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Abstract

Silicon oxycarbide (SiOC) ceramic foams, produced by the pyrolysis of a foamed blend of a methylsilicone preceramic polymer
and polyurethane (PU) in a 1/1 wt.% ratio, exhibit excellent physical and mechanical properties. The proposed process allows to

easily modify the density and morphology of the foams, making them suitable for several engineering applications. However, it has
been shown that, due to residual carbon present in the oxycarbide phase after pyrolysis, the foams are subjected to an oxidation
process that reduces their strength after high temperature exposure to air (12 h 1200�C). A modified process, employing the same

silicone resin preceramic polymer but a much lower PU content (silicone resin/PU=5.25/1 wt.% ratio), has been developed and is
reported in this paper. Microstructural investigations showed that carbon rich regions deriving from the decomposition of the
polyurethane template are still present in the SiOC foam, but have a much smaller dimension than those found in foams with a
higher PU content. Thermal gravimetric studies performed in air or oxygen showed that the low-PU containing ceramic foams display

an excellent oxidation resistance, because the carbon-rich areas are embedded inside the struts or cell walls and are thus protected by
the dense silicon oxycarbide matrix surrounding them. SiOC foams obtained with the novel process are capable to maintain their
mechanical strength after oxidation treatments at 800 and 1200�C (12 h), while SiOC foams obtained with a higher amount of PU

show about a 30% strength decrease after oxidation at 1200�C (12 h). # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Processing technologies that utilize organic polymers
to fabricate ceramics components have been proposed
in the past in the literature.1�3 The organic polymers
have been mixed with the inorganic ceramic compo-
nents, either ceramic powder or an inorganic monomer,
as processing aids or sacrificial template matrices. The
concept has already been applied to injection molding
machines or for manufacturing uniquely shaped pro-
ducts. The key point is that the organic polymer helps
the shaping process and then disappears during heating;
the amount of organic component used depends on the
role it has in the process (e.g. binder, volatile matrix,

etc.). Ceramic foams have been produced using poly-
urethane (PU) and ceramic powder mixtures (so-called
reticulated ceramics4 or by a direct foaming process5),
or acrylic monomers and ceramic powders (gel-cast-
ing6). Recently, Colombo and Modesti proposed a
novel processing method for producing silicon oxycar-
bide (SiOC) ceramic foams, through the pyrolysis under
an inert gas of foamed polymer blends of a preceramic
polymer7,8 (a silicone resin9,10) and an organic polymer
(polyurethane).11�14 The main concept behind this tech-
nology is the use of polyurethane, which is known to be
easily foamed (physical or chemical blowing), as a struc-
tural template to produce the ceramic foam, in combi-
nation with a preceramic polymer. A process employing
a different preceramic polymer has also been reported by
Nangrejo et al.15 The ceramic develops through the
polymer-to-ceramic conversion of the silicone resins,
which can be mixed in solution with the polyurethane
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precursors. The SiOC ceramic foams have a bulk den-
sity varying from 0.2 to 0.6 g/cc, a cell size in the 100–
700 mm range, and exhibit very good mechanical prop-
erties.11�14 Crushing strength, flexural strength and
Young’s modulus increase with increasing density of the
material, and maximum values of about 16 MPa, 12
MPa and 7 GPa, respectively, have been so far
obtained. The foams possess a coefficient of thermal
expansion of 3.5�10�6 K�1 (20–1000oC) and display
excellent thermal shock resistance properties. However,
it has been shown that due to residual carbon present in
the oxycarbide phase after pyrolysis, the foams are
subjected to an oxidation process that reduces their
strength after high temperature exposure to air for a
comparatively long period of time (12 h 1200�C).14

Our recent phase-morphological analysis of the foamed
blend during the course of pyrolysis surprisingly indi-
cated that the polyurethane did not constitute an inter-
connected continuos phase, but rather was dispersed as
particles in a silicone resin-derived amorphous matrix.16

In that study, silicone resin and polyurethane were used
in a 1/1 wt.% ratio. In this paper we firstly investigated
the possibility to obtain foamed blends using a silicone
resin/PU weight ratio of 5.25/1. Secondly, we investi-
gated the oxidation resistance of the low-PU-containing
foams (5.25/1 weight ratio), and compared it to the
material obtained with a higher PU content (1/1 weight
ratio). The aim was to gain a deeper insight both into
the foaming process and into the thermal stability of the
SiOC ceramic foams obtained with this process, so that
components with a specific morphology and oxidation
resistance at high temperature could be developed for a
range of engineering applications (e.g. filters, thermal
shields, catalytic substrates, lightweight structural com-
ponents).

