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ABSTRACT

Porous alumina ceramics are involved in many industrial applications due to the exceptional properties of these products. This

study addresses the preparation of porous alumina ceramics using hollow microspheres as a pore-forming agent and slip casting

as a green-body-forming technique. A uniform distribution of pores is a basic requirement of a porous material. This study inves-

tigates three different slurry systems, i.e., as-prepared alumina slurry, alumina slurry electrostatically dispersed by hydrochloric

acid (HCl), and slurry dispersed by the commercial dispersant ‘Darvan C-N’. At a low viscosity, the hollow microspheres in the

slurry tend to float, which causes a non-uniform pore distribution. To avoid this phenomenon, the viscosity of the slurry was

increased to the extent that the movement of hollow microspheres ceased in the slurry. As a result, a uniform pore distribution

was achieved.
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1. Introduction

he importance of porous ceramics has recently been rec-

ognized due to high levels of demand for such materials

in the areas of catalysis,1) separation,2) lightweight struc-

tural materials,3) and biomaterials.4) This new interest is

due to the unique properties that these materials offer, such

as a high melting point, strong corrosion resistance, high

wear resistance, low density levels, low thermal conductivi-

ties, and low dielectric constants.5)

Various processing techniques have been utilized to fabri-

cate porous ceramic materials. The representative processes

for creating macro-porous ceramics are partial sintering

(powder compacts are sintered at lower temperatures or for

a shorter time than normal sintering to obtain densified

materials),6) the use of sacrificial fugitives (a templating

material is initially homogenously distributed in a continu-

ous matrix of a ceramic phase and thereafter removed to

result in a porous material),7) the use of replica templates (a

process in which templates such as polymeric foams are

soaked in a ceramic slurry and the surplus is drained off, fol-

lowed by the burning of the organic components at slow heat-

ing rates before sintering),7) and direct foaming (a process in

which bubbles are incorporated into a ceramic suspension

containing surfactant and particles; upon drying and sinter-

ing the mixture produces a porous ceramic material).7) 

In the sacrificial template method, porous ceramics can be

obtained by mixing appropriate amounts of sacrificial fugi-

tives as pore-forming agents with ceramic raw powder and

evaporating or burning these fugitives out before or during

sintering to create pores. Pore-forming agents are generally

classified as types of synthetic organic matter (e.g., polymer

beads, organic fibers, hollow microspheres), natural organic

matter (e.g., potato starch, cellulose, cotton), or liquids (e.g.,

water, gel, emulsions).8) Templating materials of different

sizes, shapes, and arrangements can be used to help to

tailor the porosity, pore-size distribution, and pore morphol-

ogy. However, the removal of the organic templating mate-

rial can be very time-consuming and may also induce stress

and thus cause cracking and deformation of the material.9) 

Expanded hollow microspheres are one option for use as a

sacrificial fugitive for the fabrication of porous ceramics.

These are low-density micron-sized spherical thermoplastic

particles that consist of a polymeric shell encapsulating a

gas. Given their very low density when burning, less dense

gases evolve, thus reducing the potential for crack forma-

tion.10) 

To create a green body of a porous ceramic material, the

slip-casting technique was used. Forming by means of cast-

ing is an important process that has been used in tradi-

tional and modern ceramic production. It is a process in

which a slip, i.e., a creamy mixture consisting of solids sus-

pended in a liquid, such as water, is poured into a porous

mold, in which the surplus liquid is absorbed and a solid

replica of the inside of the mold is obtained. The rheological

properties of slip-casting are of importance because they are

among the significant parameters that control the produc-
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tion characteristics. The rheological properties depend on

the physical and chemical properties of the raw material

and on the conditions under which the slip-casting is pre-

pared. The viscosity of the slip depends on the particle size,

the shape and type of the raw material, the viscosity of the

medium, the mixing speed, and the purity of the water used.

When using slip-casting as a means of creating a green

body, a slurry formation is initially required. If a ceramic

slurry with low viscosity is mixed with hollow microspheres,

the hollow microspheres tend to float due to their very low

density, leading to severe pore segregation.11) In order to

overcome this problem, in this study we sought to optimize

the slurry condition to determine the relationship between

the slurry viscosity and the distribution of the pores in a

porous, sintered alumina ceramic. 

