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Abstract

Silicon carbide (SiC) foams were developed by using a low temperature process such as chemical consolidation that is suitable to replace the
sintering step. An alkali aluminosilicates binder, also known as geopolymer, was used. It was prepared from metakaolin, as aluminosilicatic raw
powder, and KOH/K,SiO5 aqueous solution. The foaming agent was the metallic silicon present as impurity in SiC powders. Different grades of
SiC were used as the main component (90 wt%) of the foams and the micro and macrostructures varied with the morphologies of the SiC raw
powders. The surface of SiC grains participates to the geopolymeric process because of the dissolution of the silica layer into the alkaline solution.
SiC foams were tested and characterized under oxidative atmospheres up to 1200 °C.
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1. Introduction

Reticulated porous ceramics characterized by high porosity
(70-95%), are expected to be used in many different techno-
logical applications because of their high gas permeability and
large surface area as well as for the high temperature stability
and thermal shock resistance.'= Industrial uses include struc-
tural lightened parts, insulator panels, filters and membranes (for
micro- and ultrafiltration, separation, particulate environmental
clean-up and reuse, molten metal filters), radiant burners, gas
or chemical sensors, support materials for catalysis or adsor-
bents. For all the mentioned applications, it is mandatory to
control the pore structure (shape, morphology, orientation, sur-
face properties) as well as the texture, porosity and pore size
distribution.

Several ways to produce porous ceramics have been reported,
such as: burnout of fugitive additives,>* alginate gelation
process,” replica method of 3D templates,® foaming agents
added to the ceramic suspension.’ Regardless of the technique
used, ceramics foams are usually sinterized at high temperature
to reach specific mechanical and functional properties.

Consolidation by using chemically activated inorganic
binders is suitable to replace the sintering step. Among inorganic
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binders, alkali alumino silicate binders behave as inorganic poly-
mers, the so-called geopolymers, and they were developed as an
alternative to organic matrices for composites.'%!!

Geopolymers are alkali bonded ceramics (ABC),'? i..
they belong to the class of the chemically bonded ceramics
(CBCs) meaning that ceramics can be produced at low tem-
peratures using chemical reactions. Actually, the reaction of
an aluminosilicate powder with a highly concentrated aque-
ous alkali hydroxide (KOH, NaOH) and/or silicate (potassium
or sodium silicates) solution produces a synthetic amorphous
to semi-crystalline alkali aluminosilicate material which is
X-ray amorphous analogues of zeolites. Among the aluminosil-
icatic raw powders, metakaolin is the most reactive in alkaline
conditions.!3 The metakaolin reactivity is not uniform and
depends on both its morphology and degree of dehydroxylation,
and may result in the different degree of its geopolymerization. '
During geopolymerization a gel network is formed, consisting
of SiO4 and AIO*~ tetrahedra linked in an alternating sequence.
The geopolymeric resin consists of nanoprecipitates'>1© that act
like a glue sticking together the fillers (powders or fibres, glass,
ceramic, metal or organics) forming the geopolymeric compos-
ite materials. Different fillers are used to tailor specific physical
and mechanical properties of the geopolymers in dependence of
the applications.!’2!

Hydrogen peroxide it is a well know blowing agent,?? in
geopolymeric gels however it induces closed porosity, while the
redox reaction of Al in alkaline solution induces open porosity
by H; evolution.2? Also redox reaction of metallic Si impurities
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in silica fume could be used to prepare geopolymeric foams.>*?

Actually, the Pourbaix diagram of silicon indicates that in alka-
line conditions hydrogen evolution is always favoured.”® The

reaction responsible for gas evolution is>:

4H,0 + Si’ — 2H,1 +Si(OH)4, AH = —314KJ (1

In this feasibility study, the possibility to develop silicon car-
bide foams with a low temperature process such as chemically
bonding was investigated. The foaming agent was metallic sili-
con that is always present as impurity in SiC powders because
of the synthesis process. Two grades of SiC powder with very
different morphologies were used as the main component. The
binder for the chemical bonding was a geopolymeric resin with
atomic ratio Si/Al =2 and potassium as alkaline cation, classified
as (K)poly(silalate-siloxo).'%!! The binder was prepared using
metakaolin as aluminosilicatic raw powder, while the alkali
aqueous solution was KOH/K;Si03.%’

SiC foams were tested and characterized in oxidative atmo-
spheres up to 1200 °C.