2. Experimental

2.1. Materials

A foamed blend is a porous body consisting of a pre-
ceramic polymer and polyurethane. The preceramic
polymer used here was a methylsilicone resin (SR350,
General Electric Silicone Products Division, Waterford,
NY). It is known that the methylsilicone resin can be
converted to silicon oxycarbide (SiOC),10 that is an
amorphous ceramic material in which Si atoms are
bonded to both O and C atoms, by pyrolysis between
1000 and 1400�C under inert atmosphere. Polyurethane
precursors are polyether polyol and polymeric isocya-
nate. The polyol mixture was comprised of two poly-
ether polyols (Tercacol 3 (hydroxyl number : 56 mg of
KOH/g, viscosity at 25�C : 500 mPa.s, Mw=3000 g/
mol) and Tercarol 1 (hydroxyl number: 168 mg of
KOH/g, viscosity at 25�C: 280 mPa.s, Mw=1000 g/

mol), supplied by Enichem). The isocyanate was poly-
phenylmethane isocyanate (Tedimon 31, viscosity at
25�C: 180–250 mPa.s,%NCO: 31, supplied by Eni-
chem). The reaction between the polyol mixture and the
isocyanate gives rise to a semirigid PU, as reported in
previous papers.11�13 Amine catalysts, a solvent, and a
surfactant were also used. The amine catalysts were
bis(dimethylaminomethyl)ether and triethylenediamine
in dipropylene glycol (Niax A-1 and A-33, supplied by
OSi Specialties). The solvent was dichloromethane. The
surfactant was polydimethylsiloxane (SC250 and SH205,
supplied by OSi Specialties).
The foamed blend of SR350 and PU was prepared in

two steps. The first step was the addition of SR350 dis-
solved in CH2Cl2 to the mixture of the polyols, the amine
catalysts, the surfactant, and additional dichloro-
methane. The second step was the addition of poly-
isocyanate to the solution obtained in the first step. The
expansion started during mechanical stirring by the eva-
poration of the solvent caused by the exothermal reac-
tions occurring in the solution (physical blowing). In
addition to that, water generated by the condensation
reaction, promoted by the amine catalyst, of Si–OH
groups in the silicone resin reacted with isocyanate, giv-
ing carbon dioxide gas that participated to the foaming
(chemical blowing). Not only urethane bonds but also
ureic bonds are formed through the reaction. It has to be
mentioned that the silicone resin was pre-treated at
150�C before dissolving into dichloromethane, in order
to reduce the amount of Si–OH groups present. After
mechanical stirring, the foaming solution was poured in
an open mold and kept in an oven at 30�C for several
hours, for completing all the reactions. A more detailed
preparation procedure has been already reported in
previous papers.11�13 The foams were prepared with a
SR350/PU weight ratio of 1/1 or of 5.25/1. Foams with
a silicone/PU weight ratio of 1/1 will be hereafter
labeled High-PU foams, while foams with a 5.25/1
weight ratio will be labeled Low-PU foams. The foamed
blends of SR350 and PU were pyrolyzed under nitrogen
(99.999% N2, 5.0 cc/min) for 1 h at 1200�C, with a
heating rate of 2 K/min.

