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bstract

acro-cellular porous silicon carbide foams were produced using a polycarbosilane preceramic polymer and a chemical blowing agent (azodicar-
onamide). Polycarbosilane (PCS) was mixed with a blowing agent and the mixture was foamed close to the melting point of PCS at 250–260 ◦C,
nder nitrogen in order to avoid cross-linking by oxidation. The foamed PCS was then cured under air at 200 ◦C and pyrolyzed at 1000 ◦C, leading

o the formation of open macro-cellular ceramic components. Porosity ranged from 59 to 85 vol%, and the cell size ranged from 416 to 1455 �m;
hese values could be modulated by changing the content of blowing agent and foaming temperature. This process is a simple and efficient way to
roduce silicon carbide-based foam with tailored pore architecture and porosity.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Macrocellular ceramic components have attracted great
ttention due to their unique properties such as low density,
ow thermal conductivity, high fluid permeability, thermal shock
esistance and chemical stability as well as specific strength.1,2

hese highly porous ceramics have been widely utilized in
arious fields such as metallurgy (molten metal filter),3 auto-
obile (diesel particulate filter),4 water conservation (water

urification filter and diffuser),5,6 environmental purification
r petrochemistry (catalyst support),7 production of energy
fuel cells),8 medical science (bioimplants)9 as well as waste
anagement.10,11 The properties and performances of cellular

eramics are strongly depending on porosity, pore size, pore
ize distribution, pore interconnection, pore orientation and the
urface of pore morphology as well as materials type. Vari-
us manufacturing processes for cellular ceramics with desired
roperties have been proposed, including the replica method

mploying polyurethane foams, the direct foaming route for
eramic suspensions or preceramic polymers, the use of sac-
ificial fugitives, and extrusion.12

∗ Corresponding author. Tel.: +81 52 736 7426; fax: +81 52 736 7405.
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It has been proposed that the use of preceramic polymers is a
romising route for the fabrication of various porous structures
foams, membranes and monolithic components with hierarchi-
al porosity).13–29 Preceramic polymers, including organic and
norganic polymers with a continuous Si–R network (R = O, C,

and B), can provide ceramic materials as residue through
heir decomposition at higher temperature, where organic groups
an be transformed into inorganic moieties such as Si–O, Si–C,
i–N and Si–B, usually under inert atmosphere to prevent the
xidation of organic groups. As a result, advanced ceramic mate-
ials such as SiC, Si3N4, SiOC, SiOCN, SiCN and SiBCN
an be obtained, with microstructure and properties tailored
y the molecular structure of the precursor and the pyrolysis
ondition.30,31

Among the ceramic materials prepared by preceramic poly-
er, SiC possesses various desired engineering properties, such

s good thermal shock resistance and thermal/chemical sta-
ility as well as superior mechanical properties due to the
trong covalent bonding of silicon to carbon and a low self-
iffusion coefficient, indicating that it can be employed for
igh-temperature applications.22,32–34 Polycarbosilane (PCS)

as been extensively utilized as a representative material to
btain SiC fibers.35,36 However, there are very few studies con-
erning the use of PCS to fabricate a macrocellular SiC, although
here have been recent reports on the use of PCS to obtain

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.009
mailto:manabu-fukushima@aist.go.jp
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Table 1
Sample identification and composition of PCS/ADA mixtures, and foaming
conditions.

Sample Composition of PCS/ADA Foaming temperature

5A0 100/0

250
5A1 99/1
5A3 97/3
5A5 95/5

6A0 100/0

260
6A1 99/1
6A3 97/3
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icro-cellular37–39 or micro-meso-porous SiC by casting40 or
ano-casting techniques.41,42 Moreover, PCS has been used
ogether with SiC powder to fabricate porous SiC components,
btained through simple sintering of powders43 or by using cam-
hene and freeze-casting.44 Furthermore, PCS has been used to
abricate oxy-carbide porous ceramics, by emulsion process-
ng or nano-casting.45,46 The direct foaming technique allows