2. Experimental Procedure

High-purity α-Al
2
O

3
 powder (assay ~ 99.995%), AP-400,

purchased from POS-HiAL, Korea, was used for the prepa-

ration of the slurries. The median particle size (D
50

) of the

powder ranged from 0.3 to 0.5 µm, the packed bulk density

ranged from 0.7 to 0.9 g/cm3, and the BET surface area was

6 ~ 10 m2/g. The crystal morphology of α-alumina can be

clearly observed in the SEM image of the powdered sample

shown in Fig. 1. In addition, the average size of the powder

was < 0.5 µm. When introducing the spherical pores into the

hollow microspheres of the alumina cast samples (Expancel

Microspheres 092-DET 80-d25 purchased from Akzo Nobel

Pulp and Performance Chemicals AB Expancel, Sweden) as

a sacrificial polymer template, the median particle size (D
50

)

was 80 µm and the true density was 0.025 ±0.003 g/cm3, as

provided by the supplier. Distilled water was used through-

out the study as a solvent to create the slurries, while HCl

and aqueous NaOH were used to maintain the pH. In addi-

tion, an ammonium poly-methacrylate aqueous solution,

Darvan C-N (M/S, R.T. Vanderbilt Co. Norwalk, CT, USA)

with a molecular weight (Mw) in a range of approximately

10,000 to 16,000 and with 25 ± 1.0% of solids, completely

soluble in water, was used as a dispersant for the alumina

slurries. 

To measure the viscosity and casting of the alumina slips,

three types of slurries were created. These were slurries

with only alumina powder and distilled water; slurries

which contained alumina powder, distilled water, and HCl

(HCl was added to maintain the pH of the slurries at 4.5±

0.3); and slurries of alumina powder, distilled water, and

the dispersant Darvan C-N. After calculating the quantities

based on the vol.% of the solid, the mixtures were mixed in

plastic bottles and ball-milled using alumina balls (10 mm

in diameter). The ratio of alumina powder to alumina

ceramic balls was set at 1 : 2. The milling process, operated

at 200 rpm, lasted for 5 h. Slurries with 10% and 15% solid

loading rates without the addition of a dispersant, slurries

of alumina with a pH adjustment at 40% and 50% solid

loading rates, and slurries of alumina with the addition of a

dispersant at 50% and 55% solid loading rates were mixed

with 50 vol.% of hollow microspheres in a properly covered

beaker using a magnetic stirrer for 30 minutes (while grad-

ually increasing the stirring rate from 200 rpm to 1000 rpm)

to disperse the entire quantity of the hollow microspheres in

the slurries separately. Slip-casting (using pre-dried gyp-

sum molds) was conducted by decanting the slurries mixed

with the hollow microspheres into a mold; this was followed

by drying overnight at room temperature in the mold. The

cast material was then separated from the mold and dried

in a hot air oven at 60°C for 4 h. After the samples were

dried, they were sintered at 1600°C with a dwell time of 2 h.

The overall process is shown schematically in Fig. 2. 

The pH of the alumina slurries was measured using a pH

meter (Mettler Toledo, InLab ® Expert Pro, USA): the vis-

cosity measurements were conducted using a Brookfield

DV-II+ Pro (Brookfield Engineering Laboratories, Inc., USA)

viscometer with a CPE-40 spindle. The microstructures of

the cross-sections of the specimens (after polishing with 200

to 2000 grit SiC paper) were observed using a scanning elec-

tron microscope (JSM-5800, JEOL, Tokyo, Japan). 

Fig. 1. SEM of the AP-400 alumina powder.

Fig. 2. Flow chart showing procedure for the fabrication of
the porous Al

2
O

3
 ceramic.
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3. Results and Discussion

Slip-casting involves the use of stabilized slurries of high

solid loading rate. This process was evaluated by varying

the composition of liquid (i.e., distilled water, distilled water

+ HCl, and distilled water + dispersant and amount of alu-

mina powder). Several studies of ceramic powder have been

conducted to demonstrate that ceramic powder retains its

non-Newtonian characteristics (i.e., its viscosity changes

with a change in the shear rate). In this study, which used

sub-micron sized alumina powder, all slurries showed

shear-thinning behavior (i.e., a reduction in the apparent

viscosity with an increase in the shear rate) irrespective of

the slurry solid content or the type of dispersant added. The

viscosity data used in this study were determined at a shear

rate of 750 s-1. Therefore, each time the term viscosity is

used, the viscosity of the slurry is assumed to have been

measured at a shear rate of 750 s−1.

3.1. Alumina slurry with/without hollow micro-

spheres (no additional treatment) 

Initially, the slurries were made while adding water to

alumina powder using different solid ratios on a vol.% basis

to find the maximum possible solid loading rate. Fig. 3

shows that with an increase in the solid loading rate, the

viscosity of the slurries increased. The rate of 30 vol.% of

solid loading was found to be the maximum achievable solid

loading rate for creating the slurries. When this value was

exceeded, slurry formation did not occur. 

