa). Lower sintering 
temperatures (1750 °C–1850 °C) can be applied for the preparation of dense 
SiC ceramics by liquid phase sintering, when higher content of sintering 
additives (4–10 wt.%) like Al2O3, rare-earth oxides, or nitrides (AlN) are 
used [3]. In the case of “solid state sintering” of SiC with C and B additives, 
carbon inhibits the ineffective mass transport while boron favours diffusion 
and hence the densifica-tion of SiC ceramics [1,2]. However, there is still a 
number of issues limiting the commercial deployment of SiC ceramics 
including the homogeneous distribution of the sintering aids distribution in 
the SiC matrix, the control of the density and microstructure of the sintered  
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bodies and the very high temperature needed to sinter raw powders [3,4]. 
 

In order to overlap these limitations, a chemical approach based on well-
defined single-source precursors offering precise control over chemical 
compositions, microstructure and low processing temperature has been 
exploited in the present work. In particular, we investigated the polymer 
derived ceramics (PDCs) route as a convenient precursor-based approach to 
prepare the raw powders to be sintered. The PDCs method [5–15] is based on 
the synthesis of a preceramic polymer as a ceramic precursor and the thermo-
chemical conversion of the latter into an amorphous ceramic. Optionally, an 
annealing process can be per-formed to crystallize the amorphous ceramics. 
The PDCs route also allows an easy polymer shaping (prior to pyrolysis) to 
produce thin ceramic parts or complex architectures such as fibers, coatings, 
dense or porous monoliths, printed 3D structures, etc. [16–21]. As an illustra-
tion, polymer-derived SiC can be produced in the form of nearly dense 
material by direct pyrolysis of a polymeric green compact obtained by warm 
pressing of the polymeric powder [22–25]. However, there are critical 
problems to take into consideration when using this route to prepare fully 
dense components such as the gas release or crystal-lization (if required) of 
amorphous phase during the polymer-to- 
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ceramic conversion. This typically leads to pore formation (evolving gases) 
and large volume shrinkage (phase segregation, crystallization) accompanied 
by the formation of large defects such as cracks or pores. Alternative 
strategies are based on the use of preceramic polymers as binders (up to 30 
wt.%) [26–29] or on direct preparation of ceramic powders from tailor-made 
preceramic polymers to be sintered using the conventional way of sintering 
[30–34]. The sintering of ceramic pow-ders derived from polymers is really 
attractive to design dense cera-mics, especially if the powders exhibit a 
complex and tailored compo-sition made of three or more elements which 
cannot be prepared by the conventional ceramic powder technology [33,31–
34]. However, when it comes to SiC, we still meet the same problems of 
sintering: a high temperature of sintering is usually required to densify the 
ceramics and sintering aids are usually applied [35,36]. As an illustration, the 
spark plasma sintering (SPS) of polycarbosilane-derived SiC powders 
requires very high sintering temperatures (2100−2200 °C) to consolidate the 
powders and produce sintered ceramics (95–96 % of T.D.) with Vickers 
hardness of 25 GPa [35]. Delobel et al. [36] applied the high energy ball 
milling for the activation of sintering of pyrolysed precursor. Al-though lower 
sintering temperature could be used for the sintering of powder, the sintered 
SiC body was contaminated with alumina, as the powder was milled in 
alumina jar. It is known that alumina is dele-terious to the high-temperature 
mechanical properties of SiC ceramics. Thus, there are still several key issues 
related to the existing approaches to sinter SiC which limit its large-scale 
application for enhanced system engineering. To face these issues, amorphous 
powders consisting of Si linked to C and homogeneously distributed sintering 
aids (i.e., B and free C) on atomic level have been prepared to be sintered by 
field as-sisted sintering technology (rapid hot-pressing, RHP) in this work. 
This approach should offer a structural and compositional homogeneity in the 
materials as well as a low temperature of sintering because of the synthesis of 
an appropriate polymeric precursor containing all the elements, i.e., Si, B and 
C, mixed at molecular scale. Allylhy-dridopolycarbosilane (AHPCS) [37–40] 
precursor has been selected for this purpose. It contains allyl groups that can 
be used to integrate ad-ditional elements like boron [41–43]. In our previous 
work [43], we demonstrated the possibility to tailor the boron and carbon 
contents in SiC powders when produced from boron-modified AHPCS. To 
our knowledge, the sintering of powders derived from boron-modified 
polycarbosilane has not been investigated yet, although it can demon-strate 
substantial interests in terms of sintering conditions and perfor-mance 
compared to both the sintering of SiC powders derived from polycarbosilane 
and sintering of commercially available SiC powders with sintering aids 
 
 
 
 

Herein, we report on the sintering of boron-doped SiC powders derived 
from boron-modified AHPCS by RHP at relatively low tem-perature (T ≤ 
1800 °C). The microstructure, hardness, Young’s mod-ulus, electrical and 
thermal conductivities of prepared SiC ceramics are reported and discussed. 

