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Abstract
This work reports a gel-casting technology without de-airing process developed to prepare mullite-based ceramics green body using silica sol as

a binder. Concentrated alumina slurry dispersed in silica sol with high solid volume loading but low viscosity was successfully prepared at about pH

9.5. In-situ consolidation of the slurry was realized through adjustment of NH4Cl concentration to control the gelation time of the slurry. High

compaction and uniform green body without air entrapped was obtained by gel-casting technology without de-airing process, and dense complex-

shaped mullite-based ceramics were produced through the new gel-casting system.

# 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In order to obtain optimal performance and high reliability,

advanced ceramic materials should have a microstructure

characterized by a small defect size, and well-distributed

homogeneous grain boundary composition. With the rapid

development of technology, traditional forming processing

(such as dry pressing, isostatic pressing and so on) is unable to

meet the more and more strict service requirement in

engineering [1,2]. Therefore, many novel forming technolo-

gies, such as gel-casting [3], direct coagulation casting [4] and

so on, have been developed in recent decades [2]. Especially,

gel-casting technology rapidly became a focus in ceramic

forming field due to its high strength, high density, and low cost

and machinable property of the formed green bodies since it

was developed by Janney and Ometete in 1991 [3]. The basic

principle of the gel-casting forming process is that a suspension

from ceramic powder and mixed water solution of monomer

and cross-linker is poured into a mold, polymerized in-situ to

immobilize particles in a gelled part, removed from the mold,

and then dried. However, its inevitable shortcoming, the

commonly used monomer acrylamide that exhibits neural

toxicity [5], limits its application. More and more researchers
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studied non-toxic or low toxicity polymers [5,6], or natural gel

formers, such as chitosan gels [7], gelatine [8], polymer-sodium

alginate [9], and protein [10], etc. in the process.

The challenge in gel-casting process lies in achieving a

homogeneous suspension with high solids loading (>50 vol.%)

and low viscosity (less than 1 Pa s) in the slip [3]. For oxide

powders, such as Al2O3, the solids loading of a practical slurry

has exceeded 60 vol.% by using polyelectrolyte as dispersants,

which can create electrostatic stabilization via a polyelectrolyte

and a significant electrical double-layer repulsion [5–10].

However, it has been reported that the presence of dispersants

[11] or other organic materials, such as gelatin [8], egg-white

[12], and even the aqueous monomer [13], etc., will result in air

entrapped in the slurry during the dispersing, milling, and

casting operation. In fact, the water-soluble monomer

methacrylamide (MAM) and cross-linker methylene bisacry-

lamide (MBAM) used in aqueous gel-casting of slurries appear

to encourage formation of bubbles too [13]. The observation of

the monomer and cross-linker that encourage bubble formation

is supported by the literature, which classifies amides and n-

substituted amides as foaming agents [11]. The pores that result

from the presence of bubbles in the slurries are usually

significantly larger than the pores that result from incomplete

densification and, thus, are more detrimental to material

properties. Therefore, prevention of bubble formation in

aqueous slurries or their complete elimination prior to casting

is an important factor for the overall success of gel-casting as a
d.
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Fig. 2. Procedure for gel-casting of the alumina slurry dispersed in silica sol.
commercial manufacturing process. However, complete elim-

ination of bubbles from aqueous gel-casting slurries, especially

those with particle loadings as high as 55 vol.%, appears to be a

difficult task. The task becomes more difficult because the

effects of various additives in the slurries and their cross-

interactions on the formation and elimination of air bubbles is

not well understood [13]. Therefore, Waesche and Steinborn

[14] showed the increasing need for thorough de-airing with

increasing viscosity of the slurry. An optimum has to be found

between too extensive de-airing, which might lead to a liquid

loss by evaporation and a drastic change in the slurry rheology,

and too short de-airing, which leaves entrapped bubbles.

