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Abstract
Thermolysis of as-cast polyorganoborosilazane resulted in the formation of porous monolith of Si–B–C–N ceramic. However the addition of
varying amounts of Metroxylon sagu (30–60 wt%) to polyorganoborosilazane, on thermolysis, resulted in Si–B–C–N foams. Thermo-gravimetric
analysis of M. sagu revealed complete decomposition at 850 1C. Spark plasma sintering of Si–B–C–N was carried out at 1600 1C at a pressure of
30 MPa for 5 min in vacuum to obtain highly dense compacts. The obtained Si–B–C–N foam was found to be amorphous while the SPSprocessed samples were observed to be highly crystalline. The geometrical density of the foam was found to vary from 0.4 to 0.25 g/cm3 with
increase in sago content along with the presence of both closed and open cells. The thermal conductivity of the foam and SPS-processed samples
showed varying trends with increasing temperature due to the amorphous and crystalline nature of the samplesrespectively.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Polymer-derived ceramics (PDC) show immense technological
potential predominantly due to their processability at relatively
much lower temperatures. The advantage of ﬁne-tuning the
microstructures by suitable heat treatments and control over the
chemistry helps in tailoring the properties of both oxide and nonoxide materials [1]. Non-oxide silicon boron carbonitride (Si–B–
C–N) ceramics can be a potential candidate material for aerospace
applications due to its low density of 2.5 g/cm3 [2]. It has high
thermal stability of  2200 1C in inert atmosphere [2] and
1800 1C in air [3], and provides excellent thermomechanical
properties [4–7]. It also possesses high phase stability as it
remains amorphous and resists crystallization up to as high as
 1800 1C [8,9].
Ceramic foams are well known for their low density, high
speciﬁc strength, high thermal stability, low thermal conductivity
and high dimensional stability [10,11]. However, ceramic foams
n
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currently available can be used only up to temperatures as high as
 1400 1C without any phase change [12]. Hence, there exists a
need to produce ceramic foams which can withstand temperatures
beyond this limit without any phase change. Ceramic foams are
processed mainly through three techniques: replica technique,
sacriﬁcial template, and direct foaming. The replica technique
results in the formation of open cell foams and hollow struts,
resulting in poor mechanical properties [13]. Foams processed
through direct foaming offer near-net shape fabrication with nonuniform and uncontrolled porosity and pore size [12]. The use of
sacriﬁcial template in processing ceramic foams results in tailored
porosity, tailored pore size and the formation of a combination of
open and closed cells along with inter-connected pores, all of
which are controllable. Foams processed via the use of sacriﬁcial
template show superior mechanical properties due to the presence
of the solid struts [14,15].
Considering the high thermal and phase stability of Si–B–C–N
ceramic [2,9,16] and the advantage of processing via sacriﬁcial
template [17], the possibility of producing Si–B–C–N foam via
sacriﬁcial template was explored. While many properties such as
mechanical and electrical properties of Si–B–C–N ceramics have
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been studied in detail, thermal properties with the exception of
thermal stability have been overlooked. While preliminary studies
on thermal conductivity of Si–B–C–N porous monolith (69%
porosity) at room temperature can be found in literature [16],
studies on the variation in thermal conductivity of Si–B–C–N
ceramic with increasing temperature are lacking. This work is
thus also aimed at investigating the thermal conductivity of Si–B–
C–N foam processed via sacriﬁcial template with varying
temperature and comparing the thermal conductivity of highly
dense counterpart.
2. Experimental methods
2.1. Synthesis procedure
Single source precursor polyorganoborosilazane was synthesized from dichloromethyl vinylsilane via a two-step synthesis
procedure in argon (Ar) atmosphere as explained elsewhere
[8,18]. As-synthesized white polymer, obtained in the form of
irregular-shaped lumps, was dissolved in toluene and cast in
alumina crucibles of desired shapes and sizes. In order to
produce Si–B–C–N foam the natural starch extracted from the
plant Metroxylon sagu (henceforth referred to as “sago”) was
used as a sacriﬁcial template, along with the as-synthesized
polymer. Sago was initially dried in an oven at 100 1C for 2 h
to remove the inherent moisture. Varying amounts of sago
(0, 30–60 wt%) were mixed with the polymer dissolved in
toluene to prepare the slurry. The prepared slurry was cast in
alumina crucibles and was allowed to dry for 48 h to enable
the complete evaporation of toluene. All the steps, including
drying, were carried out in Ar atmosphere inside the glove box
to avoid any possible oxidation of the synthesized polymer and
the cast slurry.
After ﬂushing the furnace initially with Ar, the cast and
dried polymers (both with and without sago) were thermolyzed
at 1300 1C at a heating rate of 5 1C/min and a dwell time of 2 h
in Ar atmosphere and the furnace was allowed to cool to room
temperature. Fig. 1 shows a schematic of processing of the
Si–B–C–N foam. The Si–B–C–N ceramic was ball-milled for
10 h in toluene medium with a ball-to-powder ratio of 10:1,

Fig. 1. Schematic of processing of Si–B–C–N foam with the addition of
Metroxylon sagu as sacriﬁcial template.

