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Abstract
Because of the unique combination of their attractive properties, porous ceramics are
considered as candidate materials for several engineering applications. The production of
porous ceramics from polysiloxane precursors offers advantages in terms of simple processing
methodology, low processing cost, and easy control over porosity and other properties of the
resultant ceramics. Therefore, considerable research has been conducted to produce various
Si(O)C-based ceramics from polysiloxane precursors by employing different processing
strategies. The complete potential of these materials can only be achieved when properties
are tailored for a specific application, whereas the control over these properties is highly
dependent on the processing route. This review deals with processing strategies
of polysiloxane-derived porous ceramics. The essential features of processing
strategies—replica, sacrificial template, direct foaming and reaction techniques—are
explained and the available literature reports are thoroughly reviewed with particular
regard to the critical issues that affect pore characteristics. A short note on the cross-linking
methods of polysiloxanes is also provided. The potential of each processing strategy on
porosity and strength of the resultant SiC or SiOC ceramics is outlined.
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1. Introduction

Ever since the tailored porosity was identified as an essential
property for several engineering components, extensive
research had been carried out to explore the potential of
various ceramic systems. Owing to their unique combination
of properties, such as low density, controlled permeability,
high thermal shock resistance, high specific strength and
chemical stability at high temperatures, porous ceramics are
considered as candidate materials for use in a wide range of
applications including filters for diesel particulates, molten
metals and hot gases, gas burner media, vacuum chucks,
preforms for metal-matrix composites, membrane supports
for hydrogen separation, lightweight structural materials and
porous bioimplants [1–12].

Preceramic polymers can be converted to ceramic
materials upon controlled thermal treatment. In this

method, the polymer or alkoxide is first shaped, then
cross-linked and/or gelled, and finally converted to the
desired ceramic component through pyrolysis at suitably
high temperatures. The processing of porous ceramics using
preceramic polymers offers many advantages compared
to ceramic powders. These include (i) low processing
temperatures or low energy consumption for the synthesis
compared to high temperatures required for sintering of
ceramic powders [13–17], (ii) no additives required for
densification [1, 4], (iii) a variety of low-cost plastic-forming
techniques can be applied with easy control over rheological
properties by modified molecular architecture; important
plastic-forming techniques include injection molding,
extrusion, resin transfer molding, melt spinning [4, 9, 15],
(iv) machining before ceramization can be avoided, thereby
reducing tool wear and brittle fracture [1, 5, 10], (v) easy
handling before heat treatment, because preceramic polymers
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can effectively bind the parts at low temperatures [10],
(vi) utilization of unique polymeric properties that cannot
be found in ceramic powders, such as appreciable plasticity,
in situ gas evolution ability, appreciable CO2 solubility, and
appreciable solubility of preceramic polymers in organic
solvents [9, 10, 18, 19], (vii) nanostructures (wires, belts,
tubes, etc) can be created directly during the pyrolysis
of catalyst-containing preceramic polymers [10, 11], and
(viii) ceramic products containing unique combination of
polymer-like nanostructures with ceramic-like properties
(hardness, creep resistance and oxidation resistance) can be
obtained [6, 9, 10]. Hence, several polymers with different
substituents were synthesized, blended and used as precursors
for fabricating a variety of porous ceramics such as zirconia,
alumina, silica, silicon carbide, silicon oxycarbide, mullite,
cordierite, etc. Currently, preceramic polymer-derived
porous ceramics are used to produce micro or macro porous
materials, ceramic fibers, coatings, joints, nanotubes, micro-
gears and micro-tubes for microelectromechanical systems
(MEMS), matrices and interfaces in ceramic composites,
etc [4, 5, 9, 20, 21].

Since the pioneering work on polycarbosilane by Yajima
et al [13, 14], many Si-based polymeric precursors such as
polysiloxanes, polysilanes, polysilazanes, polycarbosilanes
have been prepared to fabricate a range of ceramic
compositions [22, 23]. These polymers, upon controlled
pyrolysis, yield ceramic residue through the elimination of
organic moieties by breaking of C–H bonds and releasing
H2, CH4 or other volatile compounds [22, 24, 25]. Very
complex nanostructures with nanocrystalline phases, unique
amorphous phases and a free-carbon phase were obtained
using preceramic polymers [26–33]. Polysiloxanes are
generally denoted as silicones and are superior in heat
and chemical resistance when compared to many other
polymers. Thus, silicones are widely used as sealants, electric
insulator coatings, surface treatments for glass materials, heat
resistant oils and chemically stable elastomers [10, 34]. The
general synthesis method for the preparation of polysiloxanes
comprises the reaction of chloro (organo) silanes with
water [10]. Silicones intrinsically maintain their viscoelastic
liquid nature over a wide temperature range. For example,
glass transition temperatures of polydimethylsiloxane
(PDMS) and polymethylphenylsiloxane (PMPhS) are
−127 and –86 ◦C, respectively [34–36]. The cross-linked
elastomers can accept relatively high extension without
cracks when compared to other polycarbosilane, polysilazane
and polysilanes. This particular property is useful to shape
the starting materials into desired forms by molding, casting,
injection, impregnation or extrusion [34]. The advantages of
using polysiloxane precursor for porous ceramics include easy
storage and processing, the highest ceramic yield [37], low
processing temperature (1000–1200 ◦C) [38–42], excellent
mechanical strength [43–45] despite the amorphous phase,
excellent thermal shock resistance [46], good thermochemical
stability [47, 48], and excellent creep resistance, better
than that of vitreous silica [27]. Accordingly, extensive
research has been carried out to fabricate a wide range of
porous ceramic structures from polysiloxane precursors by
employing various processing methods.

The complete potential of polymer-derived porous
ceramics can only be achieved when properties are tailored
for a specific application, whereas proper control over the
properties is highly dependent on the processing route.
The present review aims at providing a comprehensive
understanding of several processing strategies and resultant
properties of polysiloxane-derived porous ceramics. The
group of polysiloxanes addressed in this article includes
polysiloxane, polycarbosilane and polysilanes, and the
ceramics include SiC, SiOC, mullite or cordierite.

2. Processing strategies

The simplest approach for the fabrication of porous
ceramics is the partial sintering of powder compacts at
lower or higher temperatures than optimum, resulting in a
porosity of below 60% [49–51]. Many advanced processing
strategies have been additionally proposed for the production
of polysiloxane-derived porous ceramics. The strategic
approaches explained in this article are mainly classified
into replica, sacrificial template, direct foaming and reaction
technique. The replica, sacrificial template and direct
foaming techniques deal mainly with the pore formation,
and the reaction technique deals with the matrix. The basic
principles of these strategies are schematically presented in
figure 1 and a list of porous ceramics of different chemical
compositions produced with these strategies is given in
table 1. The essential features of each of these strategies
are systematically discussed and compared in terms of
the microstructural and pore characteristics of the ceramic
materials. More importantly, the influence of each processing
strategy on microstructure and mechanical properties of the
polysiloxane-derived porous ceramics is critically discussed.