2.2. Pyrolysis and oxidation resistance investigations

The weight loss of unpyrolyzed foams (SR350/
PU=1/1, 5.25/1 weight ratio), cross-linked SR350, and
PU foams was characterized by thermal gravimetric
analysis (TGA) using a Netzsch STA409 thermobalance
in air or nitrogen (99.999%) at a heating rate of 10 K/
min. Some samples, pyrolyzed at 1200�C in N2, were
also isothermally hold for 12 h at 800 or 1200�C in air
or oxygen. The foams were analyzed without milling
them into powder. In the case of bulk SiOC glass
(SR350 heated 1 h at 1200�C in N2), the analysis was
performed on powders with a diameter comprised
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between 20 and 53 mm. The powder size was chosen in
order to be similar to the cell wall thickness of the SiOC
foams. TGA-FTIR (thermal gravimetric analysis con-
nected with Fourier transform infrared spectroscopy)
was used for the analysis of weight loss and decom-
position gases of the pyrolyzed foams. The TGA mea-
surements (thermal gravimetric analysis, TGA2950, TA
Instruments) were conducted from room temperature to
1200�C, while the decomposition gases coming from the
TGA cell were qualitatively analyzed with a FTIR
spectrometer ((Magna-IR Spectrometer 750 with TGA
interface, Nicolet) up to 1000�C. TGA analysis was
performed using 70 ml/min of nitrogen (99.999% pur-
ity) flow and a heating rate of 10 K/min. The decom-
position gases were transferred to the gas cell in the
FTIR instrument through a transfer tube. Both the gas
cell in the FTIR instrument and the transfer line were
maintained at 200�C. The FTIR spectra were collected
with a resolution of 4 cm�1 for 32 scans.

2.3. Phase morphology and microstructure analysis

The phase morphology of foamed blends of SR350/
PU before and after pyrolysis was characterized by
SEM (LEO435, LEO Elektronenmikroskopie GmbH,
and Stereoscan 250 MK3, Cambridge Instruments). The
linear dimensional variation of the foamed blend was
measured using a Netzsch 402E dilatometer in flowing
nitrogen at the heating rate of 10 K/min. The micro-
structure was characterized by X-ray diffraction (XRD)
using a Philips 1730/1820 instrument (Cu Ka, 40 kV, 40
mA).

2.4. Mechanical characterization

The crushing strength of low- and high-PU foams of a
selected bulk density, pyrolyzed at 1200�C and after
being subjected to oxidation (12 h at 1200�C in air), was
measured by compression testing, with a cross-head
speed of 0.5 mm/min, on samples 6�6�12 mm3. The
flexural strength was also determined, using a three-
point bending fixture with a span of 30 mm and a cross-
head speed of 0.5 mm/min. Both flexural and compres-
sion strength were measured at room temperature, using
an Instron 1121 UTM. Each data point reported repre-
sents the average value of 10 individual tests.

3. Results and discussion

3.1. Foaming of SR350/PU blends and microstructure of
foams

Previous papers11�14,16 reported on the foaming of
mixtures of SR350 silicone resin/PU, with a weight ratio
of 1/1. After adjusting the Si-OH content by thermal

treatment, it was possible to obtain stable foams using
also a SR350/PU solution with a 5.25/1 weight ratio.
The foams maintained their morphology during pyr-
olysis, with no signs of melting or shape loss, indicating
that the silicone resin was well crosslinked after blow-
ing.16 In Fig. 1 are reported SEM micrographs of an
unpyrolyzed (a) and a pyrolyzed (b) low-PU foam.
About 30% of cells in low-PU foams before pyrolysis
display open-cell porosity, similarly to what was
observed for high-PU foams,11�13 and after pyrolysis
most of the thin membranes closing the cell pores dis-
appear. Average cell size for the pyrolyzed specimen of
low-PU is about 50–70% larger than that for a high-
PU. Possible explanations for this phenomenon include
a different behavior of the surfactant agents in the low-
and high-PU precursor mixture, the presence of less
nucleation centers in the low-PU solution (nucleation
occurs where the mixture becomes supersaturated with
respect to the blowing agent, due to the polymerization
reaction between polyol and isocyanate),17 a lower visc-
osity of the low-PU solution (that would allow coales-
cence of the gas bubbles). Moreover, the lower linear

