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Abstract

The possibility of making porous silica tiles starting from inexpensive fused silica powder using a direct foaming process has been examined.
Aqueous slurry of silica with appropriate surfactants and binders have been allowed to foam by entraining air, following which it was cast, dried,
and subsequently sintered at 1100 °C. The role of slurry composition and foaming duration, on the green and final density of foams has been
studied. Silica foams with density as low as 11% of the theoretical density, and containing interconnected, primarily spherical pores with average
size in the range of 50-2000 pwm have been fabricated. The porous silica with densities between 18% and 62% of the theoretical value, have shown
Young’s modulus and compressive strengths in the range of 120-380 MPa and 0.5-3.3 MPa, respectively. A surface densification process, that can
seal off the surface pores and provide a smooth exterior to the tiles, has also been established.
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1. Introduction

Amorphous silica has been traditionally used in the compo-
nents for transient, high temperature structural applications in
view of its low density, high melting point, and excellent ther-
mal shock resistance. However, silica is a brittle material with
low strength. Hence, instead of monolithic silica, fibrous sil-
ica based components with higher toughness have found more
applications. One of the most important usages of amorphous
silica fibers is in the tiles made for protection of the space shut-
tle body. The silica fibers used for making these tiles are made
either by leaching of high quality glass fibers using a tedious
and environmentally unfriendly process, or by drawing from
fused quartz melts which increases the cost of fibers. Hence, a
different approach involving the application of a foam casting
route for fabricating the protective tiles using the amorphous sil-
ica powder instead of fibers has attracted considerable attention
in recent years. Usage of such an approach for making macro-
porous ceramic materials, does not compromise the desirable
property requirements, and has been reported extensively in the
literature.'"!> Sepulveda' and Saggio-Woyansky et al.?> have
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reviewed several methods of producing porous alumina ceram-
ics. The patents filed include those describing the use of an air
blowing method at high temperatures in clay particles (Sun-
dermann and Viedt),? polymeric sponge method (Wood et al.),*
room temperature atmospheric pressure process (Motoki),> froth
formation process (Jackson and Meredith),6 and achemical reac-
tion based process involving foaming through the evolution of
hydrogen gas (Helferich and Schenck).” Porous ceramics of var-
ious chemical compositions have been produced by Minnear,?
and Evans and co-workers 21! using some of the methods
described above. Recently, Colombo and co-workers!2~14 have
developed a method, in which the ceramic particles are replaced
by pre-ceramic silicon based polymers, enabling the production
of porous ceramics based on amorphous SiC, SiOC, or SiCN
with attractive high temperature mechanical properties. Studart
et al.1> have recently provided a comprehensive overview of
the methodologies, along with a detailed examination of the
underlying principles.

The total porosity in the foam is proportional to the amount of
air incorporated into the suspension in the liquid medium during
the foaming process. Wet foams are thermodynamically unstable
systems, and can easily get destabilized. The main destabiliza-
tion mechanisms encountered are sedimentation of the slurry,
slow growth of air bubble size through Ostwald ripening or coa-
lescence, and subsequent collapse. The size distribution of air
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bubbles in the foam is affected by the surface tension, which pro-
motes growth in size, so as to decrease the surface area to volume
ratio. The increase in the size of incorporated bubbles results
in a wide distribution of pores in the final cellular microstruc-
ture. It is possible to retard the growth of bubbles, and their
collapse by increasing the viscosity of the medium, and kineti-
cally stabilize the foam.!6-1% It is essential that the foams thus
made must be stable for time periods long enough to permit
removal of the solvent by drying, without affecting the overall
porosity and integrity of the cast shape. This paper presents the
results of a study on the processing—structure—property relation-
ship of porous silica tiles, prepared by foam casting method
using the amorphous silica powder as raw material. In the
present study, the effect of slurry composition including the
extent of solid loading and binder content, and various pro-
cess variables such as duration of foaming operation, and rate
of drying, on the pore-structure and properties of silica tiles
have been examined. The primary objective was to arrive at
the optimum process parameters to obtain silica foams with
desirable porosity, pore size distribution, strength, and structural
integrity.