Table 1
Sample nomenclature.
Sample composition (wt%)

Sample name

0
30
40
50
60
SPS processed
40 For thermal conductivity

Cast-monolith
30-Foam
40-Foam
50-Foam
60-Foam
SPS-1600
40-TC

dried, and was subjected to spark plasma sintering (SPS). SPS
was carried out using Dr. Sinter SPS-625 (Fuji Electronic Co.
Ltd., Japan) at 1600 1C at a heating rate of 100 1C/min and a
load of 30 MPa for 5 min in vacuum, in order to produce
highly dense compacts. The highly-dense compacts of Si–B–
C–N were processed in order to determine the thermal
conductivity of the material for comparison. The samples were
named as mentioned in Table 1.
In order to measure the thermal conductivity of Si–B–C–N
foams, samples 12.5 mm in diameter, 2.5 mm in thickness and
free of any through-hole in the thickness direction were
prepared. This was done by crushing the sago prior to mixing
it with the polymer. The polymer mixed with 40% sago
powder was cast, dried and thermolyzed under the same
conditions as mentioned earlier.
2.2. Characterization
Thermo-gravimetric analysis (TGA) was carried out using
NETZSCH STA 409 (Germany) under Ar atmosphere at a
ﬂow rate of 50 ml/min. Around 5 mg of sago was taken in an
alumina crucible and heated to 1400 1C at a heating rate of
5 1C/min to determine the decomposition temperature. The
surface morphology of the samples was characterized by
scanning electron microscopy (SEM) using a FEI Quanta
200 (USA). The samples were sputter-coated with a gold layer
(thickness – 5 nm) before imaging in secondary electron mode.
The X-ray diffractograms were obtained using an X'Pert PRO
diffractometer, PANalytical (The Netherlands) with CuKα
radiation (λ¼ 0.154 nm). The parameters used to obtain the
measurements were as follows: 2θ scan range – 10–901, step
size – 0.051, scan speed – 2 s/step, voltage – 45 kV and current
– 30 mA. The diffractograms were subjected to background
correction and removal of Kα2 peaks. The geometrical density
of the produced ceramic samples was calculated using the
mass and volume of the produced ceramic samples. The true
density of the powdered samples was calculated using the
Archimedes principle. Water, toluene, ethanol and tetrahydrafuran were used as the liquids to measure the density.
The thermal diffusivity of ceramics is commonly determined
using the laser ﬂash method, which uses a short heat-pulse
generated using a laser. Thermal diffusivity measurements
were carried out for 40-TC and SPS-1600 using a NETZSCH
LFA 427 (Germany) at temperatures 25, 500, 1000 and
1300 1C. A disc-shaped sample (dimensions: 12.57 0.05 mm
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diameter and 2.57 0.5 mm thickness) was placed in a graphite
holder in a vertical furnace in Ar and heated till the
temperature of measurement. The laser pulse was used to heat
the frontal side of the specimen at the measurement temperature. The rise in temperature at the rear side of the specimen, as
a function of time, was measured via a contact-free method.
For the laser ﬂash experiments, Nd:YAG laser was used with
the following speciﬁcations: λ¼ 1064 nm, laser voltage –
450 V, pulse width – varying between 0.8 and 20 ms, and
pulse energies which could be adjusted upto 20 J. To measure
the rise in temperature at the rear side of the specimen, an InS6
sensor was used. The time taken for the temperature to reach
the rear side of the sample was calculated. The Cape–Lehman
model coupled with the pulse correction model was used to
reduce the effect of heat loss due to thermal radiation at high
temperature during thermal diffusivity measurements. Half of
this time taken was calculated to determine the thermal
diffusivity as given below:
α ¼ 1:37d 2 =ðπ 2 t 1=2 Þ