Fig. 1. (a) SEM micrograph of a low-PU unpyrolyzed foam (SR350/

PU=5.25/1 weight ratio). (b) SEM micrograph of a low-PU pyrolyzed

foam (SR350/PU=5.25/1 weight ratio).
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shrinkage due to the lower PU amount in low-PU
foams will result in larger cells after pyrolysis (see later).
As previously mentioned, our recent phase-morpho-

logical analysis on a foamed blend of SR350/PU with 1/
1 weight ratio16 showed that after foaming PU was dis-
persed as particles in the SR350 matrix. This was rather
unexpected, and contrary to the original intention that
PU would be used as a sacrificial template matrix. It
was found, however, that the use of PU still enabled to
control the morphology of the ceramic foam, in that by
varying the PU precursors (polyols and isocyanate) one
could obtain either flexible-, semi-rigid- or rigid-like
structures.11�13 The possibility of obtaining stable foams
with a low PU content is another indication that its role
in the process is not that of constituting a sacrificial
template matrix. Indeed, SEM investigations showed
that also in this case C-rich islands are found embedded
within a Si-rich matrix.16 Fig. 2(a) shows a topographical
image of a high-PU foam before pyrolysis; the smooth
wall surface of a cell (upper part), the slightly rough
cross-section of a cell wall (middle part), and another cell
(lower part) are visible. The roughness of the cross-sec-
tion is caused by the preparation of the sample, broken
by hand at room temperature. By analyzing using back-
scattered electrons, the compositional image of the same
place displayed in Fig. 2(a) was obtained, and is repre-
sented in Fig. 2(b). Dark islands, with a dimension of
about 3–5 mm, are dispersed in a light matrix phase, not
only in the wall surface but also in the cross-section of
struts. Energy-dispersive X-ray analysis allowed to
identify the light phase as Si-rich, hence deriving from
the silicone resin, while the dark islands were mainly com-
prised of carbon, hence deriving from the PU.16 The image
shows that the SR350/PU blend is not miscible but has the
sea/island morphology that is typical of a phase-separated
structure.18 Phase separation is mainly due to the differ-
ence of the surface tension of the two components (methyl
silicone resin=23 dyne/cm, polyurethane=38 dyne/

cm).19 Fig. 3(a) shows the topographical SEM image of
the cross-section of a strut in a Low-PU foam before
pyrolysis. The compositional image of the same area is
reported in Fig. 3(b). Also in this case dark PU islands,
with a dimension of about 1 mm, are dispersed in a light
silicone-derived matrix phase.
It is important to observe that, in comparison to high-

PU foams, the C-rich regions in the low-PU foams are
much smaller. Also, in high-PU foams PU particles can
be seen on the surface of cell walls, while no such parti-
cles are observed in that location in low-PU foams. This
can be explained by the different PU content in the
foams as well as by the surface tension difference
between the SR350 silicone resin and PU.
We can hypothesize that the main role of PU in the

foaming process is that of (i) homogeneously providing
thermal energy to the liquid mixture for the physical
evaporation of the solvent and (ii) controlling the visc-
osity of the solution (a condition necessary for obtaining
a stable foam, influenced also by the initial rheological
properties of the SR350 silicone resin).16,20 An effect of
the type of PU precursors on the morphology of the
foam, as observed in high-PU foams,11�13 will have to
be demonstrated by further experiments in the case of
low-PU foams.

3.2. Pyrolysis of foams

As reported in previous works,11�14,16 during pyrolysis
in inert atmosphere the polymer-to-ceramic transfor-
mation of the silicone resin occurs, yielding a silicon oxy-
carbide ceramic material, as well as the thermal
decomposition of the PU component. The thermal gravi-
metric analysis curves reported in Fig. 4 indicate that the
conversion process happens in two separate steps, around
300–400�C and 600–800�C. In the first step, decomposi-
tion of PU and volatilization of silicone oligomers occur,
while in the second one the organic bonds in the silicone

