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ABSTRACT

Porous ceramics with tailored pore size and shape are promising materials for the realization of a number of functional and

structural properties. A novel method has been reported for the investigation of the role of SiC in the formation of SiO
2
 foams by

colloidal wet processing. Within a suitable pH range of 9.9 ~ 10.5 SiO
2
, particles were partially hydrophobized using hexylamine

as an amphiphile. Different mole ratios of the SiC solution were added to the surface modified SiO
2
 suspension. The contact

angle was found to be around 73°, with an adsorption free energy 6.8 × 10−12 J. The Laplace pressure of about 1.25 ~ 1.6 mPa

was found to correspond to a wet foam stability of about 80 ~ 85%. The mechanical and thermal properties were analyzed for the

sintered ceramics, with the highest compressive load observed at the mole ratio of 1:1.75. Hertzian indentations are used to eval-

uate the damage behavior under constrained loading conditions of SiO
2
–SiC porous ceramics.

Key words : Porous ceramics, Wet process, Adsorption free energy, Laplace pressure, Wet foam stability, Hertzian

indentations

1. Introduction

orous materials with controlled porosity usually exhibit

specific properties such as low density, high permeabil-

ity, high surface area, and good thermal insulation; these

properties cannot be achieved by these materials’ denser

counterparts.1) Due to its excellent physical and chemical

properties, SiO
2
 powder has come to be increasingly attrac-

tive in and widely applied in many fields such as ceramics,

catalyst carriers, chemical industries, solid fillers, and so

on.2) Recently, for their high strength and excellent mechan-

ical and chemical stability, SiC ceramics have been a focus

of research in the field of porous ceramics.3) With the devel-

opment of related science and technology, SiC can be consid-

ered a material with superior performance in high tem-

perature applications4) including heat, corrosion, high ther-

mal shock and wear resistance activities, along with strong

antioxidant activity.5-7) This material can also be used in

power devices, hot-gas or molten-metal filters, gas burner

media, catalyst supports, thermal insulators, diesel engine

exhaust gases, refractory materials, metal oxide semicon-

ductor field effect transistors, etc.8-10)

Solid state reaction techniques have been used in the

preparation of SiC porous ceramics including the hot-press-

ing technique,11) dissolution-precipitation mechanisms,12)

and the conventional sintering procedure.13) Controlling the

morphological properties of materials during synthesis is of

great importance, as these structural characteristics strongly

influence material performance.14) Porous SiO
2
-SiC based

ceramics can be fabricated by a variety of conventional

methods such as replica, sacrificial template, direct foam-

ing, freeze drying, sol-gel, bonding, and partial sintering

techniques, among others.15-17)

Due to its inherent features such as versatility, simplicity,

and low cost, the colloidal processing technique is suitable

for preparing open and closed porous structures with the

varied porosities used in our experiments. In this technique,

air is directly incorporated into a suspension or liquid media

by mechanical frothing, injection of a gas stream, gas-

releasing chemical reactions, or solvent evaporation; the

mixture is subsequently set in order to maintain the struc-

ture of the air bubbles that have been created.18) Long or

short chain surfactants are used to reduce the free energy of

the wet foams by lowering the air-water interface tension,

increasing the surface viscosity and creating electrostatic

forces to prevent the foam from collapsing.19-20)

In general, wet foams are thermodynamically unstable

because of their large air-water interfacial area and result-

ing high adsorption free energy. To improve the stability of
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wet foams, particles have been used to adsorb at the air-

water interface. The adsorption of particles reduces the

highly energetic interfacial area and lowers the free energy

of the system.21) Due to the oxidative properties of SiC, Ar

gas atmosphere has been used for sintering of dried porous

ceramics to overcome the several possible oxidation reac-

tions, such as: 13, 21)

SiO
2
 + nSiC + 3C → (n+1) SiC + CO (1)

SiC + 2O
2
 →SiO

2
 (amorphous) + CO

2 
(2)

The mechanical behavior of porous ceramics is greatly

influenced by the material pore structure. The introduced

porosity affects and alters the mechanical properties, mak-

ing them different from those of dense ceramics. Therefore,

mechanical measurement techniques commonly applied for

dense ceramics might not be equally suitable for porous

ceramics. Hertzian indentation is employed to investigate

contact damage of porous SiO
2
–SiC ceramics.22-24)

The objective of this work is to prepare SiC based porous

ceramics by colloidal processing using surface modified SiO
2

as the basic functional material and SiC as an additive. The

addition of SiC solution to the SiO
2
 suspension resulted in a

change in the wet-foam stability of the colloidal suspension.