 
2. Experimental procedure 
 
2.1. Preparation of powders and dense samples 
 

Allylhydridopolycarbosilane (AHPCS labeled SMP-10, Starfire Systems® 
Incorporation, New York, USA), with a density of 0.998 g cm−3 was used as-
received. Extra dry toluene (99.85 %) was obtained from Acros Organics. 
Borane dimethylsulfide BH3 S(CH3)2 solution (2.0 M of BDMS complex in 
toluene) was obtained from Acros Organics.  

The synthesis of boron-modified allylhydridopolycarbosilanes la-belled as 
AHPCSB60 and AHPCSB30 (60 and 30 being the Si:B atomic ratio (or 
AHPCS (its monomeric unit):BDMS molar ratio) fixed during the polymer 
synthesis) was carried out in a purified argon atmosphere passing through 
successive columns of catalysts and phosphorus pent-oxide by means of 
standard Schlenk techniques. The glassware was stored in an oven at 90 °C 
overnight before being assembled and 

 
pumped under vacuum for 30 min and then filled with argon. The powders 
were synthesized by reaction between AHPCS and BDMS ac-cording to our 
previous report [43]. The manipulation of polymers (for characterization and 
pyrolysis) was made inside an argon-filled glove box (Jacomex, Campus-type; 
O2 and H2O concentrations kept at ≤ 0.1 ppm and ≤ 0.8 ppm, respectively). 
As-synthesized polymers were ground in an agate mortar in the glove-box, 
then placed in alumina boats to be introduced in specially designed tubes to 
be transferred under argon flow into a silica tube inserted in a horizontal 
furnace (Carbolite BGHA12/450B). The tube was evacuated (0.1 mbar) and 
refilled with argon (99.995 %) to atmospheric pressure. Subsequently, the 
samples were subjected to a cycle of ramping of 5 °C/min to 800 °C with a 
dwell time for 2 h. A constant flow of argon was passed through the tube 
during the pyrolysis cycle. Powders are depicted as SiBC60 and SiBC30 
obtained from AHPCSB60 and AHPCSB30 precursors, respec-tively. 
 
 

The synthesized powders were milled in a vibrational agate mill for 2 h. 
The milled powders were poured into a graphite die (Ø 20 mm) lined with 
flexible graphite foil to prevent the direct contact between the sample and 
graphite die. The densification was performed in DSP 507 rapid hot-press (Dr. 
Fritsch GmbH, Germany) with non-pulsing current in argon atmosphere at 
1750 °C or 1800 °C for 15 min under a uniaxial pressure of 50 MPa. The 
heating and cooling rates were 100 °C/min and 15 °C/min, respectively. Four 
pellet-shape specimens (ap-prox. 20 mm in diameter) with a thickness of 2.5 
mm have been produced according to the Si:B atomic ratio (i.e., 30 and 60) 
fixed at molecular scale and the sintering temperature (i.e., 1750 °C and 1800 
°C). The samples are labelled as follows: SiBC60_17, SiBC60_18, 
SiBC30_17, SiBC30_18 (17 and 18 being the first numbers of the tem-
perature at which the sample were sintered: 17 for 1750 °C and 18 for 1800 
°C). The overall flow chart of the process is shown in Fig. 1. 
 
 
2.2. Material characterization 
 

The AHPCSB60 and AHPCSB30 samples were characterized in de-tails 
in our previous report [43]. The phase composition of SiBC60 and SiBC30 
samples and derived sintered samples was determined by XRD analysis 
(Bruker AXS D8 Discover, CuKα dariation). The scans were performed in the 
range of 2θ 20°; 90° with a step of 0.015° and an exposure time of 0.7 s. The 
diffraction patterns were analyzed using the Diffrac + EVA software with the 
JCPDS-ICDD database. The Raman spectra of the powders were recorded at 
room temperature using an InVia reflex Raman spectrometer (Renishaw, 
United Kingdom) equipped with a laser diode (λ =785 nm) in a backscattering 
geometry using a 100× objective lens and calibrated to pure Si. The spectra 
were measured in the range of 50–2030 cm−1. The morphology of sintered 
samples was by scanning electron microscopy. The chemical analysis of the 
initial powders and sintered samples were measured by scanning electron 
microscopy equipped with energy dispersive spectroscope (EDS-SEM, JEOL 
IT 300 L V, Japan). The boron content of powders was confirmed by 
inductively coupled plasma/optical emission spectro-scopy (ICP/OES) using 
an Optima 8300 optical emission spectrometer (Perkin Elmer, USA). The 
carbon content of powders was determined by combustion elemental analysis 
(Carbon analyzer, EMIA-321 V, Horiba, Japan) and the oxygen, nitrogen and 
hydrogen contents of powders were measured using an EMGA-830 analyzer 
(Horiba, Japan). The thermal diffusivity of sintered samples was determined 
using a laser flash analyser (Linseis LFA 1000, Germany). Thin gold layer 
was de-posited on the surface of samples to spread the heat impulses homo-
geneously on the surface of sample. Additionally, thin graphite layer was 
sprayed onto both sides of the samples before measurements to hinder any 
reflections of the laser beam or the sensitivity of IR sensor on the back side of 
sample. The measurements were carried out from room temperature up to 500 
°C (with a step of 100 °C) in vacuum. At least three measurements were done 
at each temperature and the data were averaged. The thermal conductivities 
(λ) of samples were calculated 
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Fig. 1. Overall synthetic path employed to generate sintered SiC by pyrolysis of boron-modified AHPCS followed by rapid hot pressing of derived boron-doped SiC powders. High 
magnification SEM image of the SiBC30_18 sample as inset. 