2.1. Replica

In this method, a porous structure—usually polyurethane
(PU) sponge—is coated with or immersed in a polymeric
suspension or precursor solution, followed by pyrolysis and
high-temperature sintering to produce porous ceramics with
the same cell morphology as the original material. The replica
technique is widely used for the production of open-cell
structures with various pore sizes, porosities and chemical
compositions [5]. This strategy results in the production of
uniform green coating on the polymer cellular structure as
it contains sharp corners at strut edges and hollow ceramic
struts, because the polymer is burnt out or decomposed
completely. Owing to the limitations in the efficiency of
infiltration and excess slurry removal, the cell size generally
ranges from 150 µm to a few millimeters [5, 6].

Inspired by the early work of Schwartzwalder and
Somers [2], many investigations explored the usage of several
templates such as wood [52, 53], coral [54, 55], polymeric
foams [56–59], etc, to prepare porous ceramics for use in
a variety of applications [5]. The porous ceramics prepared
from polymeric foams and ceramic slurries possess thin struts
containing central holes [58]. Edirsinghe and co-workers
developed a simple method where polysilane solution was
substituted for the ceramic slurry to produce porous SiC
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Figure 1. Scheme of processing strategies for the production of polysiloxane-derived porous ceramics: (A) replica, (B) sacrificial template,
(C) direct foaming and (D) reaction technique.

ceramics with improved strength [56–59]. The polysilanes
were dissolved in dichloromethane to form polymeric
precursor solutions in which a PU sponge was immersed
to form pre-foams. These pre-foams were subsequently
heated at temperatures ranging from 900 to 1300 ◦C for
2 h in flowing nitrogen to produce open-cell SiC ceramics
with the same morphology and sizes of original PU sponge
cells. The essential steps in the foam-ceramic slurry method,
namely removal of excess ceramic slurry from polymeric
sponge and evaporation of volatile slurry after drying, are not
required in the foam-polymeric precursor method [56–59]. In
contrast to ceramic suspension-derived reticulated structures,
porous ceramics obtained from preceramic polymers contain
homogeneous microstructures with crack-free struts due to
the improved wetting of the sponge and/or partial melting
of the cross-linked polymers during pyrolysis [56–59].

A representative microstructure of the reticulated ceramics
consisted of well-defined open-cell structures and defect-free
struts as shown in figure 2(A) [58]. Furthermore, shrinkage
can be controlled by varying the concentration of polysilanes
in the precursor solutions [57–60] and/or second phase [56].
It is possible that the expansion and gas evolution of the
polymer during heating lead to the significant stresses that
can cause macroscopic cracks on the resultant ceramic
struts. Thus, components produced by this route are
usually reported to possess low mechanical strength. The
optimum concentration [56] and repeated coating [61, 62] of
polymeric precursor slurry significantly affect the strength
of the resultant porous SiC ceramics. Vogt et al prepared
macroporous nitrogen-based silicon carbide (NBSiC)
ceramics by dipping the PU foams several times into the
polysiloxane (MK polymer) precursor slurry [62]. After first
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Table 1. The classification of major processing strategies and corresponding compositions of porous ceramics produced from polysiloxane
precursors.

Processing strategy Composition Remarks References

I. Replica
SiC Open cells [57–61, 63]

Cell size: >150 µm
Porosity range: 85–96%

SiC–Si3N4 [57, 59, 60]
SiC–TiC [57]
SiOC/C [54]

II. Sacrificial template
SiC Open cells [68, 72]

Cell size: 10–100 µm
SiOC Open or closed cells [69, 70]

Cell density: >104 cells cm−3

Porosity range: 21–80%
Expandable or PMMA templates SiOC Open, closed or partially interconnected cells [67, 73–76]

Cell size: 0.5–80 µm
Cell density: >109 cells cm−3

Porosity range: 56–88%
SiC [17, 77]

Expanded (hollow) templates SiOC Closed cells [66]
Cell size: <30 µm
Cell density: >109 cells cm−3

Porosity range: 70–87%
III. Direct foaming

Foaming by chemical agent SiOC Open, closed or interconnected cells [6, 78, 81–85, 87, 139]
Cell size: 80–800 µm
Porosity range: 75–90%

SiOC + SiC Open cells [82]
Cell size: 100–700 µm

Foaming using CO2

Batch process SiOC Closed cells [79, 90, 92, 96]
Cell size: 2–50 µm
Cell density: 107–1012 cells cm−3

Porosity: 45%
SiC [90, 91]

Extrusion process SiOC Open or closed cells [93, 94]
Cell density: >107 cells cm−3

Porosity range: 27–90%
IV. Reaction technique

SiC Open cells [18, 97–102, 104–106]
Cell size: 10–45 µm
Cell density: >109 cells cm−3

Porosity range: 32–94%
Mullite Partially interconnected open cells [107–109 ]

Cell size: <20 µm
Cell density: >109 cells cm−3

Porosity range: 32–85%
Cordierite Interconnected open cells [110, 111]

Cell size: 13 um
Cell density: 109 cells cm−3

Porosity range: 11–75%

coating cycle, the PU foam was thermally decomposed at
1000 ◦C in nitrogen, leaving hollow struts inside the ceramic
structure, and simultaneously MK polymer was pyrolyzed.
The polysiloxane acts as an additional binding phase at
elevated temperatures according to the following equation
and allows an appropriate handling and re-infiltration
of the foam structures before nitridation at 1400 ◦C or
re-crystallization at 1850 ◦C [56].

2(CH3)2Si2O3→3SiO2 + SiC + 3C + 6H2 (at 1200–1500 ◦C).

(1)

The repeated coating approach is believed to eliminate the
cracks in struts resulting in stronger NBSiC ceramics.

Greil and co-workers investigated the possibility of
producing porous SiOC–C ceramic composites using a
native wood template and preceramic polymer [53, 63, 64].
First, the wood-polysiloxane composite was prepared by
infiltration and reaction of native wood preforms with a
polymethylhydrosiloxane (PMHS) precursor. The pyrolysis of
the cured material in an inert atmosphere at 800 ◦C yielded
biomorphous SiOC–C composites [53, 63]. It was reported
that the esterification of wood with maleic acid anhydrate
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(A) (B)

Figure 2. (A) Macroporous cellar structure of SiC ceramics after pyrolysis of polysilane-infiltrated polyurethane (PU) foams (reproduced
with permission from [59] © 2000 Springer). (B) The crack-free SiOC–C ceramic structure developed using extracted, maleic acid
anhydrate (MA)-modified and polymethylhydrosiloxane (PMHS)-infiltrated pine wood compounds after pyrolysis at 800 ◦C in a nitrogen
atmosphere (reproduced with permission from [54] © 2004 Elsevier).

(MA) facilitates the penetration of PMHS into the wood cell
wall, resulting in high ceramic yield after pyrolysis [53].
The extracted MA-modified PMHS-infiltrated wood com-
pounds yielded an additional porosity and void formation that
prevent cracking during pyrolysis (see figure 2(B)).