2. Experimental procedure
2.1. Raw materials

The raw materials used in the study include fused silica
powder (Universal Fused Quartz, Bangalore, mean particle
size =10 wm), alumina powder (mean particle size = 0.70 pm
and surface area§7m2/g, CT 3000 SG, Alcoa-ACC Indus-
trial Chemicals, Kolkata), cetyl trimethyl ammonium bromide
abbreviated later as CTAB (98% pure, chemical reagent grade,
S.D. Fine Chemicals Ltd.) as cationic dispersant, and polyvinyl
alcohol (PVA, molecular wt.=1,25,000, Fischer, LR), sucrose
(mol. wt.=342.30, Laboratory Reagent, S.D. Fine Chemi-
cals Ltd.), colloidal silica (mol. wt.=60.08, pH 8.8, particle
size =27.3 nm, zeta potential =46.7 mV, silica content =40%),
or aluminium phosphate as binders.

2.2. Foam casting

The processing of silica foams was carried out by carefully
following several steps as follows. The first step in foam casting
was ball milling of the fused silica powder with 5 wt.% alumina
and 0.05% CTAB for 100 h using alumina milling media. Alu-
mina balls of 8—10 mm diameter were used as milling media
in 1:1 powder-to-media ratio. Alumina powder was added to
inhibit the devitrification of fused silica glass, which otherwise
forms cristoballite, giving rise to internal stresses on sintering.
This ball-milled powder mixture was used for processing of the
silica foams.

The second step involved the preparation of a suspension
of silica in aqueous medium by pot milling the constituents
at 30rpm speed in closed polypropylene containers for 2h.
The green strength of the foams was optimized through care-
ful selection of solid loading in the range of 25-35%, binder
constituents including 2—4 vol.% PVA, 10-30 vol.% sucrose, as

well as 5 vol.% colloidal silica in various combinations. To arrive
at the optimum solid loading, and the time used for pot milling
operation, separate trials involving mixing of varying amounts
of hydrophobic silica powder, water and binders using alumina
balls in plastic containers on a roller mill, were carried out
to arrive at the optimum solid loading regime. Based on such
trial studies, it was found that the compositions containing solid
particles occupying 25-35% of the volume give kinetically sta-
ble foams. Furthermore, it was found that a homogeneous and
viscous slurry forms in about 2 h of mixing.

The third step comprised the foaming operation. The milled
slurry was visually examined for smooth flow inside a bottle,
which was then put on the roller mill operated at a speed of
30rpm, and subjected to foaming for 2—4h by entraining air
into the suspension. In addition, orientation of the bottle in the
roller mill was repeatedly changed to a position orthogonal with
respect to the previous, so that the slurry could move along the
length of the bottle and access a larger volume of air. During
this step referred to as tumbling, the slurry entrains air far more
efficiently and foams. A ratio of 1:3 was maintained for volume
of the slurry to that of the container, in order to ensure adequate
air entrainment.

In the fourth and fifth steps, the foamed suspensions were
aged at room temperature for 10—15 min for foam stabilization,
and then cast into suitable petroleum jelly coated rectangu-
lar perspex moulds of 10 cm x 10 cm X 4 cm size, respectively.
During casting, the mould was periodically tapped to distribute
the foam uniformly. The sixth step involved controlled drying
of the cast foams. The cast samples were initially dried under
controlled condition (T=30°C, relative humidity =40-80%,
Osworld Humidity Chamber with accuracy level of tempera-
ture and relative humidity as £0.1 °C and £3%, respectively)
in a graded fashion, followed by drying in a convection oven at
temperatures up to 100 °C in steps. Once the free moisture con-
tent of the sample attained equilibrium with that of the chamber
at a specific temperature, the humidity was lowered further to
enhance the drying rate. Optimum drying occurred on holding
at 50°C for 2h in the hot air oven, followed by that at 80 and
100 °C. In the seventh and final step, the fully dried samples were
subjected to binder burn-out followed by sintering at 1100 °C,
which was reached at a heating rate of 1 °C/min. Thermogravi-
metric analysis carried out to monitor the change in mass due
to binder burn-out, evaporation or loss of volatile products has
shown a mass loss of 12%.