Fig. 2. (a) Topographical SEM image of an unpyrolyzed high-PU foam (SR350/PU=1/1 weight ratio). The surface and the cross-section of a cell

wall are shown. (b) Compositional SEM image (backscattered electrons) of an unpyrolyzed foam high-PU (SR350/PU=1/1 weight ratio). The

photo was taken at the same position as Fig. 2(a).
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resin are broken, with release of methane (ceramiza-
tion).16 The data show that PU decomposition leaves a
carbonaceous residue (about 8 wt.%) within the SiOC
material, while the ceramic yield of a pure SR350 mate-
rial is about 84 wt.% at 1200�C. Calculated weight los-
ses are in agreement with the experimental values (32
and 55 wt.% for the low- and high-PU foams, respec-
tively) Calculated residual carbon from PU after pyr-
olysis in the low- and high-PU foams is, from TGA
data, about 1.3 and 4 wt.%, respectively. Analysis of the
total C content of pyrolyzed materials, performed with a
LECO CS-244 carbon determinator, using an oxidation
accelerator, gave 14.1�0.7, 16.2�0.6 and 29.6�0.9
wt.% for a bulk SiOC ceramic, a low-PU and a high-PU
SiOC foams, respectively. Linear shrinkage upon pyr-
olysis, measured using a dilatometer, showed a con-
traction of about 35% (at 1200�C) for a high-PU foam,

while a low-PU foam at that temperature shrunk about
27%. The maximum dimensional changes occur in two
steps (300–400 and 600–800�C range), in accordance
with the TGA findings, the first interval is related to PU
decomposition while the second one derives from the
ceramization of the silicone resin.

3.3. Oxidation resistance

Low- and high-PU foams, pyrolyzed at 1200�C in N2,
were subjected to oxidation in the thermobalance, under
air or oxygen. During heating from room temperature
to 1200�C one can observe that the High-PU SiOC
foam displays a sharp weight loss (about 2 wt.%) cen-
tered at about 600�C, while no significant variation is
found for the low-PU foam (see Fig. 5). This effect is
due to the oxidative reaction of the ‘‘free’’ carbon (i.e.
the C atoms non directly bonded to the Si atoms but
rather grouped together into turbostratic graphite clus-
ters) embedded within the SiOC amorphous matrix,8,10

as demonstrated by the FTIR analysis of the released
gases, reported in Fig. 6. The peaks located at about
2300–2400 and 680 cm�1 are in fact attributable to CO2.
While part of these carbon clusters originate from the
redistribution of bonds occurring in the silicone resin
during the polymer-to-ceramic conversion,8,10 it is evi-
dent that some are related to the carbonaceous residue
of the PU component in the precursor mixture (see also
Fig. 4).
The fact that virtually very limited weight loss is

observed when the analysis was performed under nitro-
gen indicates that the thermal degradation of PU and
the ceramization of SR350 silicone resin were virtually
complete after pyrolysis for 1 h at 1200�C, and that no
degradation mechanism (e.g. carbothermal reduction
reactions) was active up to that temperature.
A TGA investigation of the weight loss of low- and

high-PU pyrolyzed foams as a function of time (up to 12

Fig. 4. TGA curves of unpyrolyzed SR350 (cross-linked), foamed

semi-rigid PU, unpyrolyzed foamed blends of SR350/PU (low-PU:

SR350/PU=5.25/1 and high-PU: 1/1 weight ratio). Analysis per-

formed under nitrogen.

Fig. 3. (a) Topographical SEM image of an unpyrolyzed low-PU foam (SR350/PU=5.25/1 weight ratio). The cross-section of a strut is shown. (b)

Compositional SEM image of an unpyrolyzed low-PU foam (SR350/PU=5.25/1 weight ratio). The photo was taken at the same position as