2.2. Sacrificial template

In this method, a biphasic composite comprising a precursor
matrix and homogeneously dispersed template is first
prepared by impregnating previously consolidated preforms
of the sacrificial material with preceramic polymer. It is
followed by extraction of the template material. Finally,
pyrolysis and/or sintering of the composite generate a
porous structure. The cross-linking of macromolecules at
a slightly lower temperature (than that used in pyrolysis)
is recommended to pre-consolidate the continuous matrix
phase so that the porous structure is not collapsed during
the extraction step [5, 65]. A brief note on the significance
and influence of cross-linking step on processing of
polymer-derived ceramics is presented in a later section 3.

In principle, the sacrificial template method generates
a negative copy of the original template, as opposed to the
positive copy obtained from the previous replica method.
Thus, removal of sacrificial phase does not cause flaws in
struts, and the mechanical strength of the porous structures
is higher of those produced via replica method. The usually
reported compressive strengths of the sacrificial-templated
porous structures vary in the range of 10–300 MPa [5]. Based
on the type, volume fraction and size of the template, the
porosity can be varied from 20 to 90% and the pore size
from 1 to 100 µm. This method is capable of producing
tailored porosity, pore size distribution and pore morphology
of the resultant ceramic component by using an appropriate
pore-forming template material. Polymer-derived porous
ceramics were fabricated using a wide variety of templates:
salts, liquids, metals/ceramics, synthetic/natural organics,
etc [5]. Highly porous and homogeneous ceramic structures
can be produced from preceramic precursors by sacrificial

template strategy, whereas it is difficult to produce porous
ceramic products with homogenous microstructure using
powder processing. For example, a high template content of
90% led to the larger number of cells, resulting in porosity as
high as 88% of SiOC ceramics from polycarbosilane [66] or
polysiloxane [65] precursors.

Fitzgerald et al produced homogeneously distributed
open-cell SiC foams with controlled cell sizes varying roughly
between 10 and 100 µm, where polycarbosilane was pressure
infiltrated into a porous sodium chloride compact [67].
The resulting polycarbosilane foam was cured and finally
pyrolyzed to convert into ceramic. Kim et al dispersed a
chemical blowing agent in polysiloxane precursor and foamed
it by compression molding [68]. The porous preceramic
polymer was pyrolyzed at 1100 ◦C in nitrogen to yield porous
silicon oxycarbide ceramics with a porosity of 60% and a cell
density greater than 104 cells cm−3. Low-density polyethylene
(LDPE) can also be used as a sacrificial agent to produce
controlled and uniformly distributed open-celled or major
close-celled porous silicon oxycarbide ceramic structures
from a polysiloxane precursor [69]. If the polyolefin content
is high enough to make the polyolefin/preceramic polymer
co-continuous then the porous ceramic after pyrolysis would
be fully open-celled. However, if the polyolefin content is
low then the separately isolated polyolefin phase could be
dispersed in the matrix of the preceramic polymer, and a
close-celled porous ceramic structure could be produced [69].
The polycarbosilane/camphene solution prepared at 60 ◦C
upon thermally induced phase separation during freezing can
produce highly aligned pore morphology [70]. Wang et al
prepared porous SiC ceramics using polymethylsilane (PMS)
precursor and glass filters, carbon nanotube, carbon fiber or
silica templates [71]. The synthesis procedures included the
infiltration of the templates with appropriate concentration
of the preceramic polymer, their curing, and pyrolysis
and template removal. Sacrificial materials such as salts,
ceramics and other metallic particles are usually extracted by
chemical means. For example, salt templates can be extracted
by repeated washing the foam with water, and ceramic
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Figure 3. (A) SiOC-based open cell structure obtained using 20% polysiloxane and 80% expandable microsphere (461DU40).
The specimen was pyrolyzed at 1200 ◦C for 1 h in nitrogen. (B) Typical microstructure of porous SiOC ceramics obtained using 20%
polysiloxane and 80% expanded microspheres (461DE20d70). The green compacts were cross-linked at 180 ◦C in air followed by pyrolysis
at 1200 ◦C for 1 h in nitrogen.

particles, metallic particles or fibers can be removed by acid
etching [5, 67–71].

Colombo et al proposed a strategy where silicone
resin powder mixed with filled poly (methyl methacrylate)
(PMMA) microbeads as sacrificial templates [72] was used
to produce open-cell microcellular SiOC ceramics. The
compression strength decreased with increasing cell size.
When 50 wt% PMMA was added, the resultant SiOC ceramics
after pyrolysis exhibited a maximum bending strength of
24 MPa and a maximum elastic modulus of 16 GPa [73].
Closed-cell SiOC ceramic foams with porosity ranging
from 56 to 85% were also developed which involved
(i) forming a compact using a mixture of preceramic
polymer (polyalkylsiloxane) and expandable microspheres,
(ii) forming the compact by heating, (iii) cross-linking
the foamed body and (iv) transforming the foamed body
into a ceramic foam by pyrolysis [74]. A representative
microstructure of porous SiOC ceramics is presented in
figure 3(A). It was further demonstrated that the addition of
inert fillers leads to higher porosity and larger cell size due
to the beneficial effect of fillers in expansion. All specimens
containing fillers had cell densities greater than 109 cells cm−3

and cell size smaller than 35 µm [75].
The pyrolysis temperature has significant effect on the

shape and size of pores of the resultant ceramics [76–79].
It was demonstrated that the features of the produced
ceramic foams were dependent on the composition and
the structure of the pyrolyzed precursors. The polymers
with higher functionalities gave higher pyrolytic yields
due to cross-linking or branched structures formed during
polymerization and pyrolysis [17, 76, 79]. The higher
microbead content in the polycarbosilane precursor led to a
larger number of cells, lower bulk density, and higher porosity,
while enhanced densification of strut at high-temperature
pyrolysis resulted in flexural strength as high as ∼30 MPa at
70% porosity [66, 78].

Kim et al developed a simplified process where
expanded (hollow) PMMA microspheres were used to
produce closed-cell microcellular SiOC ceramics with cell

densities greater than 109 cells cm−3 and cell size smaller than
30 µm from a polyalkylsiloxane precursor [65]. The strategy
involved: (i) forming preceramic foams using a mixture of
preceramic polymer and expanded microspheres by pressing,
(ii) cross-linking the formed body and (iii) transforming
the body into microcellular ceramics by pyrolysis. There
was no need of heating the compact before cross-linking
as was the case when expandable microspheres were
used. By controlling the expanded microsphere content, it
was possible to produce closed-cell, microcellular SiOC
ceramics with porosities ranging from 70 to 87% [65].
Representative microstructure of porous SiOC ceramics
obtained using 20% polysiloxane and 80% expanded
microspheres reveals homogenously distributed closed-cell
morphology (figure 3(B)). The lack of macroscopic defects
and small cell size (30 µm) led to the superior strength
of the ceramics. Typically, the compressive strength of
the microcellular ceramics with 0.3 relative density (70%
porosity) was 100 MPa [65].