The sample surface obtained by foaming and drying leaves
the pore cell walls exposed. In order to prevent them from ero-
sion during handling and usage, the surface needs to be densified
and strengthened. For this purpose, a silica slurry with very low
solid loading was prepared in aqueous medium with guar gum
(0.2-0.5 wt.%) and colloidal silica (5 vol.%) as binder, using
100 h milled precursor powder with particle size of 0.8 pum. The
slurry was thoroughly mixed for 24 h, and then applied as a
thin coating on all surfaces of the porous green body having
dimension of 100 mm x 100 mm x 25 mm. The coated sample
was slowly dried up to 110 °C in an air oven. The surface den-
sified and dried porous silica tile thus prepared was sintered at
1100°C.
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2.3. Characterization

Particle size of the pretreated powder was measured using
a Zeta Sizer (Model No. 3000 HSA, Malvern Instruments
Ltd., UK). A rheometer (Brookfield Rheo 200, Version 2.5)
equipped with a vane-shaped spindle was used to character-
ize rheological behavior of the suspensions in a controlled
shear rate mode. The samples were characterized for their
green and sintered density by the Archimedes principle, using
kerosene (density =0.798 g/cc) as the liquid being displaced.
The microstructure of ceramic foams was characterized quan-
titatively through optical microscopy, using the image analysis
software (Image Tool, version 3.0). In addition, the pore size
distribution was characterized through mercury porosimetry
(Quantachrome Poremaster, version 4.01, Hg contact angle
140°).

The porous silica foam samples were extremely fragile to
handle in green stage as well as in sintered condition. Hence
the preparation of samples of specific shapes and sizes involved
resin impregnation of the sintered foam samples followed by
drying at 60 °C, and curing at 130 °C for 5 min, so that the sam-
ples could be handled without breakage. The resin was burnt off
after cutting or machining of the samples into desired shapes
and sizes. The room temperature air permeability of the sin-
tered disks with 25 mm x 25 mm x 8§ mm size was determined
by measuring the pressure drop across the sample as a function
of the gas flow rate.

For compression tests, the resin-impregnated samples were
drilled using ultrasonic drilling machine to obtain cylindrical
samples having the dimensions of 9.25 mm diameter and 18 mm
height. The foams were compression tested using a Instron
5501R Universal Testing Machine. Following the method used
by Brezny and Green,?? aluminium spacers of 9 mm diameter
and 5 mm height were fixed to both the flat ends of the cylindrical
samples so that load transfer to the samples was uniform. Fur-
thermore, the static elastic modulus was estimated from slope of
the elastic part of the stress—strain curve. Although the machine
compliance has not been substracted, yet the estimated elastic
modulus provides a useful comparison for the foams fabricated
in this study, since the error is expected to be same for all the
measurements.

3. Results and discussion
3.1. Effect of process variables

A slurry with near optimum composition of 32 vol.% solid
loading, 4 vol.% PVA, 10 vol.% sucrose and 5 vol.% of colloidal
silica (designated as the slurry A) has been used to study the
effect of process parameters on its final structure.

3.1.1. Role of solid loading and binder content

The extent of solid loading and the binders controls the
viscosity of the slurry formed. For a given level of binders
in the aqueous slurry, viscosity increases with increase in the
solid loading. Fig. 1 shows plots showing the variation of vis-
cosity and shear stress with shear rate of the slurry A. All

Table 1

Density and shrinkage data for silica foam panels obtained from mixture A
(32 vol.% solid loading, 4 vol.% PVA, 10 vol.% sucrose and 5 vol.% of colloidal
silica) foamed for 3h

Green body characteristics

Density (% theoretical) 10-15
Linear drying shrinkage (%) 10
Volume shrinkage (%) 23

Sintered body characteristics
Density (%) 11
Sintering shrinkage (%) Negligible

slurries have shown shear thinning (viscoelastic) behavior, very
typical of such highly loaded slurries,?! as is evident from
Fig. 1. Such a behavior is critical for the processing method-
ology adopted, as it ensures that mixing and foaming operations
occur during the low viscosity regime because of the shearing
action associated with the ball-milling operation. Also, once
the foam is cast in the subsequent step, there is no further
movement or shearing action involved, and so the settling of
the foam is inhibited because of the steep increase in viscos-
ity. Based on this, a maximum solids loading of 32 vol.% was
selected along with a binder system containing 4 vol.% PVA,
10 vol.% sucrose and 5 vol.% of colloidal silica for making the
foams.