Fig. 3(a).
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h, test performed at 800 and 1200�C) is reported in
Fig. 7. Note that the curves do not start from weight
loss zero because heating was performed under the testing
atmosphere (air, oxygen) and thus the samples were already
subjected to a weight loss before reaching the dwelling
temperature (see Figs. 4 and 5). Again, the high-PU
foam displayed a weight loss (about 3 and 4 wt.%) after
12 h at 1200�C under air and oxygen, respectively, while
low-PU foam did not show any weight loss, but a very
limited (0.4%) weight gain. While the weight loss is
attributable to oxidation of the free C, the weight gain
derives from the oxidation of Si–C bonds in the SiOC
ceramic, to give SiO2. In fact, in the experimental con-
ditions adopted, both (free) carbon oxidation and Si–C
bond oxidation are active.21 Analysis of the total C
content of oxidized materials (12 h at 1200�C, air), gave

14.9�0.7 and 24.7�0.6 wt.% for low-PU and high-PU
SiOC foams, respectively.
It is interesting to observe that the data for oxidation

of high-PU foam at 800�C indicate that, after the initial
weight loss during heating, further oxidation of the
material is hindered, possibly because oxygen diffusion
is less favored at low temperatures (remember that no
percolating carbon network is present in the material,
see Fig. 2). Carbon analysis, in fact, gave a value of
29.2�0.5 for high-PU foam (12 h at 800�C, air). It has
been demonstrated, however, that long term (i.e. 500 h)
exposure at temperatures in the range 600–800�C are
more damaging to SiOC ceramics because at those
temperatures the (free) carbon oxidation predominates,
while at higher temperatures the Si–C bond oxidation
rate is comparable to that for carbon oxidation, leading
to the formation of a silica-like protective surface layer.21

Once more, the TGA data collected under N2 showed
that pyrolyzed SiOC foams are essentially thermally
stable at high temperature under inert atmosphere.
The very high oxidation stability of low-PU foams is

rather surprising since, from its C analysis and from the
TGA data relative to high-PU foam, one would have
expected about 1 wt.% weight loss. An explanation is
possible when considering the results of the SEM inves-
tigations (see Figs. 1–3). A previous study of high-PU
foams revealed that, during pyrolysis, the PU particles
contained in the silicone-derived matrix gradually
aggregated and tended to be disappear as the tem-
perature increased, but carbon-rich regions remained
present on the cell wall surface at all processing tem-
peratures.16 On the other hand, as mentioned before,
low-PU foams showed no PU-derived traces on the cell
wall surface, after pyrolysis at 1200�C. The higher oxi-
dation stability of low-PU foams thus derives from the
fact that these carbon-rich regions are fully embedded

Fig. 6. FTIR spectra of released gases from a high-PU SiOC foam

which have been already pyrolyzed at 1200�C in N2 (SR350/PU=1/1

weight ratio). Analysis performed under oxygen.

Fig. 7. Weight loss as a function of time for SiOC foams which have

been already pyrolyzed at 1200�C in N2 (low-PU: SR350/PU=5.25/1

and high-PU: 1/1 weight ratio). Analysis performed under nitrogen,

air, or oxygen.

Fig. 5. TGA curves of SiOC foams which have been already pyrolyzed

at 1200�C in N2 (low-PU: SR350/PU=5.25/1 and high-PU: 1/1 weight

ratio). Analysis performed under nitrogen, air or oxygen.
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within the silicon oxycarbide matrix. Indeed, TGA
analysis performed on SiOC ceramic powder derived
from the pyrolysis at 1200�C of pure SR350 silicone
resin gave only a limited (about 0.7 wt.%) weight
increase, after 12 h oxidation at 1200�C in air, indicat-
ing the very good oxidation resistance of the SiOC
matrix material. A further confirmation of the hypoth-
esis comes from TGA tests performed in air or oxygen
on a powder obtained from a low-PU foam. In this case,
a 0.3 wt.% weight loss, located at about 600�C, was
observed, showing that crushing the low-PU foam
exposed the carbon-rich areas within the struts to the
testing atmosphere. Another reason for the different oxi-
dation behavior of low- and high-PU pyrolyzed foams is
that the oxidation of the more numerous carbon-rich
islands, possessing also a higher domain size, in the case
of high-PU foams leads to a higher porosity throughout
the SiOC material with an increase of the surface area.
Besides the overall free carbon content, a possible
influence of the different morphology of the two types
of foams (strut size, cell wall thickness, dimension of the
holes in the cell walls), yielding varying diffusion path
lengths for oxygen, should also be considered.
In agreement with the above findings and discussion,