2.3. Direct foaming

In direct foaming, bubbles are generated in the polymeric
precursor solution to create a stable foam structure which
upon heating yields porous ceramics [1, 4, 77, 78, 80, 81].
This is an easy, cheap and fast way to prepare both
open and closed-cell structures with a wide range of cell
dimensions and wide range of porosity or relative density.
Often, these structures contain cell walls with interconnected
porosity, offering added advantage with unique permeability
that can allow finer adjustment of fluid transport within
the structure [79, 82]. The other important advantage is
that the ceramic struts are rather dense and defect-free,
providing stronger foams with the compressive strength
as high as ∼30 MPa for a relative density of 0.3 [6].
However, this method has difficulty in producing material
with narrow cell size distribution, and materials often have
anisotropic structure [6]. The foam structure can be obtained
by blowing an agent that can be volatile liquid, solid or a gas.
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The volatile liquid can be Freon or pentane, while solid
agents like CaCO3 powder decompose at high temperature
to generate bubbles. The gas can be added by mechanical
stirring or injection or it can be developed in situ by
chemical reactions such as oxidation of SiC, SiC filler or
water vapor from the cross-linking of silicone resins or other
chemicals [6].

In direct foaming, three important processes are involved
that essentially control the development and stability of
foams: (i) drainage of liquid through cell edges until an
equilibrium is reached, (ii) Ostwald ripening and coalescence
of bubbles leading to the coarsening of some bubbles and
shrinkage or disappearance of other bubbles and (iii) film
rupture when the cell wall becomes thin and weak due
to the drainage and coarsening, ultimately leading to the
collapse of the liquid foams [1, 5, 6]. The total porosity of
directly foamed ceramics is proportional to the amount of
gas incorporated into the suspension or slurry, and the pore
size is determined by the stability of the wet foam prior
to setting [5]. Thus, foam stabilization is the crucial step
in the direct foaming method. Accordingly, strategies like
using several surfactants and solid particles have been tried
to stabilize the liquid foam towards retaining the cellular
morphology in ceramic precursors [5]. However, the usage
of polymeric precursor allows generation of foam structure
without requiring additional setting agents [4, 6]. Porous SiC,
SiOC and SiNC compounds were accordingly produced using
solely the thermosetting properties of silicon-based polymers
in combination with in situ blowing agents, either in the
presence of surfactants [4] or by applying the pressure-drop
technique [78].

The research group of Colombo developed a method
where preceramic polymers were incorporated into organic
precursor solutions and foamed. The foamed mixtures
were subsequently pyrolyzed to produce porous ceramics
[6, 77, 80, 81]. Thus, SiC, SiOC and SiNC based porous
ceramics were developed by direct co-foaming of preceramic
polymers (usually silicone resin) mixed with PU precursors
(polyols and isocyanates), the latter serve as blowing aids
and structural templates [72, 80–84]. This method offers
substantial flexibility in fabricating foams with the desired cell
size, degree of cell opening, cell morphology, bulk density,
thermal, elastic and mechanical properties using different
types of PU precursors and ceramic/metallic fillers [6, 82].
For example, completely open-celled, interconnected (cell
walls containing holes), and closed-cell foams can be
obtained using flexible, semi-rigid and rigid PU precursors,
respectively [74, 75]. On the other hand, the residual carbon
content (from PU) can be removed by direct foaming of the
preceramic polymer with liquid blowing agent like pentane
or Freon, thereby improving high-temperature properties of
the foams [6, 85]. Microcellular ceramics with a cell size
of about 8 µm were fabricated using PMMA microbeads as
sacrificial templates [82]. Direct foaming method produces
foams of high green strength and enables easy machining
after drying. The electrical conductivity of polymer-derived
porous ceramics depends on the type and amount of fillers
and the type of precursor polymers used [85]. A combination

of proper selection of the foaming and pyrolysis processes
with appropriate fillers is believed to produce porous ceramic
structures with a large degree of variation in functionality
and properties [6, 85, 86]. It was also reported that a phenyl
methyl poly (silsesquioxane) melt containing small amounts
of ethoxy and hydroxyl groups can be foamed by an in situ
blowing technique above 200 ◦C without using any additional
blowing agent [87, 88].

In an innovative approach, Kim et al demonstrated
that an extremely fine and uniformly distributed cellular or
microcellular structure can be developed by implementing
the thermodynamic instability principle in a foaming system
to produce the desired cell morphology such as controllable
cell size, cell density and cell distribution [78, 84].
The proposed strategy involved: (i) saturating preceramic
polymers using gaseous, liquid, or supercritical CO2, (ii)
nucleating and growing a large number of bubbles using
thermodynamic instability via a rapid pressure drop or
heating and (iii) transforming the microcellular preceramics
into ceramics by pyrolysis and optional sintering [89, 95].
A low-temperature curing step of polycarbosilane powder
involving cross-linking is suggested to avoid any chance
of collapsing the porous structure during pyrolysis or
sintering [90]. Microcellular SiC or SiOC ceramics having
cell densities above 109 cells cm−3 and cell sizes below 10 µm
were fabricated using polycarbosilane and/or polysiloxane
precursors [89, 90]. However, this method produces a major
closed-cell structure [78, 89, 90].

This strategy is further extended to manipulate the
open-cell content by controlling the LDPE content and
compounding conditions in a compounder element such
as an inner mixer. The compounded polysiloxane-LDPE
blends were foamed using gaseous CO2 followed by
burning out the sacrificial polyolefin phase during pyrolysis
to produce cellular or microcellular SiOC ceramics [91].
SiOC ceramics with a wide range of porosities from 27
to 90%, and cell densities from 107 to 109 cells cm−3

were produced from extruded blends of polysiloxane and
polymer microbeads [92]. While direct pyrolysis of blends
resulted in open-cell ceramics, the combined process of
foaming with gaseous CO2 and subsequent pyrolysis yielded
closed-cell ceramics [92]. A representative microstructure
of the SiOC-based closed-cell structure obtained using 50%
polysiloxane and 50% polymer microbeads is shown in
figure 4(A). When compounded blends of polysiloxane,
LDPE and polymer microbeads were foamed and pyrolyzed,
SiOC ceramics with homogeneous open-cell structures
were obtained [93] (figure 4(B)). The proper selection of
cross-linking conditions is essential to promote a stable
foam structure [94]. The compounding temperature of
the polysiloxane could be decreased by ∼20 ◦C when
metallocene polyethylene (mPE) was used instead of LDPE
and the undesirable thermal cross-linking of polysiloxane was
minimized [95].

2.4. Reaction technique for matrix

Though the reaction synthesis is an old technique to
fabricate structural ceramics, it is only recently identified
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100 µm
(A) (B)50 µm

Figure 4. Microstructures of porous ceramics produced via the direct foaming technique: (A) SiOC-based closed-cell structure obtained
using 50% polysiloxane and 50% poly(methyl methacrylate-co-ethylene glycol dimethacrylate) microbeads (∼20 µm) and (B) SiOC-based
open-cell structure obtained using 54% polysiloxane, 36% poly(methyl methacrylate-co-ethylene glycol dimethacrylate) microbeads
(∼20 µm), and 10% low-density polyethylene. The raw materials were compounded using a counter-rotating twin-screw extruder. The
extruded samples were saturated with gaseous CO2 at room temperature for 24 h under a pressure of 5.5 MPa. Thermodynamic instability
was then introduced by lowering the pressure at a rate of 3.9 MPa s−1. The foamed samples were cross-linked by doping a catalyst and
subsequently heating the specimen up to 200 ◦C. The specimen was then pyrolyzed at 1200 ◦C for 1 h in argon.