simple and economical fabrication of highly porous ceram-
cs containing up to more than 95% porosity.24,25,27,28,37 In the
irect foaming of preceramic polymers, the SiOC, SiCN and
iOCN systems have been investigated.24,25,27,28 Past papers
uggested the reason why few studies of direct foaming PCS
ave been conducted, namely because the cross-linking of PCS
y oxygen curing and the change in viscosity of PCS dur-
ng blowing complicate the development of the macrocellular
tructure.37 In particular, the relationship between the viscosity
f PCS, its oxidation curing and foaming is important to prepare
porous body, and its control is still an issue to be solved for

ptimizing the direct foaming of PCS (and, in general, of any
receramic polymer precursor).

In this paper, we propose a very simple and promising
pproach to solve the above mentioned problems. Firstly, the
ixture of PCS and chemical blowing agent is foamed at

50–260 ◦C under flowing N2, in order to avoid the oxida-
ion curing of PCS. We strategically selected a blowing agent
ased on azodicarbonamide (ADA), which can be foamed
round 250 ◦C, which is close to the melting point of PCS
230–250 ◦C)20,47,48 and produces a very high yield of gas per
ram (210–230 cm3).49,50 This approach was firstly proposed by
akahashi and Colombo, for siloxane preceramic polymers.51

hen, the foamed body is cured by oxidation cross linking,
o that the shape of the cured body can be maintained during
he subsequent pyrolysis. Finally, foamed–cured PCS bodies are
yrolyzed. The foaming process and the control over the pore
rchitectures are here discussed, showing that by varying the
rocessing conditions, different morphologies can be obtained.

. Experimental

.1. Starting materials

A commercially available PCS (Type S, Nippon Carbon Co.
td., Yokohama, Japan) and azodicarbonamide (ADA 97%,
igma–Aldrich, St. Louis, MO) as a chemical blowing agent
ere used for the fabrication of the macrocellular SiC ceramic.
he as-received powders, without further purification, were
rushed into fine particles in a ball mill, in order to be homoge-
eously foamed.

.2. Chemical blowing and pyrolysis

PCS/ADA solid mixtures were prepared with weight ratios

f 100/0, 99/1, 97/3 and 95/5. The mixtures were put into glass
eakers with an inner diameter of 17 mm, and each beaker was
arefully tapped in order to level and compact the powders.
hereafter, the powder mixtures were heated up to 250 or 260 ◦C

3

f

A5 95/5

ith a heating rate 10 ◦C/min and held for 2 h under N2 flow-
ng to induce the chemical blowing. Table 1 reports the sample
dentification codes, composition of the PCS/ADA mixtures and
he foaming conditions. The curing of foamed PCS (oxidation
ross-linking) was carried out under a heating rate of 30 ◦C/h to
00 ◦C with a hold of 2 h in static air. The foamed and cured bod-
es, removed from the beakers, were transferred to an alumina
rucible and pyrolyzed at 1000 ◦C with a heating rate of 5 ◦C/min
or 2 h in a flowing Ar atmosphere to convert the preceramic
olymer to an inorganic porous SiC-based ceramic.

.3. Characterization

Bulk density of the tapped powder body was calculated by
aking into account the mass and the dimensions of the beaker.
n order to calculate the porosity of tapped body, its theoretical
ensity was determined based on the rule of mixtures. Poros-
ty of the foamed body at 250 or 260 ◦C was calculated by
sing the mass/dimension and true density, where true density
as measured from finely ground polymer powder using a He-
ycnometer (Pycnomatic ATC, Porotec). Apparent densities,
nd open and closed porosity of the pyrolyzed bodies were deter-
ined by the Archimedes method using vacuum assisted water

nfiltration, where the true (skeleton) density of the pyrolyzed
oams was measured by He picnometry (Pycnomatic ATC,
orotec) of finely ground particles. TG-DTA curves of pure ADA
nd PCS with ADA were obtained by a RIGAKU TG 8120
ifferential thermalgravimetric analyzer, at the heating rate of
0 ◦C/min under flowing N2. N2 gas was flown for 20–30 min
efore starting heating, in order to avoid oxygen contamina-
ion in the furnace. The porous architecture, such as cell shape,
ell size and size distribution was investigated using a stereo-
icroscope (type 376788, Wild Heerbrugg AG, Switzerland)
ounted with a digital camera (Coolpix 990, Nikon, Tokyo,

apan) and a scanning electron microscopy (SEM, JSM-6330,
EOL Techniques, Tokyo, Japan). Image analysis (PhotoMea-
ure, KENIS, Osaka, Japan) was used to quantify the average
ell size and its distribution.