3.1.2. Effect of foaming time

The mixing process outlined above leads to the formation of
bubbles in the slurry. Fig. 2 shows plots depicting the variation
of green density and air inclusion volume with processing dura-
tion, which confirm that the volume of entrained air depends
on the tumbling time (or foaming time). Further, Fig. 3 shows
the plots depicting variation of the porosity content and weight
of the panels, which were dried at 110°C, as a function of
foaming time. Examination of the plots in Fig. 3 indicates
that the porosity content of the panels, estimated using the
Archimedes principle, increases with the foaming time and lev-
els off after about 3h. On the other hand, the volume of a
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Fig. 1. Plots showing the variation of viscosity and shear stress with shear rate
of the slurry.
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Fig. 2. Plots showing the variation of green density and air inclusion volume
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sample having a specified mass, increases till 3 h of foaming
time, as expected from the results shown in Fig. 3. The regime
of no change in porosity content is reached, once the foam is
completely stabilized with the bubbles frozen in position, thus
precluding further entrainment of air. In fact, the foams formed
after 3h can no longer be poured into a container; and those
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Fig. 3. Plots showing the variation of the porosity content and weight of samples
dried at 110 °C, as a function of foaming time.

have to be scooped out like ice-cream with a spoon and trans-
ferred.

Fig. 4(a)—(d) presents optical micrographs of the vertical sec-
tion of green samples corresponding to that after mixing, and 1,
2 and 3 h of foaming, respectively. It is possible to study the evo-
lution of pore size distribution with foaming time in the optical
images shown in Fig. 4(a)—(d). It has been found that the pores

Fig. 4. Optical micrographs showing the effect of processing condition of foam stability and porosity after: (a) mixing, and (b) 1h (c) 2h and (d) 3 h of foaming.
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Table 2
Composition and densities of foams, sintered at 1100 °C

Mixture Mixture constitution Foaming Relative density of
designation  (in vol.%) time (h) sintered foam (%)
A Solid 32%, PVA 4%, 3 11
sucrose 10%,
colloidal silica 5%
B Solid 28%, PVA 4%, 3 15
sucrose 10%
C Solid 25%, PVA 4%, 4 18
sucrose 10%
D Solid 28%, PVA 4%, 2 32
sucrose 10%
E Solid 25%, PVA 4%, 2 62
sucrose 10%, AIPOy4
5%

are bigger, and the pore size distribution is inhomogenous in the
samples subjected to foaming for more than 3 h. The inhomoge-
neous distribution of pores is perhaps due to the coalescence of
smaller bubbles after 3 h of foaming. However, the panels made
with foaming for less than 3 h (that is, just after mixing or after
1 or 2 h of foaming) have kinetically unstable bubbles, and also
show a denser bottom layer due to drainage.

3.1.3. Effect of drying

The as-cast foam contains the same amount of water as the
starting slurry. The water has to be removed by a drying step to
prepare the green body for sintering afterwards at higher temper-
atures. Drying constitutes the longest, and the most critical part
of the process. If it is carried out very fast or in an uncontrolled
manner, the resulting shrinkage can lead to cracks in the dried
panel. On the other hand, if the drying step is carried out very
slowly, it could provide sufficient time for the smaller bubbles to
coalesce and collapse. Hence it is important that drying should
be carried out under well-controlled temperature and humidity
conditions.
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Fig. 5. Plots showing the kinetics of drying of the foam under controlled humid-
ity conditions.

