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Abstract
Polymer derived SiOC and SiCN ceramics (PDCs) are interesting candidates for additive
manufacturing techniques to develop micro sized ceramics with the highest precision. PDCs are
obtained by the pyrolysis of crosslinked polymer precursors at elevated temperatures. Within
this work, we are investigating PDC SiOC ceramic monoliths synthesized from liquid polysiloxane
precursor crosslinked with divinylbenzene for fabrication of conductive electromechanical
devices. Microstructure of the final ceramics was found to be greatly influenced by the pyrolysis
temperature. Crystallisation in SiOC ceramics starts above 1200 °C due to the onset of
carbothermal reduction leading to the formation of SiC and SiO2 rich phases. Microstructural
characterization using ex-situ X-ray diffraction, FTIR, Raman spectra and microscopy imaging
confirms the formation of nano crystalline SiC ceramics at 1400 °C. The electrical and
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mechanical properties of the ceramics are found to be significantly influenced by the phase
separation with samples becoming more electrically conducting but with reduced strength at
1400 °C. A maximum electrical conductivity of 101 S cm-1 is observed for the 1400 °C samples
due to enhancement in the ordering of the free carbon network. Mechanical testing using the
ball on 3 balls (B3B) method revealed a characteristic flexural strength of 922 MPa for 1000 °C
amorphous samples and at a higher pyrolysis temperature, materials become weaker with
reduced strength.
Keywords: Polymer derived ceramics; Casting; Sintering; Electrical properties; Mechanical
Properties
1. Introduction
Silicon based Polymer Derived Ceramics (PDCs) such as SiOC, SiCN and SiC with Si, C, O and N in
their basic structural unit is a broad class of ceramics prepared by the pyrolysis of crosslinked
polymer precursors in a controlled atmosphere and is generally classified according to their
basic structural networks[1]. PDCs are synthesized at temperatures above 1000 °C and have
been widely studied as materials for different functional applications in the past couple of
decades. Among PDCs, SiOC ceramics are novel amorphous materials where some of the
bridging oxygen atoms in the silica unit are replaced with carbon, forming a network of mixed
SiOC units along with a disordered free carbon network [2-11]. Structural stoichiometry of SiOC
ceramics significantly influences the materials stability towards oxidation and other features.
Microstructural development of SiOCs mainly depends on the starting precursors and pyrolysis
conditions with phase separation in to SiC and SiO2 rich phases starting above 1300 °C due to
the onset of carbothermal reduction. Microstructural developments proceeds with
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redistribution of C and O atoms around silicon during ceramisation at temperatures above 400
°C as evidenced from MAS NMR, X-ray diffraction and other complementary techniques [12-15].
Structural stoichiometry of SiOC is generally represented as SiO2(1-x)Cx + YCfree. Carbon content in
the SiOC ceramics can reach a maximum of up to 70 mol % depending on the starting
preceramic polymer (PCP) materials used. SiOC ceramics exhibit remarkable physical properties
superior to conventional silica glasses, which makes it an interesting candidate for use in
aggressive harsh environments. The presence of excess free carbon is found to enhance the
electromechanical properties of SIOC ceramics, making it suitable for development as materials
for various applications such as anode materials for Li-ion batteries, gas sensors, implants for
biomedical applications etc.[15-19].
High precision ceramic components based on PDCs can be manufactured using additive
manufacturing techniques. Additive manufacturing is currently gaining attention as a subject for
micro-manufacturing of functional ceramics [20, 21]. The structural, electrical, mechanical and
biological properties of PDCs can be controlled by tailoring the polymer architecture of the
starting polymer precursors [18, 19, 22-25]. The shape of the final ceramic materials will remain
identical to that of preceramic green body apart from experiencing volumetric shrinkage and an
increase in density. Microfabrication of specific ceramic shapes involves a series of processes
starting from selection of ideal polymer precursors. Detailed steps of microfabrication process
are given in Figure 1a. The steps include, design and fabrication of specific micromoulds
followed by casting of selected polymer precursors. Cross-linking of PCP precursors serves as an
important part of the process to fabricate preceramic green bodies. A platinum catalyzed
hydrosililation method is used in our approach for crosslinking the starting precursors. Other
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methods in practice for crosslinking of PCP precursors include sol-gel method, thermal
crosslinking and photo crosslinking using respective initiator agents [11, 22, 26, 27]. Cross-linked
preceramic green bodies are then pyrolysed at higher temperatures to obtain final PDC
materials. Disperison of nano fillers such as CNTs, TiO2 etc. in the polymer precursors is also an
important approach to enhance the properties of these materials [28-31]. Convincing
bioactivities of SiOC ceramics makes them a promising candidate for fabrication of biomedical
implants with enhanced blood compatibility [18, 19, 32].
Within this work, polymer derived SiOC ceramic monoliths are synthesised from crosslinked
polysiloxane networks. Samples have been pyrolysed at different temperatures to correlate the
materials properties with microstructure development. Phase separation at higher pyrolysis
temperatures was found to have a significant influence on the structural and physical properties
of these materials.
2. Materials and methods
2.1.