SiO
2
 particles stabilize wet foams by causing steric hin-

drance to the coalescence of bubbles, and by modification of

the colloidal properties of the interfaces.

2. Experimental Procedure

2.1. Raw materials

The experiments were carried out using high-purity SiO
2

(Cristobalite polymorph, d
50 

~ 3.5 µm, > 99.0% purity, den-

sity ~ 2.65 g/cm3, Junsei Chemicals, Japan), SiC (Moissanite

6H polymorph, FCP 15C, d
50 

~ 0.5 μm, > 99.0% purity, den-

sity ~ 3.21 g/cm3, SIKA Tech, Germany). Other chemicals

used in the experiments were de-ionized water, hydrochloric

acid (35% Yakuri Pure Chemicals, Osaka, Japan), sodium

hydroxide powder (Yakuri Pure Chemicals, Kyoto, Japan)

and Hexylamine (Alfa Aesar, Seoul, Korea).

2.2. Preparation of colloidal suspensions

The suspension was prepared by adding 50 vol.% of SiO
2

powder
 
to SiC solution using 0.05 (M) Hexylamine as an

amphiphile. Homogenization and de-agglomeration were

performed using zirconia balls (10 mm diameter with 2:1

ratio of balls to powder). The pH values of the suspensions

were initially fixed in a range of 9.9 ~ 10.5 while continuing

the ball milling procedure for 24 ~ 48 h. The solid concentra-

tion of the SiO
2
 suspension was reduced to 30 vol.% in order

to maintain the stability of the airflow by decreasing the vis-

cosity. The hexylamine concentration was adjusted to the

required concentration in the final SiO
2
 suspension for the

partial hydrophobization of the particles. Meanwhile, the

aqueous SiC solution was prepared at 10 vol.% solid loading

by stirring to prevent oxidation of SiC during the ball mill-

ing process. Products of different mole ratios of SiO
2 
suspen-

sion and SiC solutions were stirred uniformly for 10 ~ 15

min. to prepare the final suspension under constant atmo-

spheric conditions.

2.3. Contact angle, surface tension and adsorption

free energy

The pendant-drop-method (KSV Instruments Ltd, Hel-

sinki, Finland) was used to measure the surface tension of

the SiO
2
-SiC suspension, whereas the sessile-drop-method

was used to measure the contact angle of the same. In the

pendant-drop test, a drop of liquid is suspended from the

end of a tube by surface tension. The force between the solid

particles in the liquid phase, due to the surface tension, is

proportional to the length of the boundary between the liq-

uid and the tube, with the proportionality constant usually

denoted by γ. Depending on the suspension contact angle

and the surface tension, the drop volume generally varies

between 5 and 10 μl.

The variation in the stability of wet foam at the particle–

stabilized interfaces is due to the adsorption free energy

(ΔG) required to remove an adsorbed particle of radius r

from an interface of surface tension γαβ. This variation can

be calculated using Eq. (1), where θ is the contact angle (°)

formed between the particle and the interface.25,26)

(3)

According to the above equation, ΔG(J) is greatest when θ

is 90º; however, foam stabilization of particles readily occurs

when θ is between 50º and 90º. Moreover, the stability of the

thin liquid film between the air bubbles plays an important

role in stabilizing wet foams, which decrease in thickness

and eventually rupture due to foam drainage or to collisions

between bubbles.

2.4. Foaming, air content and Laplace pressure

The foaming of 100 ml of each suspension was accom-

plished using a household hand mixer (150 W, Super Mix,

France) at full power for 15 to 20 min. As shown in Fig. 1.

the bubble size distribution of the foam was evaluated using

an optical microscope in transmission mode (Somtech

Vision, South Korea) with a connected digital camera, and

measured using the software Linear Intercept (TU Darm-

stadt, Germany). The average bubble size was determined

by the analysis of 100 bubbles in a composition.