(B)(A)
25 µm 25 µm

Figure 5. Microstructure of porous ceramics produced via the reaction method: (A) porous SiC ceramics produced using 67% polysiloxane,
13% phenol resin, 3% Y2O3, 2% Al2O3, and 15% expandable microspheres (461DU40). The green compact was expanded at 138 ◦C and
subsequently cross-linked at 180 ◦C, pyrolyzed at 1200 ◦C for 1 h and further heat-treated at 1650 ◦C for 2 h in argon; (B) porous cordierite
obtained using 23.5% polysiloxane, 32.7% talc, 26.3% Al2O3, 2.5% kaolin, and 15% expandable microspheres. The green compact was
expanded at 138 ◦C and subsequently cross-linked at 180 ◦C in air. The cross-linked compacts were heat-treated at 1350 ◦C for 4 h in air.

that a combination of previously discussed strategies and
reaction synthesis can develop cellular or microcellular
ceramics with tailored porosity and strength. Uniformly
distributed open-cell microcellular SiC ceramics with cell
densities greater than 109 cells cm−3 and cell size smaller
than 20 µm were developed by carbothermal reduction
of polysiloxane-polymer microbeads-derived SiOC ceramic
foams [96]. The particular strategy involved (i) fabricating
a preceramic foam from a mixture of polysiloxane,
phenol resin (as carbon source), polymer microbeads (as
sacrificial template), SiC (an optional filler), and Al2O3–Y2O3

(an optional sintering additive); (ii) cross-linking (at
180–200 ◦C in air) the polysiloxane in the formed body;
(iii) transforming the polysiloxane and phenol resin by
pyrolysis at 1100–1200 ◦C in nitrogen into SiOC and C,

respectively; and (iv) synthesizing SiC by carbothermal
reduction at 1450–1650 ◦C in argon or nitrogen [96, 97].
Figure 5(A) shows an open-cell microcellular SiC ceramics
obtained via carbothermal reduction of SiOC foams, using
67% polysiloxane, 13% phenol resin, 3% Y2O3, 2% Al2O3,
and 15% expandable microspheres. It was demonstrated that
an optimum combination of expandable microsphere and
inert filler (mostly SiC) contents can result in ceramics
with porosity varying between 60 and 95% [96, 97]. The
expandable microsphere content above 30 mass% and inert
filler content beyond 30% led to the collapse of the structure
due to the coalescence of cells during processing [98]. The
subsequent sintering at 1800–1950 ◦C resulted in porous SiC
ceramics with high strength [98]. The decreased porosity by
densification and strut strengthening by necking resulted in
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a ceramic with a typical compressive strength of ∼290 MPa
and flexural strength of ∼100 MPa at ∼40% porosity [98].
The impingement of growing grains with the SiC fillers during
sintering led to a finer microstructure and improved strength
of the porous SiC ceramics [99]. Hollow microspheres
with proper sintering additive composition can result in
producing partly interconnected, open-cell SiC ceramics with
high strength [100, 101]. It was also demonstrated that the
microstructure and strength could be further improved by
a judicious selection of processing conditions and starting
ratio of SiC powder to polysiloxane-derived SiC (SiC:
PDSiC) [18]. The porosity increased with increasing PDSiC
content that can be attributed to the weight loss according to
the following reactions [18, 49, 96, 102]:

Polysiloxane → SiOC, (2)

SiOC + C → SiC + CO ↑, (3)

SiC + 2 SiO2 → 3 SiO ↑ + CO ↑, (4)

SiC + Al2O3 → Al2O + SiO ↑ + CO ↑ . (5)

The PDSiC ceramic specimens showed a more homogeneous
microstructure than the powder-processed ceramics. The
high-temperature strength reduction caused by the formation
of free Si in the high-temperature reaction between SiC and
sintering additives (Al2O3) could be effectively suppressed
by the addition of excess carbon [103]. In another
work, the expandable microspheres were in situ foamed
during extrusion at 130 ◦C, thus eliminating the additional
foaming treatment [104]. Furthermore, porous SiC ceramics
with cell size of 10–45 µm and adjusted grain size and
grain morphology can be developed upon annealing of
extruded-pyrolyzed-carbothermally reduced foams at high
temperatures (1750 or 1950 ◦C) for 1–6 h in argon [105].

The thermo-oxidational degradation of polysiloxane at
700 ◦C in air leads to the development of highly reactive
amorphous SiO2, which reacts with Al2O3 fillers at ∼1370 ◦C
to facilitate mullite formation [106, 107]. Kim et al adapted
this approach to prepare partially interconnected open-cell
microcellular mullite ceramics with cell densities greater
than 109 cells cm−3 and cell size smaller than 20 µm from
an Al2O3-filled polysiloxane [108]. The adopted strategy
involved (i) fabricating a body formed by combining
polysiloxane, Al2O3 filler, polymer microbead templates, and
Y2O3 sintering additive; (ii) cross-linking the polysiloxane in
the formed body; (iii) pyrolyzing it to transform polysiloxane
into SiO2; and (iv) synthesizing mullite by reacting SiO2 and
Al2O3 at 1500–1600 ◦C. The following reactions are believed
to occur during pyrolysis and synthesis of mullite:

Polysiloxane → SiO2 (amorphous), (6)

Amorphous SiO2 → cristobalite, (7)

3 Al2O3 + 2 SiO2 → 3 Al2 O3 · 2SiO2 (mullite). (8)

Higher microbead content, lower sintering temperature and
a smaller amount of Y2O3 led to a high porosity. Typically,

a compressive strength of ∼90 MPa was obtained at ∼40%
porosity [108].

In a similar method, cordierite (2MgO · 2Al2O3 · 5SiO2)
ceramics consisting of interconnected open-cell structures
with cell densities of ∼109 cells cm−3 and cell sizes
of ∼13 µm were obtained from talc and Al2O3-filled
polysiloxane [109]. The proposed strategy for making
the microcellular cordierite ceramics involved three steps:
(i) fabricating ceramic-filled preceramic foams by heating
a mixture of polysiloxane, expandable microspheres, talc
(3MgO · 4SiO2 · H2O), and alumina in a mold; (ii) cross-
linking the foamed body; and (iii) transforming the body
into microcellular cordierite ceramics by sintering at
1300–1400 ◦C for 10 h [109, 110]. A typical microstructure
of porous cordierite ceramics obtained using 23.5% poly-
siloxane, 32.7% talc, 26.3% Al2O3, 2.5% kaolin and 15%
expandable microsphere is shown in figure 5(B). The porosity
could be controlled in the range of 60–75% by manipulating
the packing density. A wider range of porosity of 11–72%
could be obtained by adjusting the template content, sintering
temperature and the sintering additive composition [110].
A compressive strength of ∼150 MPa was recorded at 35%
porosity when 6 wt% kaolin was added as the sintering
additive.