ð1Þ

Where, α is thermal diffusivity (mm /s), d is sample thickness
(mm) and t1/2 is half the time required to reach half of the
maximum temperature attained by the rear surface.
2

3. Results
3.1. Thermogravimetric analysis
The thermo-gravimetric analysis of sago in Ar (as shown in
Fig. 2) reveals that the decomposition starts at 300 1C, with
complete mass loss at 850 1C. The DTG curve (Fig. 2) shows
that the reaction is endothermic, indicating that the sago started
to melt at 300 1C and completely evaporated at 850 1C.
3.2. X-ray diffraction
The X-ray diffractograms of Si–B–C–N foam and SPSprocessed samples are shown in Figs. 3 and 4 respectively.
Both as-thermolyzed Si–B–C–N cast-monolith (ﬁgure not
shown) and Si–B–C–N foam were observed to be amorphous.
However SPS-1600 is observed to be highly crystalline, with
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Fig. 3. XRD of Si–B–C–N foam showing the amorphous character of the
material.

the presence of SiC, Si3N4 and SiO2 phases along with some
amorphous phase as indicated by the presence of a hump
between  181 and  251.

3.3. Bulk density
The variation in the geometrical densities of the Si–B–C–N
samples with the variation in sago content is shown in Fig. 5.
The ﬁgure shows a decrease in the density of Si–B–C–N
samples with increase in sago content, as the latter resulted in
increased porosity since pores were left behind due to the
decomposition of sago during thermolysis, leading to the
formation of foamy structure. The true density of the Si–B–
C–N powder was 2.5 g/cm3. The density of SPS-1600 was
2.15 g/cm3 while for the foam samples, it varied from 0.25
g/cm3 (60-foam) to 0.40 g/cm3 (30-foam). However, the
density of 40-TC was 0.90 g/cm3. The cast-Si–B–C–N monolith showed a relatively lower density of 1.25 g/cm3 due to the
formation of pores during thermolysis resulting from the
elimination of the organic group from polymer.

3.4. Scanning electron microscopy

Fig. 2. Thermo-gravimetric analysis of Metroxylon sagu revealing complete
decomposition at 850 1C.

A representative microstructure for as-thermolyzed 50-foam
indicates the presence of foamy structure as shown in Fig. 6.
Fig. 7 shows the microstructure of the cast-monolith with the
presence of porosity. Fig. 8 shows the microstructure of 40-TC
which looks foamy with reduced cell size. However, the SEM
image of the SPS-processed samples exempliﬁes its highly
dense nature as shown in Fig. 9. The foam processed through
the addition of the natural foaming agent has a solid strut of
thickness  35 mm as shown in Fig. 10, while the cell sizes
vary from 50 mm to 150 mm. The strut was a solid strut, as
opposed to the formation of hollow strut observed in SiOC
foams [11] processed through polymer-derived ceramics by the
use of polyurethane as replica.

1166

A.B. Kousaalya et al. / Ceramics International 41 (2015) 1163–1170

3.5. Thermal conductivity
Fig. 11 shows the values of thermal conductivity as
calculated from thermal diffusivity values using the formula
κ ¼ αC p ρ

ð2Þ

where, κ is thermal conductivity (W/mK), Cp is speciﬁc heat
(J/gK), and ρ is density (g/cm3).
The speciﬁc heat values as calculated by Peng [19] through
the CALPHAD method were used to calculate thermal conductivity. The thermal conductivity of the 40-TC showed an
increasing trend with increase in temperature and was observed
to vary from 0.48 W/mK to 1.82 W/mK. For the SPS-1600, the
reverse trend was observed with thermal conductivity varying
from 3.4 W/mK to 2.4 W/mK.
4. Discussion
4.1. Mechanism of foam formation

Fig. 4. XRD of SPS-1600 exemplifying peaks corresponding to thermodynamically stable crystalline phases.

Fig. 5. Bulk densities of Si–B–C–N as a function of the weight fraction of
foaming agent.