The volume of air or voids in suspension in aggregate par-

ticles is called the air content (%) of the suspension, and is

usually expressed as an increased percentage of the total

volume of air in the mixture before and after foaming. The

air content of an initial colloidal suspension measures the

instance of the wet foam stability of a suspension. It can be

measured by the following equation:

Air Content (%) = (4)

ΔG πr
2Γαβ 1 cosθ–( )2  for θ 90°≤=

Vwet foam Vsuspension–( )
Vwet foam

------------------------------------------------------- 100×
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Where, Vwet foam 
is the volume of the ceramic wet foam after

foaming and Vsuspension indicates the volume of the suspension

before foaming.27)

Furthermore, due to the steady diffusion over time of gas

molecules from smaller to larger bubbles, a broadening of

the bubble size distribution occurs. The difference in the

Laplace pressure between bubbles of distinct sizes (R) leads

to bubble disproportionation and Ostwald ripening. Due to

the combined actions of these destabilization mechanisms,

the liquid foam collapses. The pressure acting on the gas

bubbles in a colloidal suspension can be described by the

Laplace pressure as: 

 (For spherical bubble) (5)

Where, ∆P = Laplace pressure (mPa) is the pressure dif-

ference between the inner and outer surfaces of a bubble or

droplet, this effect is caused by the surface tension  (mN/m)

at the interface between the liquid and the gas. R
1 
and R

2
,

the radii of curvature for an ellipse, are taken into consider-

ation. However, for spherical bubbles, R
1
 and R

2
 are equal,

so we used the second formula for calculation of the Laplace

pressure.28)

2.5. Drying and sintering 

Wet samples were dried at 50°C for 24 ~ 48 h. in a steril-

izer. The dried foams were sintered in a super kantal fur-

nace (max. 1650°C) at 1500°C for 1 h. in an argon

atmosphere with rates of heating and cooling of 1°C/min

and 3°C/min, respectively, due to the oxidation problem of

SiC into SiO
2
, as mentioned earlier in the reactions shown

in Eqs. (1) & (2).

2.6. Wet foam stability

The total porosity of sintered ceramics is proportional to

the quantity of bubbles incorporated into the suspension

during the foaming process. Wet foam stability (%) can be

defined by the reduction of the volume of a foams after it is

dried at room temperature (20 ~ 25°C), and can be repre-

sented by Eq. (7).

Wet foam stability (%) = (6)

Where, Vfinal indicates the volume of the ceramic foam

after drying and Vinitial is the volume of the ceramic wet

foam. 28)

2.7. Mechanical testing

The mechanical behavior of the load-displacements curve

of the sintered SiO
2
-SiC porous ceramics was investigated

using Hertzian indentations tests. Cylindrical specimens of

2.54 cm, diameter x 1 cm thickness were cut from the as-

received materials and polished. Hertzian indentation tests

were performed in air with a universal testing machine ( Model

5567, Instron Corp., Canton, MA) at a constant cross-head

speed of 0.2 mm/min over a load range of P = 5–200 N, using

tungsten carbide spheres of radius r = 7.93 mm. The com-

pressive load vs. displacement curves were plotted during

loadings and unloadings. The displacements were converted

through an amplifier, converters, and a digital signal pro-

cessor, consecutively, after measurement by the extensome-

ter. 

3. Results and Discussion

Controlling the contact angle of particles at interface is

one of the most important aspects of applying processing

routes in the synthesis of porous materials. The contact

angle of colloidal particles at a fluid interface depends on

the surface chemistry, roughness, impurities, and particle

size, as well as on the composition of the fluid phases.29) The

degree of particle hydrophobization achieved through the

surface adsorption of amphiphiles was investigated with the

help of surface tension measurements. A decrease in the

surface tension upon increasing the initial additive concen-

tration is observed for the evaluated suspensions.18)

Contact angles of particles at an interface determine the

wetting ability according to the extent that the particles are

hydrophobic, as shown in Fig. 2. The average contact angle

of the colloidal suspension was found to increase from 55° ~

73° with the increase in the mole ratio of SiC to 1:1.25. How-

ever, a lower range of contact angle has been observed with

further increases in the SiC content. This is due to the

increase in the viscosity of the particles in the colloidal sus-

pension. Moreover, the surface tension of the suspension

(the contractive tendency of the outer surface of the liquid)

decreases at the same mole ratio of about 1 : 1.25 to around

60 mN/m, at which point the wet foams were found to be the

most stable. Further, with the increase in the SiC content,

the foams were observed to gradually increase, which leads

to lower wet foam stability.