2. Experimental
2.1. SiC foam preparation

A calcined kaolin (metakaolin) with high specific surface
(30 m?/g) was used to prepare the alkali aluminosilicate binder.
The powder was prepared from a commercial kaolin (grade BS4,
AGS Mineraux, Clerac, France) by calcination in electric kiln
(750°C for 15h). Details about this raw powder are reported
elsewhere.?’

Potassium silicate solutions with molar ratios of
Si02:K;0=2 and H;O0:K;0=23 were prepared by dis-
solving KOH pellets (purity>99%, Merck, Darmstadt,
Germany) into potassium silicate aqueous solution with molar
ratio Si072:K>,0 =3.57 (KSil 35B¢ R3.5, Ingessil srl, Montorio,
Italy) under magnetic stirring.

Two grades of SiC powder were used as main components of
the foams:

e [3-SiC grade BF 12 (H.C., Starck, Germany), specific surface
area: 11.6 mz/g, D10=0.30 wm, D50=1.10, D90=2.07 j.m;
Si content: 0.1 vol%.

e R-SiC, grade 100F, re-crystallized silicon carbide (SIKA
TECH, Saint-Gobain Ceramic Materials GmbH, Germany),
specific surface area: 0.58 m?/g, bi-modal distribution centred
at 150 pm (20%) and 45 pm (80%); Si content: 0.9 vol%.

Foams were prepared by eccentric mixing of the R-SiC
(65 mass%) with metakaolins (7 mass%) and then by mechan-
ical mixing (Yellow line OST 20 basic, IKA-WERKE GmbH
& Co., Staufen, Germany) at 100rpm the powder mix-
tures with the KOH/K,Si0O3 solution (14 mass%) and distilled
water (14 mass%). Additional water was added to the slurries
when B-SiC grade BF 12 was used, reaching a molar ratio
H;0:K>0 =106, because of the high specific surface of the

B-SiC powders. After setting and water removal, the mass frac-
tion of SiC corresponded to 90% of the foam.

The slurries (20ml) were cast in open plastic cylindrical
moulds with a diameter of 40 mm and maturated at room tem-
perature or cured at 80 °C for 24 h. The foam expansion occurred
in the axial direction of the cylindrical mould. After setting, the
foams were let at 80 °C for other 24 h.

2.2. Structural and mechanical characterization

The bulk density and porosity of the sponges were determined
by weight-to-volume ratio. The morphological and microstruc-
tural features were observed by SEM-EDS (SEM, Cambridge
S360, Cambridge, UK; EDS, INCA Energy 300, Oxford Instru-
ments, Oxford, UK). Ultra-macro-porosity was investigated by
image analysis (Image Pro Plus 6.0., Media Cybernetics, Inc.
Bethesda, MD, USA) of high resolution photos (scanner Sharp
JX330, Japan) and of scanning electron micrographs of the cross
sections.

Preliminary compressive strength tests on SiC foams were
carried out on 20 mm cubic samples using a Zwick Z050 test-
ing machine (Zwick GmbH, Ulm, Germany). The compressive
load was applied parallelly to the foam expansion direction. The
crosshead speed was set at 1 mm/min.

2.3. Oxidation behaviour

Oxidation tests were performed on R-SiC foams and powder
with a non-isothermal simultaneous thermal analysis (Polymer
Thermal Science STA 1500, UK) in static air with a heating rate
of 10 °C/min. Long term oxidation tests were performed on R-
SiC foams and green body (relative density of 45%) for 100 h at
1200 °C using a laboratory kiln and operating in static air. The
dimensional changes were measured with a calliper (accuracy
4+0.01 mm).

3. Results and discussion

3.1. Foaming mechanism and macro- and micro-structure
development

Figs. 1-3 show the macro- and micro-structural features of the
developed alkali bonded SiC based foams. Curing temperature
enhancement favoured the foaming process having clear effects
on volume expansion of the slurries (Table 1). Actually, reac-
tion (1) is favoured by temperature increase (AG = —359.4kJ at
25°C and AG =—366.6kJ at 80°C28).

During maturation at room temperature or curing at 80 °C of
the slurries, Siimpurities in the SiC powders induce H» evolution
as a consequence of the redox reaction (1) occurring in alkaline
aqueous solution. The anodic reaction is:

Si’ > Si*t +4e” )

while the cathodic reaction concerning di-hidrogen formation
- 24
is°*:

4H,0 + de~ — 2H, +40H™ A3)
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Fig. 1. Photos of the alkali-bonded -SiC foams prepared at RT (a) and 80 °C (b) and of the alkali-bonded R-SiC foams prepared at RT (c) and 80 °C (d).