In this paper, a novel gel-casting technology without de-

airing process was developed to prepare mullite-based ceramics

green body using non-toxic silica sol as a binder. Concentrated

alumina slurry dispersed in silica sol with high solid loading but

low viscosity was successfully prepared. In situ consolidation

of the slurry was realized through adjustment of the NH4Cl

concentration as electrolyte to promote gelation of the silica sol

in the slurry. High compaction and uniform green body without

entrapped pores was obtained by gel-casting technology

without de-airing process, because there existed no surfactants

and any other organic materials in the slurry, only a small

amount of very unstable bubble were entrapped, which can be

automatically eliminated without de-airing process. It is

believed that the knowledge gained through this investigation

will be helpful to fabricate mullite-based ceramic parts with

high reliability and low cost.

2. Experimental procedure

In this study, commercially available a-Al2O3 (Henan

Zhengzhou Zhongtian Alumina Company) and silica sol (NS-

30, Zhejiang Shangyu Yuda Chemical Engineering Co. Ltd.)

were used as the raw materials. The particle size distribution of

the alumina powder was analyzed by a laser analyzer (Winner

2000, China), as given in Fig. 1. The sedigraph median

particle diameter d50 = 1.68 mm and the specific surface area is
Fig. 1. Particle size distribution of the alumina powder.
1.08 m2/g. Chemical compositions and properties of silica sol

are shown in Table 1. The electrolyte used was 3.6 mol/L

NH4Cl solutions. The reactive organic monomers used in the

control experiments were monofunctional acrylamide,

C2H3CONH2 (AM), and difunctional N,N0-methylene-bisacry-

lamide (C2H3CONH2)2CH2 (MBAM). The initiator was

ammonium persulfate (NH4)2S2O8 and the reaction was

accelerated by using the catalyst N,N,N0,N0, tetra-methyl-

lethylenediamine (TEMED). The pH values of suspensions

were adjusted using 1 mol/L HCl. All reagents used were

chemically pure.

The flow chart of the present gel-casting process was shown

in Fig. 2. The slurries were prepared through directly

dispersing the alumina powders in the silica sol with various

pH values, which were adjusted in advance using 1 mol/L HCl

solution in one-way direction, by mechanically stirring for

30 min. For gel-casting process, the slurry was further ball-

milling for 2 h to promote dispersion and admixing process

with an experimental planetary mill.

As revealed, at pH above 7 but lower than 11, it was found

that ammonium ions (structure-breaker) were more efficient in

destabilizing silica colloidal particles than the sodium ions

(structure-maker) [15–17]. And the addition of salt with
Table 1

Compositions and properties of silica sol

SiO2 (wt.%) 30.3

Na2O (wt.%) 0.1

pH 9.5

Density (g cm�3) 1.23

Viscosity (mPa s) 5.8

Particle size (nm) 8–20



D. Kong et al. / Ceramics International 33 (2007) 133–139 135

Fig. 3. Viscosity as a function of pH for 35 vol.% alumina slurry dispersed in

30.3 wt.% silica sol.
various concentrations can cause a time-dependent gelation of

the silica sol [17]. Thus, the gelation time of the slurry was

controlled through adjustment of the NH4Cl concentration in

the slurry by adding NH4Cl solution while continuously

stirring in this program.

The suspension was degassed under vacuum for a certain

time. During the de-airing process, the vacuum level is

controlled by introducing water into the bottom of the bell jar

during de-airing. This assures that the vacuum level will not

exceed the vapor pressure of water, which can avoid drying of

the slurry resulting in the formation of flakes of dried material,

which can act as flaws in the cast part.

After the slurry was degassed, the slurry was cast into a

100 mm � 100 mm � 8 mm plastic mold. After the slurry

gelled, the green body was de-molded and dried at 45 8C
under controlled humidity to avoid cracking and non-uniform

shrinkage due to rapid drying. The dried green bodies were

cut and ground into specimens of about 4 mm � 8 mm �
70 mm for the bending strength measurement. Before their

measurement, each of the specimens was ground by using

SiC abrasive of 14.0, 7.0 and 3.5 mm, respectively.

The obtained green bodies were then sintered at 1650 8C
for 2 h.