The pore characteristics of polysiloxane-derived porous
ceramics can be effectively controlled by employing different
processing strategies. The replica strategy generally produces
open-cell macroporous structures, whereas ceramics with
tailored porosity, pore size and its distribution can be obtained
by the sacrificial template or reaction technique. Direct
foaming or reaction technique is preferred to produce micro or
macrocellular structures with interconnected porosity [6, 10].
Macrocellular foams with a cell size ranging between 100 and
600 µm were fabricated from methyl polysiloxane using a
direct foaming approach, whereas microcellular foams, with
a cell size of about 8 µm, were fabricated using PMMA
microbeads as sacrificial templates [82]. SiOC ceramics with
hierarchical porosity can also be produced either by controlled
pyrolysis, deposition of various meso-porous layers, etching
or the addition of suitable fillers [19, 111–113]. The pore
size, pore morphology and the specific surface areas of
polymer-derived ceramic bodies strongly depend on the
composition of the preceramic material and on the maximum
pyrolysis temperature. Fast pyrolysis can lead to crack
formation and a loss of specific surface area at temperatures
above 600 ◦C, whereas slow pyrolysis can preserve mesopores
up to 1200 ◦C combined with high surface areas [83].
The pore size and morphology of the cellular structures
change with the addition of template materials. Owing to
the easy solubility in ethanol, polysiloxane can be uniformly
coated on the templates leading to a highly homogeneous
closed-cell microcellular porous SiOC structure [65]. The
pore morphology of the SiC ceramic structure fabricated
by carbothermal reduction and subsequent sintering of
polysiloxane-derived SiC changed from spherical to irregular
shape as the hollow microsphere content was increased.
This change was due to the greater opportunity for contact
between the microspheres in the compacts [100]. The volume
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fractions of both submicron- and micron-size pores decreased
significantly with increasing sintering temperature [100].

3. Cross-linking of polysiloxanes

It is known that most of the conventional polymers are difficult
to use as ceramic precursors because of the decomposition
of their main chain during pyrolysis. However, cross-linked
polymer structures can impart high strength for handling
or molding of component before pyrolysis. The degree
of cross-linking of preceramic polymers can significantly
affect their plastic forming capability, leading to hindered
flow at processing temperature and formation of residual
porosity [114, 115]. Thus, cross-linking is an important step
in achieving high ceramic yields from preceramic polymers to
produce a variety of ceramic products.

The synthesis of heat-resistant ceramic foams by using
viscoelastic nature of silicone resins was widely studied.
Because silicone resins can accept various kinds of fillers,
plasticizers, blowing agents and cross-linking agents, a proper
control over cell size, cell density and cell connectivity is
fundamentally possible by employing simple plastic-foaming
methods [34]. Excellent dimensional stability after the
pyrolysis of the polysiloxane-derived porous ceramics is
associated with the thermosetting nature and high ceramic
yield of silicones. A dense cross-linked structure is necessary
to prevent the bond rearrangement during heating and to
increase the ceramic yield. As compared with the C O
(351.5 kJ mol−1), C C bond (347.7 kJ mol−1) and C Si
bonds (290.0 kJ mol−1), the high energy of the flexible Si O
bond (369.0 kJ mol−1) is promising for the high ceramic yield
of silicones [34].

This section briefly reviews the studies where the vital
role of cross-linking of polysiloxanes was highlighted. The
available cross-linking methods can be categorized into
(i) heat treatment, (ii) catalysis and (iii) non-conventional
treatment by laser or ionizing radiation. Polysiloxane-derived
SiC-based preceramic or ceramic composites produced by
different cross-linking methods are listed in table 2.

The cross-linking by heat treatment is widely used
probably because of the simplicity. The simple thermal curing
of reflux-treated PMS yields high SiC ceramic yields without
using catalysts or high pressures [116–118]. The evolution of
Si–Si3 cross-linked PMS structure via methylsilane formation
at ∼250 ◦C leads to high ceramics yields up to 89% [117].
Yajima et al suggested that cross-linking of polycarbosilane
occurs after the Si-H bonds are cleaved at ∼450 ◦C [13].
SiC nanoparticles and Si O C fiber were produced from
polymethylsilsesquioxane (PMSQ) precursors [119–121] by
advanced cross-linking methods. For example, melt spinning
on PMSQ at 130–180 ◦C followed by metal chloride
(SiCl4, Si(CH3)Cl3, TiCl4 or BCl3) vapor curing yields
Si O C C fibers [121]. This new technique can be
applicable to the processing of porous polysiloxane-derived
ceramics.

Cross-linking can largely alternate the average molecular
weight of precursor polymers and, in turn, influence the
rheological properties and foaming behavior of the blends. If

Table 2. List of polysiloxane-derived ceramic compositions
produced by different cross-linking methods.

Cross-linking method Ceramic composition References

Heat treatment
SiOC [95]
SiC [117–119]
SiC fibers [14]
SiC nanoparticles [120, 121]
Si–O–C [122]

Catalysis
Boron-containing SiC [123–125]

catalyst
Metallocene SiC [126, 127]
Chlorine-containing SiC [128]

catalyst
Amine catalyst SiOC [70, 75, 81, 82, 96]

condensation
Laser treatment

SiC nanopowders [129, 130]
Radiation

SiC or SiOC [131–134]

the degree of cross-linking is too low then the melt strength
and viscosity of polymer will be insufficient to promote
a well-distributed porous structure. In contrast, too high a
degree of cross-linking will also negatively affect the cell
formation. Wang et al reported that the viscosity increased
at higher rate when polysiloxane was cross-linked at higher
temperature. In their study, cross-linking of polysiloxane at
160 ◦C for 30 min and subsequent CO2 foaming yielded a
preceramic structure with fine uniform cells [94].

The processability of the precursor can be improved
by doping the preceramic polymer with a proper catalyst.
Boron-containing catalysts have been actively studied
as cross-linking agents for improving the ceramics
yields [122–124]. Metallocene catalysts promote the
dehydration of the Si H species at high pressure and
thereby improve residual SiC yields [125, 126]. The highly
reactive nature of Si Cl bond in chlorine-containing poly-
silanes enables the cross-linking of polycarbosilanes to take
place partly in the same temperature range where trans-
formation of polysilanes to polycarbosilanes occurs [127].
Amine-catalyzed condensation of Si OH groups was used
in cross-linking of polysiloxanes [80, 81, 83, 84]. Kim
et al cross-linked the expanded compacts of polysiloxane/
PMMA [74], extruded blends of polysiloxane/LDPE [69],
and CO2-foamed blends of polysiloxane/mPE [95, 100] by
introducing aminoalkylalkoxysilanes as the condensation
catalyst and subsequently annealing in air, prior to pyrolysis.
In this way, they produced closed or open-cell SiOC porous
structures.