ΔP γ 1
R1

------
1

R2 

--------+⎝ ⎠
⎛ ⎞ 2r

R
------= =

Vfinal

Vinitial 

-----------------⎝ ⎠
⎛ ⎞ 100×

Fig. 1. Schematic representation of the preparation of SiO
2
-

SiC porous ceramics from partially hydrophobized
colloidal suspension.
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The adsorption free energy of surfactant adsorption is the

surface excess of the Gibbs thermodynamic potential and is

widely used as a basic thermodynamic characteristic of sur-

factants.30) Fig. 3 shows the change in adsorption free

energy in relation to the wet foam stability with respect to

the SiC content when hexylamine (0.05 M) was used to par-

tially hydrophobize the initial SiO
2
 suspensions. This can be

interpreted as showing that there is an increase in the free

energy (2.0 × 10−12 ~ 4.2 × 10−12 J), as well as an increase in

the wet foam stability to around 85% with the increase in

the mole ratio to 1:1.25, as per Eq. (4), with the increase in

the contact angle (when the radius of the SiO
2
 particle was

calculated, the contact angle and surface tension were mea-

sured using the sessile-drop method and the pendant-drop

method, respectively). With the further increase in the SiC

content, the free energy were found to decrease gradually.

Henceforth, it can be proved that the ratio of 1 : 1.25 is the

most stable zone for the wet foams in our experiment.

The air content, calculated as per Eq. (4), of an initial col-

loidal suspension indicates the wet foam stability of a sus-

pension. In Fig. 4, the air content of the suspension initially

decreases from 60 ~ 33%with the increase in the SiC con-

tent to 1:1.25. The wet foam stability has been found to be

the highest at this mole ratio. Moreover, with the increase

in the SiC content, the air content was found to increase

simultaneously as the wet foam stability decreases. This is

due to the increase in the excess air incorporation into the

suspension; the bubbles tend to collapse, which leads to irre-

versible destabilization mechanisms like Ostwald ripening,

drainage, and coalescence of the bubbles.21) Hence, it can be

interpreted that the air content of the colloidal suspension

is inversely proportional to the wet foam stability of the

porous ceramic foam.

Figure 5 shows the wet foam stability, which corresponds

to the Laplace pressure exerted by the bubbles of the wet-

foams formed with respect to the particle concentration.

This stability value can be calculated using Eq. (5) (in which

the surface tension is measured by the pendant-drop

method and the radii of the larger and smaller bubbles are

measured by optical microscopy). The difference in pressure

initially increased as the bubble size decreased (as shown in

Fig. 6); the stability also increased to around 85% in a pres-

sure range of about 1.25 ~ 1.6 mPa, which corresponds to an

SiC content of 1:1.25 mole ratio. Further increases in the

Fig. 2. Contact angle and surface tension of colloidal sus-
pension with respect to mole ratio of SiC.

Fig. 3. Adsorption free energy vs. wet foam stability with
respect to the mole ratio of SiC

 
in the colloidal sus-

pension.

Fig. 4. Air content vs. wet foam stability with respect to the
mole ratio of SiC.

Fig. 5. Laplace pressure vs. wet foam stability with respect
to the mole ratio of SiC.
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solid loading resulted in a lowering of the Laplace pressure

as well as resulting in a corresponding wet-foam stability,

because these properties are inversely related to the aver-

age bubble size of the wet foams.

In Fig. 6, the bubble size increased gradually from 92 ~

113 µm with increasing of the mole ratio of SiC in the colloi-

dal suspension from 1:1 to 1:1.25. The bubble size increases

gradually with further increase in the mole ratio of SiO
2
-

SiC. Similarly, the pore size decreased gradually to 78 μm

with increasing SiC content, which gradually increases with

further increase in content
 
of the same in the colloidal sus-

pension. This proves the effect of the Laplace pressure (as

shown in Fig. 5), which is inversely related to the average

bubble size. The bubble size and pore sizes of the wet and

dry foams were found to be 92 µm and 78 µm, respectively,

at the mole ratio of SiO
2
 to SiC of 1:1.25, with the highest

wet foam stability showing a value of around 85%.

Figure 7 shows the relative bubble size with respect to

time when, after 1 h, the bubbles tend to collapse due to

Ostwald ripening, with a gradual increase in the bubble

size. At the mole ratio of SiO
2
-SiC of 1:1.25, there is a maxi-

mum relative increase in the bubble size, with the highest

wet foam stability, as has been shown in the previous

results. On the other hand, the mole ratios of 1 : 1.5 and

1 : 1.75 were found to lead to drastic increases in the rela-

tive bubble size with respect to time because of the excess of

SiC particles in the ceramic suspension. Hence, from the

above figure we can infer that the SiC content is an import-

ant parameter for the stability of wet foams.