. Results and discussion
When manufacturing macro-cellular foams using direct
oaming of molten PCS, the following points need to be
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ig. 1. (A) Photograph of foamed PCS samples, and (B) expansion as a function
f ADA content and foaming temperature.

onsidered: (1) firstly, chemical blowing should be performed
efore curing, as the viscosity of the melt would increase dra-
atically with the formation of a rigid structure, which would

equire a very high pressure to sufficiently foam. Therefore,
lowing under inert atmosphere is needed in order to avoid cross-
inking by oxidation, (2) secondly, the fluidity of molten PCS
hould be adequate to retain the gas produced from the decompo-
ition of ADA. If ADA decomposes before PCS can melt, there
ill be no foam formation, as the gases will escape from the
olymer and (3) thirdly, after blowing, the foamed body should
e cured, in order to retain the shape and morphology of the
ores during the pyrolysis step. Therefore, we carried out foam-
ng and curing on the basis of the considerations above. Because
f the difficulties in cross-linking PCS, we chose to use oxidative
uring, which leads to an incorporation of about 11 wt% oxygen
n the final SiC ceramic.52

Fig. 1 reports (A) photos of PCS powder foamed at 260 ◦C,
nd (B) the expansion (%) calculated from the expanded volume
o the tapped (bulk) volume ratio. The images show the homo-
eneous and uniform blowing of PCS, an increase in expansion
0.5 g of PCS powder was used with various ADA contents)
nd in the average cell size, with increasing ADA content. The
olume expansion was measured according to the following
quation: 100 × (Va − Vb)/Vb, where Va and Vb indicate the bulk
olume of foamed PCS and the volume of tapped one (before
lowing), respectively. The measured expansion was 2, 14, 155

nd 221% for 5A0, 5A1, 5A3, and 5A5 samples (foamed at
50 ◦C), and 53, 123, 204 and 240% for the 6A0, 6A1, 6A3 and
A5 samples (foamed at 260 ◦C), respectively, indicating the

A
o
o

ig. 2. Porosity of the tapped and foamed PCS bodies at 250 and 260 ◦C as a
unction of ADA amount.

ncrease of expansion with increasing ADA content and foam-
ng temperature. The 5A0 and 6A0 samples (pure PCS) showed
xpansion after heating which was greater for the higher tem-
erature, indicating the self-blowing of PCS due to the release
f oligomeric (low molecular weight) species. Foaming was
bserved only when heating at fast heating rates (10 ◦C/min);
hen heating at 0.5–5 ◦C/min was tested in preliminary exper-

ments, no or limited foaming was observed for the samples
ith or without ADA. This behavior depends on the intercorre-

ation between the gas evolution rate and the change in fluidity
f the molten polymer, which is influenced by the decomposi-
ion rate. Therefore, the foaming schedule with a heating rate
f 10 ◦C/min (2 h holding time) was finally selected, in order to
btain a PCS melt of suitable fluidity to retain the gas released
rom the decomposition of ADA. Thermal cross linking of PCS
s negligible in the used blowing temperature, because PCS is
hermally stable up to 350 ◦C.35,52