In the control experiments, the organic monomers were

added with free water:AM:MBAM = 12:1:0.05 in the prepared

concentrated suspension. The suspension was degassed under

vacuum for a certain time. Both the initiator, a 5 wt.% aqueous

solution of ammonium persulfate, and catalyst, TEMED, were

then added and stirred slowly to avoid sucking in as little air as

possible. The suspension was degassed for another 5 min and

then was cast into a 100 mm � 100 mm � 8 mm plastic mold.

After the monomers polymerized, the green body was de-

molded and dried under the same condition as the green body

without containing monomer.

The pH values of the silica sol and the slurry were measured

with a kind of pH meter (Inolab pH/ORP, German). Viscosity

measurements were done with a kind of rotational viscometers

(Model NXS-11A, Chengdu Instrument Factory, China). The

gelation time was determined by visual observation. The

prepared suspensions (8 ml) were placed into the glass tube.

The gelation time was determined while the test tube was gently

inverted. The time when the sample stopped flowing was

classically taken as the gel point.

The bulk density (r0) and the true density (r) of the green

and the sintered bodies were determined by Archimedes’

method in water and by water displacement method,

respectively. Then the porosity (P) was calculated as follows:

P ¼
�

1� r

r0

�
� 100% (1)

Three-point bending strengths of green body specimens

were determined from as-ground specimens with 63 mm span

using 15 test pieces of 4 mm � 8 mm � 70 mm for each group

of samples. Fracture surfaces of the green and sintered bodies

were observed using SEM (SIRION, Holland) to estimate the

microstructure uniformity of the specimens.
3. Results and discussions

3.1. Preparation of concentrated suspension

The viscosity (at about 36 s�1) of the slurries with alumina

volume loading of 35 vol.% dispersed in 30.3 wt.% silica sol is

plotted as a function of pH values in Fig. 3. The measured pH

value of the slurry was about 9.56 when the alumina powders

were directly dispersed in the silica sol without any pH value

adjustment. And the measured viscosity of the slurry was

125.0 mPa s. It has been proposed that the dispersion of

alumina in silica sol at basic condition is dominated by a new

colloid stabilization mechanism, nanoparticle halo, which has

been reported in detail elsewhere [18]. With decreasing the pH

value, the viscosity of the slurry increased slowly when the pH

value was still over about pH 7.0. But the viscosity increased

rapidly with further decreasing the pH value. The slurry showed

the highest viscosity at around pH 5.63. Then the viscosity

decreased rapidly with decreasing the pH value and the slurry

showed very low viscosity below pH 2.0.

As indicated in Fig. 3, the pH value should be controlled

either at very low pH value by adding HCl or at about pH 9.56

without adjustment of the pH value to prepare slurries with low

viscosity but high solid volume loadings. However, it has been

reported that silica sol is very stable at pH below 4–5 even when

a high monovalent salt concentration is used [19]. In contrast to

most colloids, silica sols can be destabilized for lower salt

concentrations as the pH value is increased away from the

isoelectric point (iep). This was ascribed to the presence of a

thick hydration layer at pH close to the iep, resulting from

hydrogen bonding of the water molecules with the protonated

silanol sites, and to its destruction at pH above 7 [15,20]. But at

pH above 7 but lower than 11, where many negative sites are

present on the surface, it was found that ammonium ions

(structure-breaker) was more efficient in destabilizing

silica colloidal particles than the sodium ions (structure-

maker) [15–17]. And the addition of salt with various

concentrations can cause a time-dependent gelation of the

silica sol. Thus, all the slurries were prepared without any
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Fig. 4. Viscosity vs. alumina volume loading of the slurries near pH 9.5.
Fig. 5. Gel time vs. NH4Cl concentration of the slurry.

Fig. 6. Effect of de-airing time on porosity of the green body (a) with silica sol

and (b) with monomer.
adjustment of the pH value for gel-casting process, and the

gelation time of the slurry was controlled through adjustment

of the NH4Cl concentration in the slurry by adding NH4Cl

solution in this program.