Synthesis of SiOC ceramics

Polyhydromethyl siloxane (PHMS) (Sigma Aldrich, Switzerland, MW ~ 1900), divinyl benzene
(DVB) and a platinum Karstedt’s catalyst (Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane
complex solution in xylene, Pt ~2 %) were purchased from Sigma Aldrich and used as received.
In a typical preparation, 2g of divinyl benzene is mixed with ~ 700 ppm of Pt catalyst by stirring
for 15 minutes. 1g of PHMS is then added to the DVB drop by drop with continuous stirring. DVB
content is two times in weight with respect to PHMS to achieve the maximum free carbon
content in the final ceramics. The hydrosilylation reaction between PHMS and DVB is highly
exothermic and a water bath with cold water is used to control the reaction temperature. The
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mixture after stirring for 30 minutes is cast in to teflon moulds as shown in Figure 1a and left for
gelation. Gelation is observed in half an hour and the gels are left for drying overnight at
ambient conditions.
Preceramic polymer films are then removed from the teflon moulds and discs of 7mm were cut
for pyrolysis. Pyrolysis is carried out in a tubular furnace using an alumina tube under controlled
argon atmosphere (Carbolite, Germany). Samples were pyrolysed at 800, 900, 1000, 1100, 1200,
1300 and 1400 °C respectively with heating and cooling rates of 50 °C/hr and a holding time of 1
hr at the maximum temperature. We focus mainly on samples pyrolysed at 1000 °C and 1400 °C
having major changes in their respective microstructures.

Figure 1. a. Schematic representation of the PDC fabrication process and b. proposed hydrosililation
reaction scheme
2.2.

Structural characterisation

FTIR spectra were recorded in Tensor 27, Bruker (Massachusetts, United states) using a Golden
Gate ATR and applying a constant pressure during the measurement. The phase separation at
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each pyrolysis temperature was studied using X-ray diffraction experiments at the Material
Science Beamline of the Swiss Light Source [33]. For this scope a wavelength of 0.56360 Å, as
calibrated using a LaB6 diffraction standard, was used in transmission mode. Diffraction was
collected on a Pilatus 6M detector and subsequently reduced to a standard diffractogram using
Dioptas.

Raman spectra of the ceramic monolith were recorded on a confocal Raman

spectrometer (Renishaw, UK) by using a laser beam with an excitation wavelength of 488 nm to
determine the amount of ordering of the carbon with temperature.
The microstructure development in pyrolysed SiOC ceramic discs were examined using SEM
(VEGA Plus 5136 MM, Tescan instruments, Brno – Kohoutovice, Czech Republic) and FESEM (FEI
Nova NanoSEM, FEI, Hillsboro, Oregon, USA ) techniques.
Electrical conductivity of the ceramics is measured at room temperature using a collinear four
probe (Microworld, Grenoble, France) and a Keithley 2450 source meter (Tektronix UK Ltd.,
Berkshire, England). The probe had a spacing of 1.26mm between the contact pins.
Meaurements have been performed under a current bias technique where a current of 1 µA is
given through the outer probes and the corresponding voltage between inner probes is
measured. Resistance has been measured by measuring voltage with a step of 100 seconds.
From the obtained resistance, conductivity is calculated using the following formulae.
Resistance (R) = Rmean * f,

eq. (1)

f = the geometric correction factor, which is a ratio of diameter of the disc (d) to probe
separation (s). f value used in the present experiment is 2.9289 corresponding to a d/s of 4.0.
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Ten resistance values were aquired from each sample. Conductivity is calculated from the
obtained resistance using the equation given below
σ=

, t = thickness of the disc ,

eq. (2)

Mechanical characterisation of the ceramic discs was performed by measuring the biaxial
flexural strength using the ball-on-three-balls (B3B) test method. The B3B technique is mainly
used for determining the strength of brittle ceramic materials, generally applied on thin disc
shaped materials. A more detailed discription of the B3B technique can be found in the
literatures[34-36].
The strength was calculated according to the following equation :
σ = f(α,β,υ) * F/t2

eq. (3)