The plots of water content and drying rate against time are
shown in Fig. 5. Water content in the sample is expressed as
a fraction of the weight of the final dry solid, while the drying
rate is represented as the net weight fraction of the water lost per
unit time per unit cross sectional area of the container. The water
content decreases with time at close to a linear rate. The rate of
drying increases, only when ratio of the drying temperature to
humidity is increased. The linear rate of drying is in sharp con-
trast to the normal trend of distinct zones of a constant rate drying
period, followed by regions of falling rate periods, commonly
observed during drying of a slurry.?!~23 This unusual behavior
arises because of the structure of the pores in the cast foam. In a
normal sample formed by the casting of a slurry, water occupies
the interparticulate void regions, and removal of water during
drying of such a sample follows the typical drying rate mecha-
nisms described exhaustively in literature.2223 In contrast, in the
cast foam, only the particulate network forming the cell walls of
the structure holds the water, and the internal void space contains
the air, entrained during processing to create porosity. In fact, the
porous structure can be considered as a 3D network of spherical
voids, which are interconnected with each other by the porosity
as well as by punctures in the cell walls (structure of the foam is
discussed in Section 3.4). Fig. 6(a) and (b) shows schematically
the structures of a porous solid and a foam with interconnected
porosities, respectively. Such interconnected porosities coupled
with a very large pore volume (in excess of 80%) also pro-
vide a significantly large surface area for the water to evaporate
and go out of the sample. The mechanism is therefore akin to
the one corresponding to the falling rate period in conventional
drying of particulate solids, and the observed rate of drying
for a given temperature and humidity is proportional to the
water content in the sample as shown in Fig. 5. This is further
substantiated by the fact that even 25 mm thick panels could
be dried without cracking with less than 10% shrinkage in its
length.
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Fig. 6. Schematic diagram showing the structure of: (a) porous solid and (b)
foam made from the drying of particulate slurries. In (a), the hatched region
shows the spherical particles, and the white regions represent the interparticulate
voids. In (b), the hatched regions depict the cell walls formed by the particles,
and the white regions represent the spherical pores.
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Fig. 7. Plot showing the variation of permeability of sintered bodies as a function of their relative density.

3.2. Physical characterization

3.2.1. Density

The density, porosity and volume shrinkage of the green and
sintered tiles obtained from the slurry A foamed for 3 h, are
listed in Table 1. Green density of the cast samples has been
recorded as 0.248 4= 0.03 g/cc, while the density of sintered tiles
has been found to be 0.368 £ 0.045 g/cc. Since the theoretical
density is 2.25 g/cc, it is obvious that the porosities are preserved
in the tiles after sintering. As mentioned earlier, density of the
final foam is dependent on the solid loading, binder content,
duration of foaming, drying and sintering. Table 2 shows the
typical densities obtained in the foams, B, C, D and E, which
have been prepared from slurries with different fractions of solid
loading.

3.2.2. Permeability
For pore sizes below the millimeter range, the flow rate, Q is
determined using the Darcy’s relationship>* shown in Eq. (1):

KpA AP

Ln ey

0=
where AP is the pressure drop across a medium of length L, A
is the cross-sectional area of sample, 1 is the viscosity of the
flowing medium and Kp is the Darcy permeability coefficient.
Any porous medium can be readily described by its relative den-
sity p/ps, where p is the foam density and ps is the theoretical
density of the solid, that the foam is made of. The plot, show-
ing the variation of permeability of the sintered foam samples

Fig. 8. Photographs of the green foam panels: (a) before and (b) after surface
densification.

(25 mm x 25 mm x 8 mm) as a function of the relative density,
is shown in Fig. 7. Examination of the results in Fig. 7 shows that
the permeability decreases with the relative density of the porous
body, as expected. For densities less than 30%, the permeability
is ~10~8 m2, whereas for the samples with 60% density, it is
further reduced to 10~12 m?.

3.3. Surface densified foam panels

A coating having thickness in the range of 200-300 pm
was applied for surface densification of some of the foams
after the completion of drying to fill the bigger pores, improve
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Fig. 9. (a) Typical optical micrograph of 15% dense silica foam, showing interconnected porosities and (b) pore size distribution for a sample with 89% porosity,
determined by mercury intrusion porosimetry, showing a skewed broadband distribution of pores with an average pore size of ~70 pm.
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Fig. 10. Compression tests: (a) a typical sintered (9.25 mm diameter, 15 mm long) foam sample and (b) plots showing the variation of compressive stress with strain

for the foam with densities in the range of 18-62%.

the smoothness, and make it resistant to wear. During sin-
tering, thick or uneven coatings cracked. The green porous
silica tiles before and after surface densification are shown in
Fig. 8(a) and (b), respectively. The surface density has been
found to be 0.797 g/cc (35% of the theoretical). Examination
of the surfaces using optical microscopy has confirmed the
presence of a uniform distribution of micropores of 30-50 pm
size.