Fig. 4 gives viscosity versus alumina volume loading for the

slurries near pH 9.5 at about 50 s�1. The viscosity keeps

increasing with increasing of the solid volume loading in the

slurry. When the alumina volume loading is below 35 vol.%,

the viscosity increases slowly with increasing the solids

content, but increases rapidly when it is beyond 40 vol.%, and

the viscosity reaches around 871 mPa s when the solids content

is 40 vol.%. Gel-casting system generally requires well-

dispersed concentrated ceramic slurries having viscosity less

than 1 Pa s [3]. Thus, the maximum alumina volume loading for

gel-casting in this program was about 40 vol.%. Taking the

density of the silica as 2.2 g/cm3, the calculated solid (alumina

and silica) volume loading of the slurry is about 50 vol.%.

3.2. Control of the gelation time

As revealed by literature [17], the addition of salt with

various concentrations can cause a time-dependent gelation

of the silica sol. Thus, the gelation time of the slurry can be

controlled through adjustment of the NH4Cl concentration in

the slurry by adding NH4Cl solution. The gelation time of the

concentrated slurry with alumina volume loading of 40 vol.%

as a function of the NH4Cl concentration of the slurry was

plotted in Fig. 5. It can be seen that the gelation time increases

with increasing the NH4Cl concentration. And the mathe-

matical relationship between gelation time and NH4Cl

concentration of the slurry is in the double logarithm form

as Eq. (2),

log t ¼ �4:0176log C � 2:6917 (2)

with linear regression coefficient of over 0.99. In general, the

gelation time of the slurry should be controlled about 20 min to

avoid the sedimentation of particles in highly dispersed sus-

pensions during the gelling process. Thus, the concentration
of the NH4Cl in the slurry should be controlled at about

0.10 M, the corresponding gelation time was about 20 min,

for the gel-casting process without de-airing. And for the gel-

casting process with de-airing step, the concentration of the

NH4Cl in the slurry should be adjusted to control the solidi-

fication time to be about 20 min after the slurry was de-aired

and cast.

3.3. Effect of de-airing on porosity

Fig. 6 showed the effect of de-airing time on porosity of the

green body utilizing gelation of the silica sol through adjustment

of the NH4Cl concentration or utilizing the polymerization of the

monomer. For the gel-casting process with monomer, the de-

airing time had a great influence on the porosity of the green body.

The porosity reached as high as 48.3% for the green body without

de-airing process.With increasing the de-airing time, it decreased

obviously and was only 41.4% after a 40 min de-airing process.

Further, de-airing did not result in a further obvious decrease of

the porosity. However, for the gel-casting process with silica sol,
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Fig. 7. Microstructure of the green bodies by gel-casting without de-airing process.

Fig. 8. Flexural strength of the green body vs. silica sol concentration in the

slurry.
the de-airing process had little effect on the green body. With

increasing the de-airing time, the green body did not show an

obvious decrease of the porosity. The porosity was just 41.2% for

the green body without de-airing process, and it was just 40.3%

after a 60-minde-airingprocess. Fig. 7 givesmicrostructure of the

green body without de-airing process. There existed entrapped

pores on the fracture surface of the green body gel-casting with

monomer.However,noentrappedporescanbeseenonthesurface

of the green body gel-cast with silica sol.

It is well known that foams are inherently unstable systems

[11]. Like almost all systems containing two or more

immiscible phases, foams involve thermodynamic conditions

in which the primary driving force is to reduce the total

interfacial area between the phases—that is, they are

thermodynamically unstable. In spite of their ultimate tendency

to collapse, foams can be prepared that have a lifetime of

minutes, days, or even months. For a practical foam, one or

several of the following conditions will be beneficial for

extending the persistence of foams [11]: (1) a high viscosity in

the liquid phase, which retards hydrodynamic drainage as well

as providing a cushion effect to absorb shocks resulting from

random or induced motion; (2) a high surface viscosity, which

also retards liquid loss from between interfaces and dampens

film deformation prior to bubble collapse; (3) surface effects,

such as Gibbs and Marangori effects which act to ‘‘heal’’ areas

of film thinning due to liquid loss; (4) electrostatic and steric

repulsion between adjacent interfaces due to the adsorption of

ionic and non-ionic surfactants, polymers, etc., which can

oppose drainage through the effects of the disjoining pressure;

and (5) retardation of gas diffusion from smaller to larger

bubbles. The addition of surfactants and/or polymers to a

foaming system can alter any or all of the above system

characteristics and therefore enhance the stability of the foam.