Where σ is the strength [MPa], F the applied force [N], and t [mm] the thickness of the
specimen. “f” is a dimensionless factor depending on the ratio of thickness to the radius of disc
(α=t/R), the ratio of the support radius of the 3 balls to the discs radius(β=Ra/R) and the
Poisson's ratio of the material which was in this case defined as 0.22. The radii of the balls were
1.9 mm . The cross head displacement was set up to 5 mm/min. The calculation of the Weibull
modulus was performed according to standard EN843-5 (2006).
3. Results and discussion
Preceramic green body and sintered ceramic samples are presented in Figure 1a. Gelation time
for the crosslinked polymer was in the range of 30 minutes to one hour and the gel films were
easily separated from the moulds after overnight drying in a desicator. The removed gels were
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transparent and flexible in nature and the gels become hard and brittle after the curing step at
80 °C. Information about weight loss, ceramic yield and shrinkage of the samples after pyrolysis
at different temperatures are given in Table1. Ceramic discs, after pyrolysis have a shiny black
appearance representing formation of disordered free carbon network along with the mixed SiO-C ceramic matrix. It is important to have flat samples for materials characterisations and this
is achieved by applying slow heating/cooling rates which helps to limit the warpage at higher
temperatures. The ceramic yield after 1000 °C is about ~ 71 % and no significant shrinkage and
weight loss were observed above this pyrolysis temperature. Ceramic yield is calculated based
on weightloss happening at higher temperatures due to the loss of organics and other volatile
units during polymer to ceramic conversion. The polymer to ceramic conversion is complete at
1000 °C and above this temperature, mainly phase separation of oxygen rich and carbon rich
species occurs with the formation of nanocrystalline SiC at temperatures above 1250 °C.
Thermogravimetric data of the studied polysiloxane composition is already available in
literatues [15, 37, 38].
Table 1.
FTIR spectra of the preceramic greenbodies and samples sintered at 1000 and 1400 °C are
presented in Figure 2. Bands corresponding to polymer backbone and attached functional
groups can be clearly seen in the spectra corresponding to preceramic greenbodies. The spectra
of crosslinked green body does not have any bands corresponding to Si-H bands confirming the
complete hydrosililation reaction between Si-H in polysiloxane and vinyl group in divinyl
benzene. After pyrolysis at 1000 °C, many bands disappear due to polymer to ceramic
conversion and mainly bands corresponding to Si-O and Si-C bonds are present in the spectra of
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the pyrolysed samples. The process of ceramisaion leads to formation of mixed Si-O-C network
with silicon bonding to both oxygen and carbon and no evidenece for C-O linkage is observed,
which is in agreement with the data already reported elsewhere[1, 5, 8, 11, 15, 27, 39]. With an
increase in pyrolysis temperature, to 1400 °C, Si-C bands become dominant with reduced
intensity for bands corresponding to Si-O. This is due to the onset of carbothermal reduction
leading to the formation of nanocrystalline Si-C by consuming Si-O and carbon according to the
following equations [8]
eq. (4.1)
eq. (4.2)

Figure 2. FTIR spectra of preceramic greenbody and samples pyrolysed at 1000 and 1400 °C
respectively
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The diffraction patterns of SiOC ceramics sintered at different temperatures are presented in
Figure 3. Patterns have been recorded for preceramic greenbodies and SiOC ceramic materials
pyrolysed at 800-1400 °C with an interval of 100 °C between each sample, clearly showing the
onset of crystallization. Patterns corresponding to preceramic greenbodies are completely
amorphous. Samples pyrolysed at 800 – 1200 °C are also amorphous in nature, although
presenting a different character, visible in the changed angular dependence of the intensity
curve. Initiation of phase separation process can be seen above 1200 °C. Broad but formed
peaks, corresponding mainly to SiC type structure (sphalerite) can be seen forming at 1300 °C
with more intensity and sharper features at 1400 °C.
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Figure 3. Diffraction pattern of preceramic greenbody and samples sintered at 800, 900, 1000,
1100, 1200, 1300 and 1400 °C respectively. Patterns are linearly shifted along the y axis
(arbitrary units) from the preceramic green body to the highest temperature for better reading.
The peaks corresponding to SiC type ceramics are formed due to the onset of carbothermal
reduction[1]. The crystallization tendency gets higher for 1300 and 1400 °C samples. These
phase separation with formation of nano crystalline phases has significant influence on the
properties of these ceramics.
The diffraction patterns are further supported by SEM and FESEM investigations (Figure 4) with
appearance of whisker like structures on the ceramic surfaces after pyrolysis at 1400°C.
Formation of these whiskers also leads to development of micro cracks on the surface, which
can have a strong influence on the material properties. SEM investigation of the 1000 °C
samples shows a uniform geometry of the surface and no specific changes can be observed due
to their amorphous nature. In the case of samples pyrolysed at 1400 °C, fibre like structures,
distributed on the surface of samples can be seen in SEM images corresponding to
nanocrystalline SiC, formed due to carbothermal reduction reaction as presented in eq 4.1 and
4.2. Formation of these whiskers at higher pyrolysis temperatures are reported in many
literatures and the presence of high carbon content in the ceramics act as its main source. High
resolution FESEM measurements clearly show the formation of whisker like structures resulting
in formation of smaller pits and micro cracks on the surface. Long whiskers can be seen with an
average thickness of around 100 nm and several micrometers in length. These microcracks and
SiC whiskers can be seen randomly distributed on the surface of 1400 °C SiOC samples, making it
more brittle with reduced mechanical strength.
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a)