XRD analysis, performed on specimens before and after
oxidation, show that cristobalite crystals formed in
high-PU SiOC foams oxidized at 1200�C, while no
microstructural change occurred in low-PU foams or, in
high-PU foams, after oxidation at 800�C (see Fig. 8).
The same oxidation treatments performed on a pure

(powdered) SiOC ceramic, obtained from the direct
pyrolysis at 1200�C in N2 of SR350 silicone resin, did
not affect its microstructure, and the specimen remained
amorphous. Evidently, the burn-off of carbon from the
high-PU foams’ structure led to the formation of active
nucleation sites for silica. The different PU content did
not affect the microstructure of as-pyrolyzed specimens,
which are both amorphous, and no carbon phases are
detectable in the diffraction patterns, probably because
of its the limited amount. The patterns for low-PU
foams pyrolyzed and oxidized 12 h at 800�C were not
reported in Fig. 8 because they are identical to the dis-
played data for the low-PU specimen oxidized 12 h at
1200�C.
The influence of different oxidation resistance

between low- and high-PU foams on the mechanical
properties is shown in Table 1. SiOC ceramic foam bars
of similar bulk density (0.4�0.02 g/cc) were tested
before and after oxidation at various temperatures. A
decrease in strength in high-PU foams after oxidation at
1200�C is evident (about 30%), and it is linked to both
crystallization and porosity formation within the struts
of the material,14 while the strength of low-PU foams
remained unaffected by the treatment, in accordance
with the TGA and XRD results. Correspondingly, no
strength decrease in high-PU foams was observed after
oxidation at 800�C. The strength difference between
low- and high-PU SiOC foams of similar density can
depend on the different cell size of the two materials22

(about 730�205 mm for the low-PU foam versus about
430�116 mm for the high-PU foam), but a larger set of
specimens of various densities will have to be tested to
clarify this issue.

4. Conclusions

In this paper we demonstrated the possibility to
obtain silicon oxycarbide ceramic foams starting from a
mixture containing a much lower polyurethane content
than reported before. The polyurethane helps the blow-
ing process by homogeneously providing thermal energy
to the liquid mixture for the physical evaporation of the

Fig. 8. XRD patterns for SiOC foams (low-PU: SR350/PU=5.25/1

and high-PU: 1/1 weight ratio) and SiOC ceramic powder, pyrolyzed

at 1200�C in N2, as received or after oxidation for 12 h at 800 and

1200�C in air.

Table 1

Mechanical properties (MPa) of low- and high-PU SiOC foams, of

similar bulk density, as pyrolyzed or after an oxidation treatment (12 h

800 or 1200�C, air)

High-PU

SiOC foam

Low-PU

SiOC foam

Flexural strength, as pyrolyzed 3.69�0.28 2.70�0.40

Crushing strength, as pyrolyzed 3.32�0.74 2.02�0.84

Flexural strength, oxidized 12 h 800�C 3.73�0.97 2.50�0.80

Crushing strength, oxidized 12 h 800�C 2.98�0.67 1.80�0.50

Flexural strength, oxidized 12 h 1200�C 2.29�0.31 3.00�0.50

Crushing strength, oxidized 12 h 1200�C 2.33�0.75 2.04�0.75
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solvent, and by controlling the viscosity of the solution.
The advantage of this process modification lies in the
fact that produced SiOC foams have a lower overall free
carbon content, and thus display a much higher oxida-
tion stability at high temperature. Carbon-rich areas
have a limited size and are fully embedded within the
dense silicon oxycarbide matrix. In the case of SiOC
foams obtained from a solution with a low PU content,
mechanical properties are retained after oxidation at
1200�C, while a strength decrease is observed for SiOC
foams obtained from a solution with a high PU content.
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