They may also have the effect of lowering the surface tension of

the system, thereby reducing the work required for the initial

formation of the foam, as well as producing smaller, more

uniform bubbles.

A notable characteristic of stable films is their resistance to

mechanical disturbance. Gibbs [11] considered the important

property to be the elasticity of the film E,

E ¼ 2A
ds

dA
(3)
where A is the area of the film and s is surface tension. For the

case of a two-component system, Eq. (3) can be put in the form

[11]

E ¼ 4ðG 02Þ
2

�
dm2

dm2

�
(4)

Here G 02 is the surface excess of component 2, m2 is the

chemical potential of that component, and m2 is its amount per

unit area of film. Qualitatively, E gives a measure of the ability

of a film to adjust its surface tension in an instant of stress. If the

surface should be extended, the surface concentration of the

surfactant drops, and the local surface tension rises accord-

ingly; the film is thus protected against rupture. For pure

liquids, E as given would be zero, and this is in accord with the

observation that the pure liquids do not give stable foam.

Therefore, for the gel-casting system containing dispersant

or other organic materials, such as gelatin, egg-white, and even

the aqueous monomer, etc., the foams formed in the slurry are

relatively stable, due to the high E of the film of the foam.

However, for the gel-casting system using silica sol as binders

in this work, the foams formed are not stable, and can be

automatically eliminated quickly during the gel-casting

process. Thus, the slurry need not to de-air, and the gel-cast

green body showed high compaction and uniform without

entrapped pores.
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Fig. 9. Green body obtained by gel-casting technology without de-airing step.
3.4. Green strength

It indicates that the silica colloidal particles help to enhance

the strength of the green body [19]. This is due to the

combination of silica colloidal particles around the alumina

particles by condensation of silanol groups into BBSiOSiBB after

drying. Fig. 8 gives the flexural strength of the green body

versus silica sol concentration in the slurry. The strength

increases with increasing the silica sol concentration. When the

silica sol concentration is 10 wt.% and 30 wt.%, the measured

green strengths of the gel-cast bodies utilizing the gelation of

the silica sol without de-airing process reached about 2.97 MPa

and 3.98 MPa, which can meet the strength requirement for the

machining of the green body [7]. Fig. 9 gives the green body

obtained by gel-casting with silica sol but without de-airing

step.

3.5. Microstructure of the sintered body

The obtained green body was sintered at 1650 8C for 2 h.

The SEM micrograph of the sintered body was shown in

Fig. 10. It should be noted that the ceramics by gel-casting with
Fig. 10. Microstructure of the sintered body by gel-casting without de-airing

step.
silica sol without de-airing process has a high density and

uniform microstructure.

4. Conclusions

A novel gel-casting technology without de-airing process

has been developed to prepare mullite-based ceramics green

body. Through investigation of the effect of pH values on the

viscosity of the alumina slurry dispersed in the silica sol,

concentrated alumina slurry dispersed in silica sol with high

solid loading but low viscosity was successfully prepared,

utilizing the stabilization mechanism of silica nanoparticle

halos around alumina particles at about pH 9.5. In situ

consolidation of the slurry was realized through adjustment of

the NH4Cl concentration as electrolyte to promote gelation of

the silica sol in the slurry. High compaction and uniform green

body without entrapped pores has been obtained by gel-

casting technology without de-airing process, because there

existed no surfactants in the slurry, thus only a small amount of

unstable bubble were entrapped, which can be automatically

eliminated without de-airing process. And dense, homoge-

neous near-net-shape mullite-based ceramics has been

successfully fabricated.
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