Fig. 2. High resolution photos of the 3-SiC foams prepared at RT (a) and 80 °C (b) and of the R-SiC foams prepared at RT (c) and 80 °C (d).
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Fig. 3. Scanning electron micrographs of the geopolymeric resin without SiC addition (a and b), 3-SiC foam (c and d) and of the R-SiC foam (e and f) prepared

80°C.

As reported by Prud’homme et al.,”> gas evolution leads to
foamed macro-structures, i.e. inorganic in situ foam formation,
when the viscosity of the composite slurries increases contempo-
rary and the material consequently consolidates. On the contrary,
structure collapses when the gas pressure exceeds the strength
of the pore walls. Generally, the viscosity of a slurry decreases

with the rise of the process temperature, while Hp pressure is
enhanced as H, formation in reaction (1) is favoured by tem-
perature increase. However, at 80 °C the hardening due to the
setting of the alkali alluminosilicate binder takes place faster
than at room temperature. The hardening is also favoured by
viscosity increase due to partial water evaporation occurring at

Table 1

Characteristics of the alkali-bonded SiC based foams prepared at different setting temperatures.

SiC powder B-SiC R-SiC

Setting temperature RT 80°C RT 80°C
Slurry volume expansion, % 50 100 100 150

Final density, g/cm? 0.49+0.02 0.40+0.02 0.63+£0.02 0.50+0.01
Total porosity, % 84 87 78 83




V. Medri, A. Ruffini / Journal of the European Ceramic Society 32 (2012) 1907-1913 1911

80 °C and tight pore walls are formed. It follows that at 80 °C
highly porous materials are developed without any structural
collapse.

When fast setting (hardening) takes place, reaction (1) does
not occur because the alkaline aqueous solution is the medium
for the silicon anodic corrosion. This is the case of previously
developed SiC-based paints prepared with alkali aluminosilicate
binders,?’ as the 200 wm thick coatings deposited by brushing
quickly set and harden.

Although 3-SiC and R-SiC foams share the same foaming
mechanism, the developed micro and macrostructure are very
different because of the very different morphologies of the raw
powders.

B-SiC foams undergo lower volume expansions than R-SiC
foams (Table 1) since the solid content of the slurry is lower
because of the very high dilution. Moreover the final foamed
structures are fragile and they tend to broken during demoulding
(Fig. 1a and b). The relative densities of B-SiC foams are lower
than those of R-SiC foams (Table 1) as 3-SiC particles are very
fine and thus lightweight, while the R-SiC powder is constituted
by big and consequently heavy particles.

The pore shapes of the 3-SiC foams maturated at room tem-
perature are flattened with thick pore struts ranging from 0.2
to 2mm in length (Fig. 2a). With curing at 80 °C, macro-pores
are rounded and range from 0.15 to 0.3 mm (Fig. 2b), with few
pores up to 0.5 mm. Pore walls present gas escaping windows
in the range of micrometers while the struts are 0.25-0.35 mm
thick. The dilution decreases the alkalinity of a system where
the amount of Si is very low and consequently the foaming at RT
is scarce. On the contrary, the narrow particle size distribution
and the rounded shape of 3-SiC favours the developing at 80 °C
of almost mono-modal macro-porosity.

This feature is not observed in R-SiC foams, since the starting
powder has bimodal size distribution, centred at 150 pm (20%)
and 45 pm (80%), and the grains have an acicular shape. In this
case, the pore size is very broadened, ranging from 50 pm to
about 0.5-0.6 mm, with thin pore walls.

The microstructures of the geopolymeric resin without SiC
addition and of the -SiC and R-SiC foams are compared in
Fig. 3. The geopolymeric resin is formed by nanoprecipitates
of 60 nm agglomerated in flake structures with an average pore
diameter of less than 1 uwm (Fig. 3a and b). In B-SiC foams,
small grains constitute uniform and compact pore walls, where
the binder is almost not visible (Fig. 3d). In R-SiC foams, the
pore walls are not compact but formed by big acicular grains
where the binder is not homogenously distributed (Fig. 3e).