3.4. Microstructure

Fig. 9(a) shows a typical optical micrograph of the 15% dense
(measured using Archemedes principle) silica foam, made from
the slurry, B. The microstructure clearly indicates that the pores
are generally spherical, with open and interconnected porosity.
Using image analysis by point counting method, the pore volume
fraction has been measured as 73.3% = 1.3. The discrepancy
between the expected porosity level of 85% and the experimen-
tally determined pore volume fraction of 73.3% is attributed
to the presence of micropores with sizes less than the resolution
limit of the optical microscope. The surface area per unit volume
determined through the linear intercept method is 28.3 cm?/cc,
which is suggestive of an average pore size of ~200 wm. Results
of mercury intrusion porosimetry, shown in Fig. 9(b), however
suggests a relatively smaller average size of ~70 wm, with a
predominance of pores in the range of 40-200 pm sizes. The
difference between the results of image analysis and mercury
porosimetry is attributed to the interconnections between the
pores. If a bigger pore is filled through a smaller channel or
pore, the pressure requirement will be higher than when the
bigger pore is filled directly. Hence the data will get skewed
towards the lower side (filling of a bigger pore but at higher
pressure), while in reality the pore size is larger than what is
measured.

3.5. Mechanical behavior
Sintered silica foams obtained from further processing of the

slurries, C, D and E (Table 2), and having 18%, 32% and 62%
of theoretical density, respectively have been evaluated for their

compressive strength at ambient temperatures. Fig. 10(a) and (b)
show respectively, the photograph of a typical test sample, and
a collection of plots of stress against strain for porosity. All the
samples exhibit mechanical behavior, typical of cellular materi-
als. The compressive stress shows an initial linear elastic region,
followed by a drop indicating cracking of the sample. Subse-
quently, further strain leads to the collapse of some part of the
structure, while the other parts support against the applied load
leading to increase in the stress against displacement (Fig. 10).
As all the cell walls collapse, and begin to press against each
other, the stress is expected to increase again. The plots show-
ing the variation of peak compressive stress, and the estimated
static elastic modulus values of the foams with their density
are presented in Fig. 11. As expected, both the yield stress and
elastic modulus increase with relative density. The static elastic
modulus increases from 120 MPa to 390 MPa and compressive
strength increases from 0.45 MPa to 3.30 MPa, on increasing
the relative density from 18% to 62%. The optical micrographs
of the fractured foam surfaces are shown in Fig. 12. It is clear
that failure has occurred at an angle to the applied stress axis,
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Fig. 11. Plots showing the variation of elastic modulus and compressive strength
of the foams as a function of their relative density.
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Fig. 12. Optical micrographs of the fractured surfaces of silica foams being viewed from: (a) the top and (b) the side.

indicating the role of shear. Brittle materials are strong in com-
pression but weak in shear, and usually undergo failure under
compressive stress along the plane of maximum shear.

4. Summary

A novel approach for producing the ceramic foams from
inexpensive silica powder has been developed. The pores pro-
duced with this approach, result from the direct entrainment of
air bubbles into a ceramic suspension. The different processing
parameters that control the final properties of foams have been
optimized. Panels with thickness of 25 mm have been dried in
a controlled manner without cracking, and with uniform linear
shrinkage of 10%. Silica foams having high structural integrity,
nearly spherical pores with average size of ~2 mm, intercon-
nected porosity, and possessing as low as 11% of the theoretical
density, have been successfully fabricated. The permeability,
elastic modulus and the compressive strength of the porous sil-
ica tiles are a function of the foam density. The silica foams
thus produced, have strength levels in the range of ~0.5 MPa to
3.3 MPa, for densities in the range of 18-62%. A surface den-
sification process for the porous tiles, that can partially seal off
the relatively larger surface pores, as well as provide a smooth
exterior and adequate strength for protection against mass loss
during handling has also been established.
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