 
according the equation: λ = α ρ Cp, where (α) is the thermal diffusivity (ρ) 

the density and Cp the heat capacity of samples. The heat capacity of silicon 
carbide 0.675 J/g K [44,45] was used for all samples, although some of the 
samples contained a small portion of carbon and silica. The electrical 
resistivity measurements were carried out at room tempera-ture using a 
standard four-point van der Pauw method [46]. The sur-faces of the 
specimens were polished to a mirror finish (1 μm) before the measurements. 
The bulk and apparent density values as well as open porosity of sintered 
samples were determined using the Archi-medes method in ethanol. Elastic 
properties were determined by an ultrasonic pulse echography technique 
based on the infinite medium mode using emitting/receiving contact 
transducers operating at a fre-quency of 10 MHz [47]. Longitudinal and 
transversal velocities were measured thanks to the wave propagation times of 
the waves in the thickness of disk-shaped samples. Previous apparent density 
in addition to these two velocity values is also required to estimate the 
Young’s modulus. The Vickers hardness (HV) was measured by hardness 
tester LECO LV 100 (FutureTech Corp, USA) using an indentation load of 
9.81 N. 
 

 
3. Results and discussion 
 
3.1. Preparation and characterization of amorphous powders 
 

The SiBC60 and SiBC30 samples were produced by pyrolysis at 800 °C 
under argon of AHPCSB60 and AHPCSB30 samples, respectively. SiBC60 
and SiBC30 samples were obtained in ca. 89.4 % and 91 % yields [43]. The 
empirical formula of the SiBC30 sample (Si1.0B0.03C1.7H0.8O0.1) shows that 
the Si:B atomic ratio is almost un-changed compared to the polymer 
(Si1.0B0.034C1.6H4.7). This confirms that the composition of the powders can 
be controlled in the early stage of the process, i.e., at the atomic level in the 
polymer. As expected, powders show an excess of carbon as indicated by the 
Si:C atomic ratio and still contain residual hydrogen (linked to Si and C) 
according to the fact that the thermal decomposition of polymers is not fully 
achieved at 800 °C as shown through TG measurements performed under 
argon [43]. As an illustration, the hydrogen content in powders derived from 
AHPCSB30 changes from 1.50 wt.% after pyrolysis at 800 °C to 0.73 wt. 
 
% after pyrolysis at 1000 °C and 0 wt.% after pyrolysis at 1500 °C. The as-
obtained SiBC60 and SiBC30 samples are X-ray amorphous and contain free 
carbon which is reflected in the chemical formula and confirmed by Raman 
spectroscopy showing the disorder-induced D band and graphite-like G bands 
of free carbon (see Fig. 1SI in ESI). 

 
3.2. Sintering of amorphous powders 
 

Four samples labelled as SiBC60_17, SiBC60_18, SiBC30_17, 
SiBC30_18 have been prepared by sintering under argon at 1750 °C and 1800 
°C. A typical example of sintered sample (SiBC30_18) obtained by RHP at 
1800 °C is presented in Fig. 1. The microstructure and elemental composition 
of sintered samples at 1750 °C and 1800 °C for 15 min in Ar atmosphere was 
investigated on polished surfaces by SEM-EDS, the results are shown in Fig. 
2 and Tables 1 and 2.  

The elemental analyses of the samples provided in Table 1 show that the 
Si:B atomic ratio (from the calculated chemical formula) decreases from 
SiBC60_17 and SiBC60_18 samples to SiBC30_17 and SiBC30_18 samples 
in good agreement with the evolution of the Si:B atomic ratio fixed at the 
polymer level. The C content, which fits with the values found in the raw 
powders, suggests an excess of carbon in the sintered samples as identified in 
SiBC60 and SiBC30 samples. This is confirmed in Table 2 through the 
calculation of the phase content in each sintered sample. As expected, 
samples consist of SiC as a major phase and free carbon. A small content of 
silica is present in the majority of samples. However, the reason of the 
increased silica content in the samples sintered at 1800 °C, i.e., SiBC60_18 
and SiBC30_18 is not known.  