Moreover, the surface of the R-SiC particles is covered
by geopolymeric nanoprecipitate of 60nm and almost fully
geopolymerized metakaolin particles (Fig. 3f) similarly to the
as-prepared geopolymeric resin (Fig. 3b). During the first step
of geopolymerization, the aluminosilicate source is dissolved by
alkaline hydrolysis, giving aluminate and silicate species. In the
mild corrosion conditions of the geopolymerization (7 < 80 °C
and pH = 12) the bulk of the SiC powder particles is inert. How-
ever, the surface of silicon carbide grains is always covered by an
oxygen rich layer. As reported for silicon,?” the oxidized layer
is chemically similar to the surface of silica. The hydroxyl anion

(OH™) is considered to be a catalyst for the dissolution reaction
of silica.’® As such, silica readily dissolves in highly alkaline
media (pH>11) in the form of monomeric Si(OH)4 until the
equilibrium concentration is reached.3! Moreover, silica solu-
bility increases with temperature.’? It follows that due to the
presence of silica, the surface of SiC particles participates to
the geopolymeric process and geopolymeric nano-precipitates
easily forms on SiC surface.

3.2. Compressive strength

R-SiC-based foams maturated at room temperature were
tested under a compressive load applied parallelly to the foam
expansion direction. The compressive strength is 0.9 £ 0.2 MPa
with a dispersion of about 20% in the data. In all the compression
tests, the specimens fail showing a jagged load—displacement
curve, which is a typical feature of porous ceramics in
compression.?

3.3. Oxidation behaviour

Non-isothermal simultaneous thermal analyses in air of R-
SiC powder and powdered R-SiC-based foams are reported in
Fig. 4. No weight change has been registered for R-SiC starting
powder up to 600 °C, where a weight loss of 1% may be related
to residual carbon combustion, as suggested by the exothermic
peak in the DTA analysis.?” The apparent weight gain due to
R-SiC oxidation to form silica and gaseous carbon oxides starts
at 760 °C, following reaction (4):

SiC + 205(g) — SiO, 4+ COx(g) “

R-SiC-based foam shows a weight loss due to water vapor-
ization, as suggested by the endothermic peak around 100 °C.
The weight losses at about 600 °C are related to the oxidation of
carbon as in R-SiC powder, too. The stating oxidation tempera-
ture is about 700 °C, i.e. 80 °C lower than in pure R-SiC, while
the oxidation rate remains the same, i.e. ~4 °C/min.2” The oxi-
dation starts at lower temperature because the protective silica
layer, that is usually present on the R-SiC surface, is involved
in the geopolymerization process and then it is replaced by a
nano-porous geopolymeric layer.

Similarly to what previously observed for an alkali bonded
SiC paint®’ after long term oxidation at 1200 °C, the weight gain
related to the oxidation of R-SiC in R-SiC-based foamis 7%, i.e.
half of the R-SiC powder green compact. As shown in Fig. 5,
after the oxidation test the macrostructure of the R-SiC foam
remains almost the same and the dimensional change is close
to zero. On the contrary, the microstructure of the R-SiC foam
changes, as micro and nano-porosity disappear because of glass
formation due to SiC oxidation and melting of the geopoly-
meric binder. Geopolymers with molar ratio SiO,:Al,03=4
have been shown to crystallize into leucite, K»O-Al,03-4Si0;,
by heating.3* Moreover, compositional heterogeneities, together
with the presence of free alkali ions in the geopolymer structure,
favour the formation of a glassy phase.3*3
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Fig. 4. Non-isothermal simultaneous thermal analysis in air of R-SiC powder and powdered R-SiC-based foam prepared at 80 °C.

Fig. 5. Scanning electron micrographs of the R-SiC foams prepared 80 °C before (a) and after long term oxidation at 1200 °C for 100 h (b).

4. Conclusion

SiC based foams were successfully prepared by using alkali
activated inorganic binders (the so-called geopolymers) to cause
in situ foam formation with contemporary consolidation to
replace the sintering step.

The foaming agent is Si® that is always present in SiC powders
as synthesis process impurity. The rising of the foaming temper-
ature enhances the volume expansion, while the use of fine SiC
powder with narrow particle size distribution allows the forma-
tion of SiC based foams with almost monomodal macropores.

The amorphous silica layer covering the surface of SiC parti-
cles participates to geopolymerization so that nano-precipitates
easily forms on SiC surface.

Consequently, the oxidation of the geopolymerized (alkali
bonded) SiC based foams starts at lower temperature compared
to SiC green body, because SiC surface is depleted of the pro-
tective silica layer.

Dimensional change is close to zero after long term oxidation
at 1200 °C and micro- and nano-porosity disappears because of
glassy phase formation.
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