In Fig. 8, showing results of the XRD analysis of the crys-

talline phase, the patterns point to a high crystallinity for

all SiO
2
-SiC porous ceramics. The observed Bragg peaks can

undoubtedly be identified as SiC for the samples of different

mole ratios of the SiO
2
-SiC suspension. Fig. 8 shows the

XRD patterns of the SiO
2 
– SiC porous ceramics sintered at

1500°C in argon atmosphere with different mole ratios; in

these cases, the SiO
2 
used was in cristobalite form and the

SiC used was in the Moissanite 6H form of a polymorph.

From the XRD patterns for all the mole ratios of SiC, the

peaks for both SiO
2
 and SiC can be seen. The observed

Bragg peaks can undoubtedly be identified for the samples

of different mole ratios of the SiO
2 

– SiC suspension. The

main intensity peaks of the different composites were iden-

tified, with a peak at 22 degrees (hkl = 101) for the crystob-

alite phase and one at 35.2 degrees (hkl = 102) for the SiC

phase. This proves that, in the presence of Ar atmosphere,

the oxidation of SiC into SiO
2
 can be prevented. As we grad-

ually increase the percentage of SiC in the samples with

higher mole ratios, the material retains SiC in the sintered

porous ceramics.

In Fig. 9 plots for the compression load vs. the displace-

ment curve can be observed with respect to the different

mole ratios of SiO
2
–SiC. The compression load seems to

increase with the increase in the displacement as well as

with the increase in the mole ratio. The highest compressive

load was observed to be around 45 N, with a displacement of

around 1.6 mm, at the mole ratio of 1 : 1.75. In spite of hav-

Fig. 6. Average bubble size vs. average pore size with respect
to the mole ratio of SiC.

Fig. 7. Relative average bubble size of SiO
2
–SiC ceramic wet

foams with respect to the time after colloidal process-
ing.

Fig. 8. XRD patterns for SiO
2
–SiC porous ceramics: (a) 1 : 1,

(b) 1 : 1.25, (c) 1 : 1.50, (d) 1 : 1.75, and (e) 1 : 2, sin-
tered at 1500oC in Ar atmosphere for 1 h. 
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ing the highest wet foam stability, the 1 : 1.25 mole ratio

was found to have mechanical properties that were rela-

tively low. Figs. 9(a’), 9(b’), and 9(c’) provide optical images

of the damaged surfaces of the different mole ratios of the

SiO
2
–SiC porous ceramics. Fig. 9(a’) shows the damaged

surface clearly, with definite cracks on the surface. How-

ever, the damaged surface becomes more prominent in Figs.

9(b’) and 9(c’).

In Fig. 10, the microstructure exhibits variable patterns of

pore size distribution of the larger and smaller colsed pores.

The porous ceramics in Fig. 10(a) and 10(b) are shown in

enlarged view, in which can be seen their larger sized pores.

The rough and uneven distribution of pores along the sur-

face of the sintered ceramics can also be seen. The magni-

fied views in Fig. 10(c) and 10(d) show a hierarchical pore-

distribution from larger to smaller pores. The corresponding

increase in the pore size of the sintered ceramics with the

bubble size of the wet foam (if we compare with Fig. 6) can

be interpreted as showing a lower chance of incidence of

destabilization mechanisms.

4. Conclusions

The stability of a ceramic foam is directly related to the

surface energy of a colloidal suspension. This helps in the

calculation of the free energy and the Laplace pressure for

the corresponding interface-contact angle. We conclude that

a stabilizing point can be obtained for the production of

porous ceramics. This stabilization point can be tailored by

adjusting the solid content of the suspension, which is

directly related to the free energy and the Laplace pressure

and which is in the range of 1.25 ~ 1.6 mPa; this range cor-

responds to the wet-foam stability range of sintered porous

ceramics. Wet-foam stability of around 85% was estab-

lished, corresponding to a particle free energy of 4.2 x 10-12

J. The highest compression load was observed at around 45

N, with a displacement of around 1.6 mm at the mole ratio

of 1:1.75.
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