Fig. 2 shows that all samples have a structure with a clear grain cohesion 
and with relatively low residual porosity. However, the grain boundaries are 
not well visible in these SEM micrographs, as we have not used an oxide 
sintering additives for the densification of samples.  

SEM images particularly show that the SiBC30_17 and SiBC30_18 
samples display a relatively low level of porosity in contrast to the 
SiBC60_18 sample with a certain portion of large pores. Thus, the densities 
of former samples give a hint that we have reached the op-timal RHP 
conditions with the samples displaying the highest boron content (i.e., 
SiBC30_17 and SiBC30_18) to form nearly dense additive-free SiC ceramics. 
The densities of sintered samples are summarized in Table 3. The theoretical 
densities were calculated using the rule of mixture based on the phase 
composition (Table 2) of sintered samples and density values of β-SiC (3.21 
g/cm3), C (2.27 g/cm3), B (2.37 g/ cm3) and SiO2 (2.65 g/cm3). The 
measured density values correspond with the SEM observations of porosity. 
 

Samples with the lower boron content, i.e. SiBC60_18 and SiBC60_17 
have significantly higher porosity compared to the samples with higher boron 
content, i.e., SiBC30_18 and SiBC30_17 samples. Sample SiBC60_18 
displays the highest level of porosity, in good agreement with SEM images. 
Thus, the density/porosity values re-ported in Table 3 reflect the interest of 
both the introduction of boron at 
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Fig. 2. SEM images of the sintered samples: SiBC60_17 (a), SiBC30_17 (b), SiBC60_18 (c) and SiBC30_18 (d). 

 
Table 1  
Elemental composition of sintered samples measured by Energy-Dispersive X-ray 
Spectroscopy (EDS). Empirical formulas are referenced to Si1.0 and nor-malized to 100 
wt.%.   

Samples Si B C O Chemical formula  
(wt.%) (wt.%) (wt.%) (wt.%) 

 
pyrolysis of AHPCSB30 at 800 °C under argon into boron-doped SiC 
powders with a chemical composition of Si1.0B0.03C1.7H0.8O0.1 that 
demonstrate sinterability by RHP at a temperature as low as 1750 °C to form 
nearly dense SiC-based ceramics. 

 
SiBC60_17 57 3.2 38.9 0.9 

Si
1.0

B
0.1

C
1.6

O
0.03 

SiBC60_18 58.8 3.1 36.4 1.7 Si
1.0

B
0.1

C
1.5

O
0.05 

SiBC30_17 56.1 4.1 38.7 1.1 Si
1.0

B
0.2

C
1.6

O
0.03 

SiBC30_18 54.2 4.0 38.2 3.6 
Si

1.0
B

0.2
C

1.6
O

0.1  
 
Table 2  
Calculated phase content in sintered samples based on elemental composition.   

Samples SiC C B SiO2 
 (wt.%) (wt.%) (wt.%) (wt.%) 
     

SiBC60_17 80.9 15.1 2.2 1.8 
SiBC60_18 82.2 13.3 2.3 3.2 
SiBC30_17 79.1 14.8 4.3 1.8 
SiBC30_18 74.6 15.3 4.2 5.9 

     

 
Table 3  
Apparent (ρa), bulk (ρb) and theoretical (ρth) densities, opened (Po) and closed (Pc) 
porosities of samples.   

Samples ρa ρb ρth Po Pc 
 (g/cm3) (g/cm3) (g/cm3) (%) (%) 
      

SiBC60_17 2.66 2.93 3.04 9.2 3.6 
SiBC60_18 2.51 2.98 3.08 15.8 3.3 
SiBC30_17 2.97 3.03 3.03 2 0 
SiBC30_18 2.93 2.94 3.00 0.3 2.0 

      

 
molecular scale and the control of the Si:B atomic ratio in the pre-ceramic 
polymer. A polymer with an adjusted boron content, i.e. 0.7 wt. % of boron 
and Si:B atomic ratio of 30, can be synthesized by the 

 
3.3. Phase identification in sintered objects 
 

The crystalline phase composition of samples determined by XRD 
analysis are shown in Fig. 3, the Raman spectra on Fig. 4.  

XRD analyses show that the low temperature β-SiC (3C) polytype is the 
major phase in all samples. The presence of hexagonal polytypes of α-SiC 
(6H-SiC) is identified by additional peaks emerging at 34.08° for plane (101) 
and at 38.3° for plane (103), although with weaker in-tensities for SiBC30_17 
and SiBC30_18 samples.  

All patterns show a diffraction in the range of 26.12° - 26.35° which 
corresponds to the (002) reflection of graphite. Its intensity increases in the 
XRD patterns of SiBC30_17 and SiBC30_18 samples. No additional phases 
have been detected in all XRD patterns. A semi-quantitative estimation of the 
extent of crystallization in sintered samples was achieved by calculating the 
integrated intensity of the Gaussian–Lorentzian curve fitting of the diffraction 
(002) from free carbon and (220) from β-SiC lines. These peaks were chosen 
based on the sufficient freedom from peak overlap. Peak positions have been 
measured and crystallite sizes have been calculated from the FWHM of the 
above diffraction lines using the Scherrer formula (Table 4). The lattice 
parameter of cubic SiC has been also calculated. 
 