The heat treatment approach to convert polymers to
ceramics has inherent limitations such as the shape changes,
polymer degradation, etc, before the occurrence of preferred
chemical reactions. It has been recently identified that
unconventional methods like laser treatment [128, 129]
and ionizing radiation by means of electron beam or
gamma rays [130–133] can also be used to treat the
preceramic polymers. These processes offer advantage of
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processing at ambient temperature, which is crucial for
polymers with low softening, melting, or decomposition
temperatures. The high degree of reactivity in the Si H
and N H groups of silazane precursors can be utilized
in rapid cross-linking by laser treatment to produce SiC
or Si3N4 nanoparticles [129]. Radiation processing of
silicon-containing polymers generates free radicals in the
bulk of the material, which in addition to cross-links also
form new bonds. If the irradiation is performed in the
presence of oxygen, then peroxides are formed that on further
decomposition produce cross-linking bonds [131]. However,
a prior cross-linking step is often necessary to minimize
the possibility of crack formation due to weight loss and
shrinkage during pyrolysis [132, 133].

4. Mechanical properties

Whereas the strength of ceramics produced from
ceramic precursors using polymer replica is considerably
evaluated [6], the data for polysiloxane-derived porous
ceramics are scarce. Nagrejo and Edirishingwe reported that
immersion of suitable concentration of polysilanes in PU
foams yielded highly porous (85–96%) SiC, SiC-Si3N4 and
SiC-TiC foams with a compressive strength ranging from
1.1 to 1.6 MPa [56]. Appropriate combination of repeated
re-infiltration and pre-sintering steps has been suggested
to increase the strut thickness and to fill up the hollow
struts thereby strengthening the cell structure [61, 62]. The
porous SiC structure derived from coating of polysiloxane
on PU foams under nitridation at 1400 ◦C showed an
increase in the compressive strength from 0.3 MPa after
two coating cycles to 1 MPa after four coating cycles [62].
However, increasing the sintering temperature to 1800 ◦C
caused re-crystallization of amorphous SiC and reduction of
strength [62]. Flexural strength of SiC powder-derived porous
SiC ceramics synthesized with PU replica was reported to
be lower than 2 MPa [134], but no information is available
on flexural strength of polysiloxane-derived porous ceramics
produced by the replica method.

Sacrificial template strategy produces porous ceramics
with high strength. The reported flexural strength of
porous SiC ceramics made by the replica technique,
reaction method, and gel casting were 1.5 MPa at 70%
porosity [134, 135], ∼4 MPa at 73% porosity [136], and
∼5 MPa at 80% porosity [134], respectively. The respective
cell sizes were 0.3–3 mm [135, 137], 10–20 µm [134] and
100–400 µm [135]. Jin and Kim fabricated highly porous
microcellular (5–8 µm cell size) Si(O)C ceramics with
flexural strength of ∼30 MPa at 70% porosity and ∼6 MPa
at 80% porosity by pyrolyzing at 1400 ◦C a cross-linked
body consisting of a polycarbosilane precursor, polymer
microbeads sacrificial template and polysiloxane binder [66].
Colombo et al [72] reported that the compressive strength
of microcellular SiOC ceramics decreased with increasing
cell size. The highly homogeneous microstructure with small
cell size can be associated with the high strength levels of
polymer-derived ceramics produced by the sacrificial template
strategy. A high compressive strength of 100 MPa in SiOC

ceramics was recorded at 70% porosity (0.3 relative density)
when cross-linked compacts of polysiloxane and expanded
(hollow) microspheres were pyrolyzed [65].

The compressive and flexural strengths of SiOC ceramics
produced by direct foaming of polysiloxane and blown
PU templates vary in the range of 1–30 and 0.6–15 MPa,
respectively [81, 86, 138, 139]. The superior strength was
attributed to the lack of macroscopic defects in the struts
and cell walls, such as the hollow features that are typical
of conventionally manufactured reticulated foams [6, 86].
A flexural strength of 13 MPa can be maintained during a
long-term annealing at 1100 ◦C in air, and the modification in
strength at 1200 ◦C was attributed to the evolution of intrastrut
porosity. The latter was caused by the oxidation of residual
free carbon, which was accompanied by devitrification of
the SiOC and/or the passivating silica scale [86]. With low
PU content (5.25:1 weight ratio of silicone resin to PU),
the small-size carbon-rich areas are embedded within the
dense SiOC matrix and the material strength can be retained
after oxidation at 1200 ◦C [138]. Addition of submicron
SiC powder to the SiOC amorphous matrix had only minor
effect on crushing strength and elastic modulus of the
foams [81]. The microcellular foams possessed a 2–5 times
higher crushing strength than macrocellular foams of similar
density because of the reduced probability to encounter a flaw
having the critical dimension [65, 82].

Ceramics of SiC, mullite or cordierite having a wide
range of strength from 5 to 300 MPa and porosities from
10 to 75% can be produced by the reaction technique. The
carbothermal reduction and subsequent sintering of SiOC
foams, templated from hollow microspheres or polymer
microbeads, resulted in open-cell SiC ceramics possessing
a compressive strength of 240–290 MPa and a flexural
strength of 60–100 MPa at 40% porosity [103, 105]. The
proper composition of starting mixture of SiC powder and
polysiloxane-derived SiC resulted in a flexural strength of
57 MPa at 50% porosity [18]. As the chemistry of sintering
additives affects densification of struts and pore structure,
specimens prepared using AlN + Y2O3 additives showed the
highest strength of 34 MPa, at a porosity of 56% [101]. The
addition of SiC fillers resulted in finer microstructure with
less weight loss and less shrinkage that increased the flexural
strength of porous SiC ceramics from 34 MPa to 42 MPa after
sintering at 1900 ◦C [99]. When hollow microspheres were
used as templates, carbothermal reduction and subsequent
sintering of carbon-filled polysiloxane rendered porous
SiC ceramics with a flexural strength of 60 MPa and a
compressive strength of 240 MPa at ∼40% porosity [100].
For comparison, flexural strengths of ∼10 MPa at ∼50%
porosity [140] and ∼28 MPa at ∼44% porosity [141] were
reported in reaction-bonded porous SiC ceramics and 17 MPa
at ∼61% porosity in sintered porous SiC ceramics [142].
A compressive strength of ∼160 MPa was also reported at
40% porosity in porous SiC ceramics prepared using polymer
microbeads as the sacrificial templates [143]. The superior
strength was attributed to both the lack of macroscopic defects
and the presence of a rigid strut with a well-developed grain
structure.
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Figure 6. Compressive strength as a function of porosity of polysiloxane-derived porous ceramics produced via different strategies. Data
points are labeled with the corresponding reference numbers.