The present work exhibits the use of naturally available
starch (sago) as sacriﬁcial template. Initially when the as-cast
slurry (with and without sago) was allowed to dry, shrinkage
was observed due to the evaporation of toluene as indicated in
Fig. 1. On thermolysis of as-cast slurry, as the temperature
increased from room temperature to 800 1C, the polymer
particles present in the slurry start to melt together by
deforming and softening [8]. The as-synthesized polymer
undergoes a transformation from organic to inorganic state –
starting at 220 1C and completing at 800 1C [2] along with
complete decomposition of sago resulting in the formation of
foam. The cell size in the obtained foam varies from  50 mm
to  150 mm which is much lesser as compared to the size of
sago (  2 mm). This is primarily due to the fact that both the
decomposition of sago and thermally-induced molecular rearrangement takes place in the same temperature range, which
results in the softening of the polymer particles and later
ceramization along with volume shrinkage. Interconnected
pores and open pores of larger size were formed when
agglomeration of sago particles took place in the slurry prior
to thermolysis. This is generally the case when the sago
content is 50% or more, since the polymer content is lower in
such cases than the sago content. On the other hand, closed
pores are formed due to the decomposition of individual beads
of sago left separately.

Fig. 6. Representative image and microstructure of Si–B–C–N foam processed with 50% Metroxylon sagu (50-foam) showing foamy structure.
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Fig. 7. Representative image and microstructure of Si–B–C–N cast-monolith showing presence of porosity.

Fig. 8. Representative image and microstructure of Si–B–C–N 40-TC showing foamy structure.

Fig. 9. Representative image and microstructure of SPS processed Si–B–C–N at 1600 1C (SPS-1600) exemplifying complete absence of porosity.

Even though the amount of sago added was the same in both
40-foam and 40-TC, their density and pore sizes were found to
vary signiﬁcantly. This was rightly attributed to the difference
in the particle size of sago added: while as-received sago with

size of  2 mm was added for synthesizing 40-foam, ﬁnely
powdered sago was added for synthesis of 40-TC. During
thermolysis the melting and decomposition of sago took place,
which resulted in pressure build-up in the pore. The pressure
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Fig. 10. Representative SEM of Si–B–C–N foam processed with 50% Metroxylon sagu (50-foam) showing solid strut.

Fig. 11. Thermal conductivity of Si–B–C–N for the SPS sample (SPS-1600)
and a representative foam sample (40-TC).

generated in the pore was different for the two materials due to
the difference in the size of sago particle added and the amount
of gas which evolved during decomposition. The pressure was
higher in the case of 40-foam while it was lower in the case of
40-TC [20]. This led to difference in the pore size, which in
turn led to the difference in bulk density of the processed
samples.
4.2. Phase analysis
The Si–B–C–N ceramic foam and cast-monolith were found
to be amorphous. However, in the case of SPS-1600, crystallization was due to several factors such as the high heating rate
employed, high temperatures within the green compact and
high surface area-to-volume ratio of the ceramic powders in
the green compact. The presence of silica could be attributed to
the possible oxygen contamination during ball-milling or

during SPS, leading to the formation of silica during sintering.
In general, Si–B–C–N ceramic was observed to resist crystallization even till temperatures as high as 1700 1C [2,21]. The
addition of boron aids SiC crystallization signiﬁcantly; at the
same time, formation of BCN turbostatic phase retards Si3N4
crystallization till temperatures of 1700 1C for 10 h [22,23].
The crystallization in PDC is also dependent on the particle
size of the polymer and the ceramic taken, along with the
chemical composition and other thermolysis parameters.
Unlike in the case of foam or cast-monolith, where the
polymer was subjected to thermolysis to obtain the Si–B–C–
N ceramic, in the case of SPS-1600, as-thermolyzed Si–B–C–
N powder of very ﬁne particle size was subjected to spark
plasma sintering. The lower particle size enhances the crystallization of the constituent phases by vapor-phase reactions on
the particle surface [22] leading to substantial crystallization
during SPS in SPS-1600.
4.3. Thermal properties
Fig. 11 shows the calculated thermal conductivity of Si–B–
C–N, 40-TC (foam) and SPS-1600 samples. The thermal
conductivity was observed to increase with an increase in
temperature for 40-TC (foam), while it was observed to
decrease with increasing temperature for SPS-1600. This could
be attributed to the fact that the foam is amorphous in nature
while SPS-1600 is crystalline in nature, as seen in all the
reported ceramics processed through various routes [24].
Table 2 lists the thermal conductivity values for a few
advanced ceramics along with the information on their
amorphous or crystalline nature, the measured temperature
range, % of porosity and the trend observed with increase in
temperature. In general, porosity, nature of the material
(crystalline/amorphous) and the presence of defects have an
impact on the thermal conductivity of a material [25,26]. The
thermal conductivity always decreases with an increase in
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Table 2
Comparison of thermal conductivity of various materials.
Material system

Amorphous/crystalline

Thermal conductivity
(W/m K)