By comparing the corresponding crystallite size values of the re-spective 
samples in Table 4, it can be seen that SiC crystal growth is more pronounced 
in samples with higher boron content, i.e. in samples SiBC30_17 and 
SiBC30_18, respectively. Thus, the gradual incorpora-tion of boron in the 
early stage of the process from AHPCS60 to AHPCS30 enhances the 
tendency of the crystallization of β-SiC in the sintered samples derived from 
SiBC60_X to SiBC30_X (X being 17 or 18). This was experimentally 
demonstrated on other PDCs systems in-cluding silicon boron oxycarbide 
(SieBeOeC) glasses [48] and silicon 
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Fig. 3. XRD patterns of the sintered samples. 

 
boron carbonitride (SieBeCeN) ceramics [49,50]. In particular, Ta-vakoli et 
al. [49] showed in the thermodynamic modeling that boron increased the 
crystallization of β-SiC from the amorphous SieCeN domains. At the same 
boron content, the temperature of sintering promotes the crystallization of 
SiC, as expected. Kaur et al. [42] de-monstrated that the lattice parameter of 
β-SiC is not affected by the boron content in the samples and it slightly 
decreases with the tem-perature of sintering. The calculated values of lattice 
parameters were lower than those found for the boron-free SiC powders 
prepared at 1900 °C (not sintered under pressure) [42]. Considering that an 
increase of the lattice parameter of β-SiC is due to boron incorporation into 
the β-SiC phase [51] whereas its reduction is associated with the formation of 
a SiC/C solid solution [52], this confirms in agreement with the results of 
Kaur et al. for a similar B-doped SiC system [42] that no boron is 
incorporated into the β-SiC lattice in our sintered samples. 
 

The gradual shift of the (002) diffraction peak of graphite toward the 
theoretical position (26.5°, Table 4 and Fig. 2SI in ESI) indicates the 
formation of more compact and ordered carbon nanodomains in the 
SiBC30_17 and SiBC30_18 samples, i.e. enhanced by the increased boron 
content. As a consequence, the d002 spacing decreases from 0.341 nm 
(SiBC60-17) to 0.338 nm (SiBC30_18). Furthermore, the carbon crystallite 
size in the c-axis (Lc, crystallite thickness for graphite or stacking for all types 
of carbon phases, Table 4) increases with the in-creased boron content (the 
FWHM of the (002) peak decreases, see Fig. 2SI in ESI). This is, again, 
consistent with the results reported by Kaur et al. [42] and in good agreement 
with the results reporting that boron can accelerate graphitization of the 
materials [53,54]. Indeed, boron atoms can diffuse into the hexagonal basal 
planes of graphite and substitute carbon atoms to an extend of less than 2.5–
3.0 at.% in order 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Raman spectra of the sintered samples. 

 
Table 4  
Full width at half maximum (FWHM), 2θ diffraction angle, crystallite size (DSiC) for 

SiC, lattice parameter (a) for SiC and crystallite thickness (Lc) for free carbon obtained 
from XRD data of (220) β-SiC and (002) of carbon.   

Samples β-SiC (220)    Carbon (002)   
          

 FWHM (°) 2θ 
D

SiC a FWHM 2θ Lc 
  (°) (nm) (nm) (°) (°) (nm) 
         

SiBC60_17 0.152 60.04 60.4 0.436 1.16 26.12 7.0  
SiBC60_18 0.142 60.14 64.6 0.435 1.75 26.16 4.7  
SiBC30_17 0.124 60.01 74.0 0.436 0.62 26.21 13.1  
SiBC30_18 0.115 60.11 79.8 0.435 0.70 26.35 11.7  

          

 
to rearrange the framework structure of carbon atoms [53]. This pro-motes the 
growth and orientation of crystallite and tends to decrease the total number of 
accessible active surface sites for oxygen [54]. This phenomenon is used to 
improve the resistance of carbon/carbon com-posites toward oxidation [54]. 
Thus, in the present work, the decrease of d002 is most probably due to both 
the crystallinity improvement re-sulting from the addition of boron and to the 
lowering in electron density due to the B substitution. However, this does not 
induce the formation of boron carbide-based phases based on the XRD 
analysis of prepared samples. More detailed TEM analysis are carried out to 
in-vestigate the formation of boron carbide-based clusters, nanocrystals, and 
the results will be published separately. In contrast, the crystallite thickness 
Lc decreases with the increase of the sintering temperature at a constant boron 
content (Table 4). For a better understanding of the structure and phase 
evolutions during RHP sintering, the samples have 
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been investigated by Raman spectroscopy (Fig. 4).  