The collection of compressive and flexural strength data
for various polysiloxane-derived porous ceramics produced
via different processing strategies is shown as a function
of porosity in figures 6 and 7. The porosity varied
from 10 to 96%. Among the four processing strategies,
the replica technique yields polysiloxane-derived porous
ceramics with poor strength, whereas the reaction technique
provides ceramics with high strength. Based on various
processing parameters, the available data indicates a minimum
compressive strength of 1 MPa [56] with 96% porosity for
the porous ceramics fabricated by the replica technique, and
a minimum flexural strength of 0.6 MPa with 90% porosity
for the porous ceramics fabricated by direct foaming [86].
A maximum compressive strength of 300 MPa [100] with
34% porosity and a maximum flexural strength of 144 MPa
with 32% porosity [18] were recorded for the porous ceramics
developed by the reaction technique. Figures 6 and 7 also
indicate that the reaction technique offers porous ceramics
with wide ranges of the compressive strength (from 5 to
300 MPa), and flexural strength (from 5 to 32 MPa). The
sacrificial template strategy provided porous ceramics with
the compressive strength varying from 10 to 100 MPa and
the flexural strength between 1 and 40 MPa, whereas direct
foaming rendered porous ceramics with compressive strength
ranging from 0.7 to 30 MPa and flexural strength from 0.6
to 15 MPa. This data suggests that the variation of the
processing strategy significantly influences the strength of the
porous ceramics with a given porosity. Based on the specific
application, an appropriate selection of the processing strategy

is necessary to control the strength levels of the ceramics with
the desired porosity.

It is evident from figures 6 and 7 that the flexural
or compressive strength generally decreases with increasing
porosity of polysiloxane-derived porous ceramics. The
processing strategy has a minimal effect on the porosity
dependence of strength. This tendency has also been observed
in many other porous ceramics [98, 134, 144] and can be
attributed to the higher probability of the pore coalescence
under load at higher porosities. The pore coalescence
increases the defect size and reduces the strength. According
to a model proposed by Gibson and Ashby [3], the relative
strength of a cellular material showing a brittle crushing
behavior is related to its relative density through the following
expression

σ

σ0
= C

(
ρ

ρo

)m

. (9)

Here σo and ρo are, respectively, strength and true density
of the cell-wall material, σ and ρ are, respectively, strength
and density of the cellular material, and C is a dimensionless
constant. The value of the exponent m is 1.5 for open-cell
foams, and it ranges from 1 to 1.5 for closed-cell foams,
depending on the volume of the solid contained in the
cell edges. The strength data of porous ceramics derived
from polysiloxanes is in agreement with the above relation,
but different m values are reported. For example, the m
value was 2.22 in the compressive strength and density
relation for closed-cell SiOC ceramics produced using hollow
microsphere templates [59], whereas m values of 1, 2 and 3.6
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Figure 7. Flexural strength as a function of porosity of polysiloxane-derived porous ceramics produced via different strategies. Data points
are labeled with the corresponding reference numbers.

were reported when different flexible PU foams were blown
in the polysiloxane solution [77, 81, 86]. The m value for the
flexural strength was 2.3 in direct foaming [86]. Similarly,
m of 3.1 was reported for the mullite ceramics produced by
the reaction synthesis of alumina with polysiloxane-derived
silica [108]. The observed deviations in the m value suggest
a more pronounced influence of density on the strength
than that predicted by the model. This can probably be
attributed to the following factors. The model assumed a
constant cell size, whereas macrostructural inhomogeneities
(distribution of cell sizes) are often found in ceramic foams.
The presence of mixed types of cells—closed and open
cells—cannot be avoided and the stress distribution associated
with the hybrid cell walls was not considered. The strength
can also be influenced by other important parameters, such
as a possible variation in the strut strength as a result of
dissimilar cell density [65]. The unexpectedly low flexural
strength of specimens with high density is often attributed
to the presence of an abnormally large amount of voids or
microdefects in the struts [86].

5. Summary

Polysiloxane precursors offer unique advantages in processing
of porous ceramics. The state-of-the-art technology for
producing porous Si(O)C-based ceramics from polysiloxane
precursors is discussed in this review. The replica strategy
is widely used to produce open-cell macroporous SiC or
SiOC structure with cell sizes usually larger than 150 µm and
porosities ranging from 85 to 96%. This strategy results in

weak ceramics with compressive strength below 2 MPa. The
precursor concentration, coating efficiency, template type and
pyrolysis temperature significantly affect the microstructure
and strength of the resultant ceramics.

The sacrificial template strategy can control the porosity,
pore size distribution, and pore morphology of the resultant
SiOC or SiC ceramics. The type and amount of pore-forming
template and its removal after pyrolysis can vary the porosity
from 20 to 90%, cell size from 1 to 100 µm, and cell density
from 104 to 1010 cells cm−3. The proper selection of expanded
or expandable microsphere templates is essential to produce
the desired openness of the cell structure. The strength of these
ceramics is higher compared to those obtained by the replica
method.

Direct foaming with chemical blowing agents or
self-blowing of sacrificial templates offers SiC, SiOC or
SiC + SiOC cellular structures with cell sizes ranging from
80 to 800 µm, and porosities between 75 and 90%. The
compressive strength as high as 30 MPa at a porosity of 75%
has been achieved. The generation and stabilization of the
foam are the keys to obtaining the desired porosity and pore
size. Foaming using supercritical CO2 is an effective method
to produce cellular or microcellular structures with controlled
and uniformly distributed porosity.

The carbothermal reduction and subsequent sintering
of SiOC ceramics obtained with other strategies produce
uniformly distributed open-cell SiC structure. The porosity of
SiC ceramics ranges from 30 to 90% and the cell size from
10 to 45 µm with cell densities exceeding 109 cells cm−3.
The starting composition, fillers and sintering additives are
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important for producing stronger SiC ceramics with desired
porosity levels. A compressive strength of ∼290 MPa and
a flexural strength of 100 MPa have been obtained for SiC
ceramics with 40% porosity. The reaction technique has
also been extended to produce interconnected or partially
interconnected open-cell structures of mullite and cordierite
ceramics. The cross-linking of preceramic polymers prior
to pyrolysis is necessary in preventing collapse of cellular
structures and in achieving high yields of the ceramics.

The processing of polysiloxane-derived porous ceramics
initially started from the replica technique and has been
continuously improving with the development of other
strategies towards meeting the technological requirements
in several engineering applications. Each strategy results
in different range of microstructural or pore characteristics
that are useful for specific applications. For example,
predominantly closed-cell structures are required for materials
used for thermal insulation, whereas open interconnected
cell structures are preferred for uses involving fluid
transport such as catalysts and filters. However, such
application-specific porous ceramic compositions are possible
to fabricate by a particular processing strategy and there
is an immediate need for versatile strategies that allow
tuning the microstructure, pore characteristics, and properties
and that can be additionally applied to ceramic materials
of different compositions. A combination of the existing
processing strategies is also one of the prospective directions
for future work in producing the polysiloxane-derived
porous ceramics with sufficient control over the final
microstructural and pore characteristics and other properties.
Although porosity and other properties of the resultant
ceramics can be effectively controlled with the simple
processing methodology, mass-production is required to
fabricate large-sized or complex-shaped porous objects.
The future work in the processing of polysiloxane-derived
porous ceramics should be directed towards establishing
strategies that are inexpensive, versatile and can produce
complex-shaped objects. In one of such recent study, porous
SiOC ceramics were fabricated from polysiloxane-hollow
microsphere blend using inexpensive method of steam chest
molding and pyrolysis [145].
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