Temperature range

Trend

Reference

Si–B–C–N SPS-1600 dense
Si–B–C–N foam 40%
SiC porous (40% porosity)
SiCN
BN (parallel to c axis)
Si–B–C–N 17% porosity
Si3N4

Crystalline
Amorphous
Crystalline
Amorphous
Crystalline
Amorphous
Crystalline

3.6–2.8
0.4–1.8
83–18
0.77–1.43
28–25
0.77–1.43
30–12

RT–1200 1C
RT–1200 1C
RT–1000 1C
RT–1200 1C
300–1000 1C
RT–1200 1C
RT–1200 1C

Decreasing
Increasing
Decreasing
Increasing
Decreasing
Increasing
Decreasing

This work
This work
[32]
[19]
[34]
[19]
[34]

porosity as the pores are ﬁlled with air which has poor thermal
conductivity, and thus has little to contribute to the overall
thermal conductivity of the material [27]. Hence, an increase in
density always leads to an increase in thermal conductivity.
Even the degree of porosity, pore size and shape, and the
interconnections between pores and cracks strongly inﬂuence
the effective thermal conductivity of a porous material [28].
Several models have been explained considering the inﬂuence
of porosity on thermal conductivity [27]. Peng [19] has shown
that thermal conductivity of the amorphous Si–B–C–N ceramic
with 17% porosity increases with an increase in temperature,
varying in the range of 0.77–1.43 W/mK. Si–B–C–N (amorphous) with interconnected porosity (69% porosity) processed
via SPS showed thermal conductivity of 0.64 W/mK at room
temperature [16]. Thermal conductivity of Si–B–C–N thin
ﬁlms produced via magnetron sputtering was  1.3 W/mK for
amorphous ﬁlms., while for crystalline Si–B–C–N it was
above 3 W/mK, which decreases with increasing temperature
[29]. In the case of crystalline ceramic individual crystals of
SiC, Si3N4, SiO2 and BCN have high thermal conductivity,
each of which contribute to the overall thermal conductivity of
the Si–B–C–N ceramic. TADB-derived ceramic ﬁber manufactured by Bayer AG showed thermal conductivity of 0.4
W/mK at 1500 1C [3] and 1.17 0.3 W/mK at 30 1C [30].
The thermal conductivity of amorphous materials is always
lower than that of their crystalline counterpart. Unlike the
lattice vibrations of crystalline materials those of amorphous
materials are best described not by waves, but rather by
damped local oscillations [31]. The thermal conductivity of a
crystalline material tends to decrease with an increase in
temperature due to the more efﬁcient scattering of heat carriers
on lattice vibrations, but can exhibit complex non-monotonous
behavior. Also, with an increase in temperature, thermal
diffusivity of SPS-processed samples was observed to reduce
dramatically. This could be due to the enhanced phonon
scattering at higher temperatures, indicating that the lattice
thermal conduction, i.e. phonon diffusion is the heat transport
mechanism.
It is well known that even in a hypothetically defect-free
solid, as the temperature increases, the mean free path of a
photon decreases. This is because with an increase in
temperature the number of excited phonons also increases,
resulting in higher number of collisions between them due to

the an-harmonic forces between the atoms [32]. The anharmonic processes become more frequent, resulting in a
decrease in the mean free path of the phonons with increase
in temperature. The mean free path will be in sizes comparable
to the sample dimensions, which keeps on decreasing, resulting in decrease in conductivity with increase in temperature.
The thermal conductivity of the crystals is very much a
function of the material as also of disturbances in lattice
periodicity, for these can also reduce the thermal conductivity.
In the case of amorphous materials, thermal conductivity
values are smaller by several orders of magnitude in comparison to crystals; thermal conductivity was found to decrease
monotonically with a decrease in temperature. It was also
found to be independent of the chemical composition [25,33].
Hence, the difference in the trend of thermal conductivity in
both the samples with varying temperatures is due to the
crystalline and amorphous nature of the materials.
5. Conclusions
Amorphous Si–B–C–N foams were produced using a natural
agent at varied amounts to control the porosity. Spark plasma
sintered Si–B–C–N powders produced compacts with neartheoretical density; however crystallization occurred due to the
extremely high temperatures generated within the green compact. Thermal conductivity measurements of the foams indicated
an increasing trend (more than 250%) with increase in
temperature (range of 30–1300 1C). Thermal conductivity of
the SPS samples obviously shows higher values (600% increase
at room temperature comparing with that of the foam), remains
constant till 1000 1C and then shows a decreasing trend.
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