Compared to raw powders, i.e. SiBC60 and SiBC30 samples (see Fig. 1SI 
in ESI), the Raman spectra of sintered samples exhibit two bands centered at 
795 cm−1 and 969 cm−1 assigned to the transversal-optical (TO) and 
longitudinal-optical (LO) modes of β-SiC, respectively [55]. This confirms 
the nucleation of β-SiC in sintered samples from the amorphous SiC phase 
present in SiBC60 and SiBC30 powders. Raman spectroscopy is one of the 
most sensitive techniques to characterize the disorder in sp2 carbon materials. 
The spectra of sintered samples exhibit very distinct and narrow bands of the 
defect-induced D (originates from the breathing mode A1g of the sp2 rings) 
and graphitic G bands (arises from the stretching mode E2g of the sp2 CeC 
bonds) at 1355 cm−1 and 1590 cm-1, respectively. The D band is a defect 
induced double resonance peak that occurs due to inelastic scattering by a 
phonon and elastic scattering by a defect [56]. Thus, the D-mode is caused by 
dis-ordered structure in sp2-hybridized carbon systems. Hence, more dis-
ordered samples should exhibit higher D band intensities. Considering that the 
G band is characteristic of highly ordered carbon species, the ratio of 
integrated intensity of the D band to that of the G band (I(D)/I (G)) is a good 
indicator of sample crystallinity, in other words it characterizes the degree of 
disorder. In order to follow the structural changes in the sintered samples, a 
multiple peak Gaussian–Lorentzian curve fitting procedure was performed in 
order to extract information such as the I(D)/I(G) ratio. The data are plotted in 
Fig. 5. The evolution of the D and G peak widths (FWHM) are also reported. 
 
 

Whereas the D and G peak positions are nearly the same in all samples, 
the increase in the intensity of the G band and the concomitant decrease of the 
D band (Fig. 4), i.e. the decrease of the I(D)/I(G) ratio from SiBC60_17 to 
SiBC30_18 (Fig. 5) tends to confirm the formation of more ordered carbon 
nanodomains in samples with the highest boron content (SiBC30_17 and 
SiBC30_18 samples, Fig. 5). In addition, Fig. 4 shows the clear appearance of 
an additional D’ band located at 1620 cm−1 as a shoulder of the G-band in all 
samples, which is more visible in samples with the highest boron content 
(SiBC30_17 and SiBC30_18, Fig. 4). The visibility of D’ band is pronounced 
by the continuous de-crease of the G peak width from SiBC60_17 to 
SiBC30_18 samples, i.e. FWHM (Fig. 5). Free disordered carbon in PDCs 
usually contribute to the signals of the D and G bands [57,58], but the D' band 
does not appear because of its overlapping by the enlarged G band peak. This 
peak is indicative of sp2 bonded carbon that represents surface defect modes 
(distortion in graphite). The D and D’ bands can give rise to overtones and 
combination modes, thereby resulting in additional symmetry-breaking modes 
in the Raman spectra [59]. The most common reasons for symmetry breaking 
are the presence of vacancies, interstitial atoms, and substitutional atoms. 
Thus, the increase of the I (D)/I(G) ratio from 1.1 for SiBC60_17 to 1.2 for 
SiBC60_18 (Fig. 5), indicates the increase of defects in the later sample 
whereas its decrease for the SiBC30_X (X = 17 and 18) samples is due to the 
increase of the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Raman analysis of sintered samples: variation of FWHM of D and G bands and 
the intensity ratio I(D)/I(G) with the sintering temperature and the boron content. 

 

 
Table 5  
Mechanical properties of sintered samples (HV – Vickers hardness, E - elastic modulus).  
 

Samples HV E 
 (GPa) (GPa) 
   

SiBC60_17 16.6 ± 1.2 193 ± 5 
SiBC60_18 9.6 ± 0.5 137 ± 3 
SiBC30_17 17.3 ± 1.9 239 ± 6 
SiBC30_18 11.0 ± 0.6 179 ± 4 

   

 
ordering degree of the carbon phase [60]. Furthermore, the continuous 
decrease of the FWHM of the D and G peaks is probably due to the site-to-
site variation in the number of next nearest neighbours (i.e. sp2 C atoms have 
B neighbours). It is important to mention that the sintering temperature (1750 
°C vs 1800 °C) has an effect on the structural or-ganization of free carbon 
only at a certain boron content ( 4 wt.%) contained in sintered samples. 
 
 
3.4. Mechanical and physical properties of sintered samples 
 

The measured Vickers hardness and Young’s modulus of sintered samples 
are summarized in Table 5 and reflects the effect of the above-mentioned 
structural changes in the prepared materials.  