Fig. 2 shows the porosity of the tapped and foamed PCS
odies at 250 and 260 ◦C as a function of ADA amount. To
easure the porosity, the bulk density (the mass to volume

atio, including the volume of open and closed porosity, and
f solid skeleton) was taken into account. The porosity of the
apped body had an almost constant value, around 64–66 vol%.
n the other hand, the total porosity of the foamed bodies

ncreased remarkably with ADA content and foaming tempera-
ure, reaching 89 and 91 vol% for the 5A5 and 6A5 samples,
espectively. The 5A0 and 6A0 samples (pure PCS without
DA) also showed an increase of porosity (from 64 to 67 and

o 77%, respectively), suggesting once again that self-blowing
ccurred by the evolution of gas comprised of low molecular
ligomer/volatile species and absorbed water contained in the
s-received PCS. In order to investigate the decomposition of
DA and melting of PCS, TG-DTA of samples with or without

DA, to 260 ◦C at 10 ◦C/min under nitrogen flow, was carried
ut, and the results are shown in Fig. 3a and b. The TG curve
f pure ADA showed an onset of decomposition at ∼230 ◦C (at
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ig. 3. (A) TG and (B) DTA curves of PCS samples with and without ADA
uring foaming in N2.

4 min), followed by a rapid weight loss (up to 30 min, 260 ◦C),
nd further gradual loss during the holding period. Thus, the
as evolution from the decomposition of ADA occurs just after
he melting of PCS. It was shown that the main gas species
eleased in this temperature range are nitrogen (65 vol%), car-
on monoxide or dioxide (32 vol%) and small amounts of NH3,
ith a solid residue of 1–2 wt% comprised of urazol, biurea,

yamelide and cyanuric acid above ∼350 ◦C.50 The DTA curve
f pure ADA exhibited the presence of both exothermic and
ndothermic reactions, in accordance with what reported in
he literature for this blowing agent.53 The exothermic reaction
ccurred in the temperature range of 200–240 ◦C (21–25 min),
nd an endothermic peak could be observed in the temper-
ture range of 240–260 ◦C (25–27 min). The exothermic and
ndothermic peaks observed in this study occurred at a higher
emperature than that reported in the previous studies (exotherm

◦ ◦
t 170–210 C, and endotherm at 210–230 C), because in the
resent investigation we employed a higher heating rate than that
f the previous studies (1–2 ◦C/min).25,53 In addition to the heat-
ng rate, it was shown that the decomposition of the ADA can

o
h
b
o

Fig. 4. TG curves of foamed PCS and pure ADA during pyrolysis.

lso depend on its particle size, the processing temperature and
he presence of an activator.25,27,49 The TG curve for pure PCS
howed a weight loss onset at around 90 ◦C, and a weight loss of
% at 260 ◦C, associated with an endothermic effect in the DTA,
ue to the evolution of low molecular oligomers/volatile and
ater.55 At 32 min (260 ◦C), the start of some weight gain was
bserved in the TG curve, indicating the possible occurrence of
ome oxidative cross-linking.55 It has already been observed, in
act, that oxygen or water could be present as impurities in the as-
eceived PCS powder and/or the heating atmosphere, even under
owing N2 gas.55,56 No clear endothermic effect associated to
elting could be observed, probably because this overlapped
ith the cross-linking. The start of weight loss for the sam-
les containing ADA was ∼90 ◦C, consistent with that of pure
CS. The DTA curves showed the presence of the exothermic
nd endothermic effects associated to pure ADA (20–27 min).
or these samples also, the TG curves showed a slight weight

ncrease during holding at 260 ◦C, suggesting again the partial
ross-linking by impurities in the TG furnace.

Fig. 4 shows the TG curves of foamed–cured PCS samples
eated to 1000 ◦C under N2 (heating rate 10 ◦C/min). Ceramic
ields were 75, 87, and 88 wt% for 6A0, 6A1 and 6A5 samples,
espectively, indicating a decrease of mass loss with increasing
DA content. This suggests the presence of some interaction
etween ADA and PCS, in which the azo compound presum-
bly affects the intermolecular cross-linking reactions induced
y radical species. In fact, it has been shown that the ceramic
ield of polycarbosilane, polyvinylsilane and polysilazane can
e improved when using azo compounds. Azo compounds lead
o an increase of radical species, and therefore the cross-linking
emperature decreases and the degree of cross-linking increases,
hrough thermal cleavage of Si–H bonds.57–60 The extraction
f hydrogen and the following branching and intermolecular

ydrosilylation reaction would proceed by the reaction of Si–H
ond with azo-compounds, leading to the reduction of evap-
rable oligomers and the concurrent increase of the ceramic
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Fig. 5. FT-IR spectra of PCS before and after pyrolysis.