b)

Figure 4. a) SEM I mages of 1000 and 1400 °C pyrolysed SiOC ceramics, b) FESEM images of 1400
°C samples.
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Raman spectra of SiOC ceramic monoliths pyrolysed from 800 – 1400 °C are presented in Figure
5. The spectra show features similar to disordered carbons with two strong peaks at the D-band
(at ≈ 1350 cm−1) and G-band (at ≈ 1600 cm−1) respectively. The D-band is due to the disorder
induced vibrations of 6-fold aromatic rings and the G-band represents the in plane bond
stretching of the sp2 hybridized carbon atoms within the chain structure[15, 40]. With increase
in pyrolysis temperature, an increase in ID/IG intensity ratio is observed and D and G bands
become narrower with a decrease in FWHM, indicating an ordering and a size growth of the
carbon clusters with increasing pyrolysis temperature [15, 40].

Figure 5. Raman spectra of SiOC samples pyrolysed a t 800 – 1400 °C.
Mechanical characterisation using B3B method reveals the influence of phase separation on the
strength of SiOC ceramics. The Weibull diagram with probability of failure is presented in Figure
13

6, calculated from measurements using 15 test samples. Characteristic strength (σ) and Weibull
modulus (m) are also presented in Figure 5. Samples pyrolysed at 1000 °C have a characteristic
flexural strength of 922 MPa with a Weibull modulus of 7.4. This significantly higher strength is
due to the presence of a high amount of free carbon in the amorphous ceramic network due to
the use of DVB as starting precursor. A total free carbon content in the range of 50 wt% is
reported for SiOC ceramics derived from PHMS/DVB composition along with remaining
amorphous SiCxO2(1-x) phase[15]. Flexural strength is found to be lower for 1400 °C samples, with
σ = 295 MPa and m=2.5 and the reason for the reduced mechanical strength is mainly attributed
to the formation of microcracks on the surface due to carbothermal reduction. Presence of
microcracks on the surface is visible from FESEM images and these defects makes the ceramics
more brittle with reduced strength.
Electrical conductivity is another important factor in determining the application of this material
for fabrication of MEMS devices for biological applications. The variation of electrical
conductivities of SiOC samples with respect to pyrolysis temperatures is presented in Figure 7.
All the measurements have been performed at room temperature. Electrical conductivity of the
samples pyrolysed at 800 °C was of the order of 10-7 S/cm and this is then found to increase
with respect to pyrolysis temperature and a maximum conductivity of 101 S cm-1 is observed for
1400 °C samples. Phase separation and ordering of carbon network is found to have a major
role on enhancing the electrical conductivity of the SiOC samples.
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Figure 6. a. Weibull diagram of SiOC samples pyrolysed at 1000 and 1400 °C. b. B3B sample
loading for measurement of flexural strength
The increase in electrical conductivity with respect to pyrolysis temperatures is mainly
attributed to the process of carbonization with more ordering in the disordered carbon network
as seen from the Raman spectra in Figure 5. Changes in ordering of free carbon network along
with an increase in crystallite size at higher pyrolysis temperatures have also been previously
reported for SiOC ceramics with the help of Raman spectroscopy and diffraction techniques [15,
24].
SiOC materials have already proven its potential to apply as materials for industrial applications
demanding conductivity and mechanical strength [22, 29, 31, 41-45]. Microstructure
developments during pyrolysis have a key role in deciding its physical and chemical properties.
Correlation of materials properties with microstructure development is important for designing
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ceramic microstructures for various applications. Elemental Si, O, C composition of final
ceramics are well controlled by choosing ideal starting polymer precursors.