The isotropy of samples in elastic properties has been verified with 
ultrasonic pulse echography method. Indeed, due to uniaxial hot-pressing of 
samples a preferred orientation of the grains could be pro-moted 
perpendicular to the axial loading. In general, the measured mechanical 
properties are lower compared to those for dense SiC (i.e. Young’s modulus 
of 460 GPa and Vickers hardness of 27 GPa [61]). The obtained lower 
mechanical properties are related to the presence of free carbon and in some 
cases also silica in the final materials. The hardness of the turbostratic carbon 
observed in the samples is indeed as low as 0.9 GPa [62]. However, the 
hardness values obtained for samples sin-tered at 1750 °C (HV = 16.6 ± 1.2 
GPa (SiBC60_17) and HV = 17.3 ± 1.9 GPa (SiBC30_17)) are significantly 
higher than those re-ported for SiC materials prepared by SPS of AHPCS-
derived SiC (without introduction of boron in AHPCS) at similar 
temperatures: HV  
= 6.0 ± 0.3 GPa after SPS at 1700 °C and HV = 9.0 ± 0.3 GPa after SPS at 
1800 °C [35]. This highlights the interest of modifying AHPCS with borane 
dimethylsulfide to add boron at molecular scale and im-prove the sinterability 
of AHPCS-derived SiC powders during sintering process. Considering a same 
boron content, the highest mechanical properties were obtained for samples 
sintered at 1750 °C, i.e., SiBC60_17 (HV = 16.6 ± 1.2 GPa; E = 193 ± 5 GPa) 
and SiBC30_17 (HV = 17.3 ± 1.9 GPa; E = 239 ± 6 GPa) samples. The 
mechanical properties of samples sintered at 1800 °C drop by 30 %. The 
hardness being usually reported to increase with decreasing grain size for 
non-oxide ceramics in analogy to the findings of Hall and Petch for metals 
[63–65]. The Hall-Petch effect is valid also for the samples sintered at 1750 
°C in which the β-SiC crystallite sizes are the smallest, 60.40 nm and 60.14 
nm (at a constant boron content, see Table 4). However, the larger crystallite 
size of samples sintered at 1800 °C is most probably not the key reason of the 
significant decrease of the mechanical prop-erties of SiBC60_18 (HV = 9.6 ± 
0.5 GPa; E = 137 GPa ± 3.4) and SiBC30_18 (HV = 11.0 ± 0.6 GPa; E = 179 
GPa ± 4) samples. Another factor influencing the hardness is the phase 
composition. In samples sintered at 1800 °C the SiC content is lower, while 
the content of softer phases as carbon and SiO2 is higher compared to samples 
sintered at 1750 °C (Table 2), therefore their hardness is lower. The low 
Vickers hardness of sample SiBC60_18 (HV = 9.6 GPa) is related also to the 
high level of porosity (15.8 %, Table 3), as the hardness of sample 
SiBC60_17 with 9.2 % porosity increased significantly (HV = 16.6 GPa). The 
measured values of Young’s modulus follow the trend of the Vickers 
hardness. The decrease of the elastic modulus of sample SiBC30_18 can be 
attributed to the lowest SiC content (and the highest 
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Fig. 6. Electrical conductivity measurements of sintered samples. 

 
silica content), higher porosity and probably also to the direct inter-action of 
carbon nanodomains. The interaction of carbon phases is supported by the 
increased electrical conductivity of the sintered samples. 
 

The results of preliminary investigations of the electrical con-ductivity of 
samples measured in the direction perpendicular to the RHP axis are shown in 
Fig. 6 and summarized in Table 6. Here, the purpose of this study is not to 
provide a detailed study of the electrical properties but a picture of the effect 
of the structure/composition on the electrical resistivity and conductivity. 
 

Interestingly, Fig. 6 depicts an approximately linear dependence of log10 
σ vs. boron content and sintering temperature, both affecting crystal growth, 
carbon content and carbon nanodomain organization. The carbon contents 
measured in all sintered samples and the expected high aspect ratio of the 
segregated carbon in those materials probably indicate that both compositions 
are above the percolation threshold concerning the electrical conductivity. 
However, Fig. 5 demonstrates that the ordering degree of the carbon phase 
increases with the increase of both the boron content and the sintering 
temperature. The electrical resistivity (κ measured at 10 mA, continuously 
decreases from 0.296 Ω cm for SiBC60_17 to 0.026 Ω cm for SiBC30_18 
(Table 6). The ob-served trend is strongly affected by the increase of the 
ordering degree of the carbon phase in the sintered samples, as the I(D)/I(G) 
in the Raman spectra remarkably decreased from 1.11 to 0.68 (Fig. 5). Ac-
cordingly, the electrical conductivity continuously increases from the 
SiBC60_17 sample to the SiBC30_18 sample (Fig. 6). The measured 
electrical conductivity of the SiBC30_18 sample is significantly higher (3906 
S/m) than that reported for SiC and is comparable to those measured for 
graphene/SiC composites [66]. 
 