ield. For instance, it has been shown that the use of 2,2-
zobis(isobutyronitrile), as a radical initiator for polymerization
f polyvinylsilane, led to a lowered cross-linking temperature by
100 ◦C and to a higher ceramic yield.58 More detailed inves-

igations (comprehensive structural characterization with solid
tate NMR, ESR and TG–GC–MS) should be performed to clar-
fy the mechanism of the ADA effect on the ceramic yield during
yrolysis, but this is beyond the aim of the present work. On the
ther hand, the TG curve of pure ADA showed a weight loss
f 98.2%, indicating that the solid residue contamination pro-
uced by the decomposition of ADA within the resultant foamed
eramic was very limited.

Fig. 5 shows the FT-IR curves of as received PCS and foamed
ured PCS (6A5) samples before and after pyrolysis. The typical
bsorption bands for pure polycarbosilane and cured PCS can be
bserved at 2951, 2898 (C–H stretching of Si–CH3), 1408 (CH2
eformation of Si–CH3) and 1253 (Si–CH3 deformation), 2099
Si–H stretching), and 1357 and 1025 cm−1 (Si–CH2–Si).54

fter foaming and curing, a band at 1714 (due to C O stretch-
ng) and a small band at 1190 cm−1 (C–O bonds) appeared.

broad absorption band around 1100 cm−1 superimposed on
he band around 1025 cm−1 was assigned to Si–O stretching
n Si–O–Si or Si–O–C. These data indicate the oxidative cross
inking of PCS. In addition, some peaks due to ADA were also
bserved, although those are less intense. There were some
ands found at 2250 (overlapped with stretching cyano group
rom ADA residue and siloxane with Si–H bond from cured
CS) and 1720 cm−1 (C O stretching from both ADA residue
nd cured PCS). On the other hand, during pyrolysis, the ther-
al decomposition of organic chains such as Si–H, Si–CH3

nd C–H occurs, accompanied by the evolution of hydrogen

nd hydrocarbon gases. Less intense peaks due to those organic
roups were observed in the spectrum of the pyrolyzed sample,
hile the bands at ∼1020 and 800 cm−1 (attributed to Si–O and

b

p

Fig. 6. Porosity of pyrolyzed foams.

i–C stretching) can be found.54,59 Thus, the obtained pyrolyzed
oams are comprised of a SiC phase with oxygen impurities
SiO2/SiOC phase), as expected.

Fig. 6 reports the porosity of foamed–cured–pyrolyzed PCS
fter pyrolysis at 1000 ◦C, as a function of ADA amount. Total
orosity values (including open and closed porosity) increased
ith ADA content from 59 to 84 vol% for samples foamed at
50 ◦C, and from 70 to 85 vol% for samples foamed at 260 ◦C.
aturally, the volume of the samples after pyrolysis depends on

he polymer-to-ceramic transformation, which is always accom-
anied by shrinkage and skeleton density increase.59–62 The true
ensity values for all samples were 2.25 g/cm3, regardless of the
rocessing route (foaming temperature and ADA content). This
alue is very similar to that of PCS derived SiCO fibers prepared
t 1000 ◦C.54,62 The apparent density, measured by He pycnome-
ry on the pyrolyzed foam samples, was 2.14–2.15 g/cm3, which
as lower than the true density due to the presence of closed
ores inside the skeleton. The amount of closed porosity was
4–5 vol% for all pyrolyzed foams. Independent porosity mea-

urements by the water displacement Archimedes method also
howed the presence of ∼4–6 vol% closed porosity. As the ADA
ontent did not affect the amount of closed pores, their pres-
nce could be attributed mainly to meso/micro pores resulting
rom the pyrolysis of PCS, gas evolution and shrinkage. Isolated
eso/micro pores are formed by gas evolution during pyrolysis,