Figure 7. Electrical conductivities of samples pyrolysed from 800 - 1400 °C
Addition of divinylbenzene (DVB) for PCP synthesis leads to C-rich SiOC ceramic compositions,
which in turn enhances various material properties [15, 46]. Pyrolysis temperature also has an
important role in determining structural properties of SiOC ceramics and the phase separations
happening at higher temperatures are well explained in many literatures using the support of
Raman spectra, TEM and MAS NMR techniques [1, 14, 15, 47, 48]. Changes in the
microstructure at higher temperatures found to have positive influence on the electrical
conductivity due to the ordering of free carbon in the material but mechanical characterizations
of SiOC discs have revealed a negative influence of phase separation on the mechanical
properties of SiOC ceramics with material turning weaker in nature and exhibit a reduced
flexural strength. Randomly distributed microcracks developed on SiOC ceramic discs after
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pyrolysis at 1400 °C due to SiC formation leads to poor Weibull modulus and reduced
characteristic strength.
Tailoring the materials structure by incorporating nanofillers may further improve the
properties of PDC SiOC ceramics to find applications in next generation bioimplants such as
applications

in

pacemaker

electrodes,

micromotors,

neuro

sensors

etc.

Detailed

biocompatibility studies are in progress to obtain a clear picture of the blood material
interaction.
4. Conclusions
PDC SiOC monoliths in the form of 5 mm circular discs have been synthesized by pyrolysis of
crosslinked preceramic green bodies at temperatures above 1000 °C. Structural characterization
of the material using FTIR, XRD and microscopy imaging confirms the phase separation process
occurs at higher temperatures with formation of nanocrystalline SiC. Significant differences in
microstructure are observed between the samples pyrolysed at 1000 °C and 1400 °C. Electrical
conductivity of the SiOC samples was found to increase with the pyrolysis temperature and a
maximum conductivity of 101 S cm-1 was observed for samples pyrolysed at 1400 °C. SiOC
exhibits higher mechanical strength at 1000 °C with a characteristic strength of 922 MPa.
Characteristic strength was found to be reduced for samples pyrolysed 1400°C due to the onset
of carbothermal reduction, forming pits and micro cracks on the surface of the ceramic discs.
From the preliminary characterizations, it can be concluded that there is indeed a pronounced
effect of phase separation on the properties of PDC materials. A detailed analysis of phase
separation from amorphous to crystalline ceramics is important to further optimize the
composition and ideal sintering conditions. Based on our findings, amorphous PDC SiOC
17

ceramics pyrolysed at 1000 °C can be considered as a potential candidate for applications in bio
environments and for fabrication in to biomedical implants.
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Tables
Ceramic
Pyrolysis
temperature (°C)

Diameter before
pyrolysis (mm)

Volumetric

Density

Diameter after
yield

Shrinkage

(g/cm

(%)

(%)

3

pyrolysis (mm)
)

1000

7

5.0

71

63

1.52

1400

7

4.7

66

67

1.62

Table 1. Ceramic yield, shrinkage and geometrical density of SiOC samples pyrolysed at 1000
and 1400 °C.
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Figure Captions

1. Figure 1. a. Schematic representation of the PDC fabrication process and b. proposed
hydrosililation reaction scheme
2. Figure 2. FTIR spectra of preceramic greenbody and samples pyrolysed at 1000 and 1400
°C respectively
3. Figure 3. Diffraction pattern of preceramic greenbody and samples sintered at 800, 900,
1000, 1100, 1200, 1300 and 1400 °C respectively. Patterns are linearly shifted along the y
axis (arbitrary units) from the preceramic green body to the highest temperature for
better reading
4. Figure 4. a) SEM Images of 1000 and 1400 °C pyrolysed SiOC ceramics, b) FESEM images
of 1400 °C samples.
5. Figure 5. Raman spectra of SiOC samples pyrolysed at 800 – 1400 °C.
6. Figure 6. a. Weibull diagram of SiOC samples pyrolysed at 1000 and 1400 °C. b. B3B
sample loading for measurement of flexural strength
7. Figure 7. Room temperature electrical conductivities of SiOC pyrolysed from 800 - 1400
°C
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