The thermal diffusivities of sintered samples (measured in direction 
parallel to the RHP axis) in the temperature range of 20 °C – 500 °C are 
shown in Fig. 7. It is known that the thermal conductivity in covalently 
bonded ceramic materials is controlled by phonon transport, therefore it 
strongly depends on the microstructure (impurities, microcracks, porosity and 
the grain boundary phases). Boron is soluble in SiC [67], thus B atoms as well 
as other dopants play a role in scattering of pho-nons, and decreasing the heat 
transfer.  

The variation of the thermal diffusivity of each sample with the test 

 
Table 6  
Electrical resistivity (κ at 10 mA, thermal diffusivity (α) and thermal con-ductivity (λ) at 

20 °C of sintered samples.  
Samples κ (Ω cm) α (mm2/s) λ (W/m K) 

    

SiBC60_17 0.296 20.2 35.3 
SiBC60_18 0.172 10.6 17.7 
SiBC30_17 0.093 23.1 45.1 
SiBC30_18 0.026 17.5 33.8 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Variation of the thermal diffusivity of sintered samples with tempera-ture. 
 
 
temperature is similar. It decreases with increasing test temperature which is 
related to the increased phonon scattering due to the higher degree of 
anharmonicity [68]. The SiBC30_17 sample displays the highest thermal 
diffusivities due to the relatively high content of heat-conductive SiC and free 
carbon phases whereas the silica content is very low. Furthermore, the total 
porosity measured in this sample is the lowest. An increase of the porosity in 
sintered samples inherently in-volves a decrease of their thermal diffusivity; 
this is particularly ob-vious in the most porous SiBC60_18 sample that 
displays the lowest thermal diffusivity. The situation is a bit more complex 
with the SiBC30_18 sample which displays a low level of porosity. The main 
difference between SiBC30_17 and SiBC30_18 samples is the relatively high 
silica content in the latter, which can significantly decrease the thermal 
diffusivity of SiC-based ceramics. 
 

In line with the changes observed in the variation of the thermal 
diffusivity, the thermal conductivity values (Table 6) decreases from 45.1 
W/m K (SiBC30_17) to 17.7 W/m K (SiBC60_18) with the increase of the 
total porosity of sintered samples. In addition to the effect of porosity also the 
negative effect of higher oxygen content in SiC sam-ples sintered at 1800 °C 
cannot be excluded, as it can contribute (re-markably) to the decrease of the 
thermal conductivity of samples. 

 
4. Conclusion 
 

Additive-free SiC ceramics have been prepared by combining the PDCs 
route to elaborate amorphous polymer-derived Si-B-C powders consisting of 
Si linked to C and homogeneously distributed sintering aids (B and C) on 
atomic level with field assisted sintering technology (rapid hot-pressing, RHP) 
to densify raw powders in the temperature range of 1750−1800 °C and under 
a load of 50 MPa. The structural, mechanical and physical properties 
including electrical and thermal conductivities of sintered samples have been 
experimentally de-termined. In the processing of samples, 
allylhydridopolycarbosilane (AHPCS) was used as a SiC precursor to 
introduce boron at molecular scale in order to form boron-modified AHPCS 
polymers and produce the derived boron-doped SiC powders with an adjusted 
boron content after pyrolysis at 800 °C. Si-B-C powders were sintered at at 
relatively tem-perature (1750 °C) without ex-situ sintering additives. The 
level of porosity of sintered samples significantly decreased with the increase 
of the boron content in samples. Boron is preferentially incorporated into the 
carbon phase rather than in the β-SiC phase and affects the carbon 
nanodomain ordering within the sintered samples. The effect of these 
variations is reflected in the mechanical and physical properties of the 
prepared materials. The SiC ceramics sintered at temperatures as low as 1750 
°C exhibit a Vickers hardness and an elastic modulus as high as 
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17.3 ± 1.9 GPa and 239 ± 6 GPa, respectively. The mechanical prop-erties are 
affected by the phase composition (determined by the Si:B atomic ratio and 
oxygen content), the crystal growth (β-SiC and sp2-carbon) and the volume 
fraction of porosity in the materials. Accordingly, the electrical conductivities 
varied from 340 S/m to 3900 S/m and the thermal conductivities changed 
from 17.7 W/m K to 45.1 W/m K, depending on the density and phase 
composition of samples. The results showed that polycarbosilane with an 
adjusted boron content of 0.7 wt.% leads to boron-doped SiC powders with a 
tailored chemical composition that demonstrate sinterability by RHP at a 
temperature as low as 1750 °C and 1800 °C to form nearly dense SiC-based 
ceramics with adjusted hardness, Young’s modulus, electrical and thermal 
con-ductivities. The combination of the PDCs route for Si-B-C powder pre-
paration and RHP sintering method for the densification of SiC samples 
appears to be a promising method for the preparation of SiC ceramics with 
tunable mechanical and thermo-physical properties. 
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