f the samples do not sufficiently shrink to induce pore closure.
iterature data for bulk Si(O)C components prepared from PCS
ompact, oxidation and pyrolysis at 900 ◦C, indicate an amount
f closed porosity of 5.7 vol%,62 in close agreement to the val-
es we found, indicating that the existence of closed porosity
oes not derive from insufficient bubble coalescence and blow-
ng. In other words, at the chosen foaming temperature, an ADA
ontent of 1–5 wt% is sufficient to give a macroporous cellular

ody based on a fully 3D interconnected open network of pores.

In order to further investigate the connectivity and macro-
ore architecture of the samples, SEM observations were
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onducted, and Fig. 7 shows the typical SEM micrographs of
he fracture surface of selected cured and pyrolyzed foams.
fter pyrolysis, partial melting was observed in the 5A0 and
A0 samples, while the original morphology was retained in all
ther samples, indicating that oxygen could sufficiently diffuse

nto the foamed bodies during curing, and that the cross-linking
chieved was enough to avoid the thermoplastic flow of PCS.
o cracks were observed in the pyrolyzed foams, because this

i
d
t

(B) foams, and pyrolyzed 5A0 (C), 5A1 (D), 5A5 (E), 6A0 (F), 6A1 (G) and

ighly open porous structure enabled the steady release of the
ecomposition gases from PCS. The morphology is that typi-
al for isotropic foams, comprised of homogenously distributed
pherical cells, of varying size. Several cell windows were cov-
red by thin membranes, deriving from a PCS layer left by

nsufficient liquid drainage at the contact point among bubbles
uring foaming. On the contrary, in the 5A0 sample (Fig. 7(C)),
he cells were mostly closed, suggesting that the amount of gas
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eleased by self foaming is insufficient to cause the formation of
nterconnectivity. In order to achieve that, a higher gas pressure
nd gas amount, such as that provided by the ADA blowing
gent, are necessary. Furthermore, the insufficient degree of
ross-linking observed in the 5A0 and 6A0 samples, which par-
ially melted during pyrolysis, can be attributed to the limited
ermeation of oxygen through the structure during curing, due
o the presence of closed cells, together with a reduced number
f radical species present.

SEM investigations show that the cell wall thickness in foams
roduced by blowing at 260 ◦C is generally thinner than for sam-
les expanded at 250 ◦C, because of the lower viscosity of the
uid PCS, and this results in higher total porosity values. With

ncreasing ADA content and blowing temperature, an increase
n interconnectivity among the cells could be observed. Image
nalysis, performed on more than 2000 cells, indicates that the
A0 has ∼50% of open cell windows, while other all samples
ave over 87% of open windows, in which cells possessed at
east one hole in cell wall.

The average cell size was obtained for selected samples
sing image analysis, according to the intercept method, and
hese 2D data were converted into 3D values to obtain the
ffective cell dimension by applying the stereological equation:
sphere = Dcircle/0.785.63 The results are reported in Fig. 8. With

ncreasing ADA content and foaming temperature, the average
ell dimension tended to increase, because of higher gas pressure
nd lower fluid viscosity, respectively.

. Conclusions

A novel process for the preparation of polycarbosilane
erived SiC-based open cell foams, comprised of blowing under
nert atmosphere to avoid cross-linking during foaming, oxi-

ation curing and pyrolysis, has been proposed in this paper.
arying the processing conditions (amount of blowing agent
nd blowing temperature) resulted in cellular ceramics with total
orosity in the range of 59–85 vol% and an average cell size
pean Ceramic Society 32 (2012) 503–510 509

anging from 416 to 1455 �m. For the higher foaming temper-
ture (260 ◦C), self-blowing of PCS was observed, due to the
elease of volatile oligomers, but the addition of a blowing agent
s necessary to provide a sufficient degree of interconnectivity
nd an amount of porosity higher than 70 vol%.
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