The addition of hollow microspheres increased the viscos-

ity of the slurry. At solid loading rates of 20 vol.% and

above, without the addition of a dispersant, the flowability

of the slurry reached its minimum; when the hollow micro-

spheres were added to the slurry, the slurry lost its flow

characteristics and only a thick paste was observed. The

maximum solid loading needed to create an alumina slurry

without the addition of a dispersant was found to be 30

vol.%. At solid loading rates of 20 vol.% and below, the mix-

ing of hollow microspheres was possible, with some flow

characteristics as well. When the slurry was casted into a

gypsum mold, with the casted material then sintered to

observe the microstructure, it was revealed that for a slurry

with a solid loading rate of 10 vol.%, a non-uniform pore dis-

tribution arose (Fig. 4(a)). When the solid loading rate was

increased to 15 vol.% (Fig. 4(b)), a uniform distribution of

the pores was observed. These two samples also showed

that there is a transition state between the solid loading

rates of 10 vol.% (viscosity 15.43 cP) and 15 vol.% (viscosity

44.47 cP). Thus, to obtain a porous alumina ceramic mate-

rial with a uniform distribution of pores, the loading rate of

the slurry solid should be 15 vol.% or higher. 

3.2. Alumina slurry with/without hollow micro-

spheres, dispersed by pH adjustment 

As in an earlier case, the optimized solid loading rate was

found to be very low. Therefore, the slurries were optimized

by changing the pH.12) This phenomenon was studied in an

effort to disperse the alumina slurry electrostatically. Sur-

face charges in oxides are mainly derived from the preferen-

tial dissolution or deposition of ions. Ions adsorbed onto the

solid surface determine the surface charge and are thus

Fig. 3. Effect of solid loading on the viscosity of the suspen-
sion without addition of a dispersant at a shear rate
of 750 s-1.

Fig. 4. Typical SEM images of alumina with hollow micro-
spheres without the addition of a dispersant, sin-
tered for 2 h at 1600°C with (a) 10 vol.% of solid
loading and (b) 15 vol.% of solid loading.
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referred to as charge-determining ions. In oxide systems,

typical charge-determining ions are protons and hydroxyl

groups; their concentrations are described in terms of their

pH (pH = −log [H+]). As the concentration of the charge-

determining ions varies, the surface charge density changes

from positive to negative, or vice versa. The concentration of

charge-determining ions corresponding to a neutral or zero-

charged surface is defined as the point of zero charge, or the

isoelectric point (IEP). When the pH exceeds the IEP, the

oxide surface is negatively charged, as the surface is covered

with hydroxyl groups (OH-), an electrical-determining ion.

When the pH is less than the IEP, hydrogen ions (H+) are

the charge-determining ions and the surface is positively

charged. Thus, the more specific the charge on the surface of

the oxide, the greater the repulsion will be between the par-

ticles of the oxide. 

To evaluate the abovementioned effect, alumina slurries

of 25 vol.% with different pH levels were formulated using

HCl and NaOH. The pH of the slurry without any further

addition was found to be 7.65, as shown in Fig. 5. It was also

noted that at pH levels below 5.6 and above 10.5, the slurry

reaches the point of minimum viscosity. The viscosity was

also found to reach its maximum at pH levels ranging from

8.25 to 9.25 due to the fact that, at these values, there is the

highest possibility of reaching the isoelectric point (IEP),

which is close to the IEP previously reported for alumina

suspensions.13) Thus, to ensure that the slurries are fully

dispersed, the pH level for further study and for the prepa-

ration of the slurry was set at 4.5 ± 0.3, which is well below

the IEP of the alumina slurry. 

The changes in the viscosity with increases in the solid

loading rate for slurries adjusted to a pH at 4.5 ± 0.3 are

shown in Fig. 6, which shows that the possible solid loading

rate with only pH change was found to be as high as 60

vol.%. It was also observed that the mixing of hollow micro-

spheres tends to increase the slurry viscosity, as mentioned

earlier. At a solid loading rate of 60 vol%, the slurry viscos-

ity was high, such that the viscosity was out of the measur-

ing range of the instrument (Fig. 6). At 50 vol.% and below,

slurries with sufficient flow properties formed. When these

slurries were tested to observe the behavior of the hollow

microspheres in the slurries by casting the slurries with hol-

low microspheres, it was found, according to the microstruc-

ture, that, at solid loading rates of 50 vol.% (Fig. 7(b)) and

above, the slurry viscosity was so high that the movement of

the hollow microspheres in the upward direction was com-

pletely halted and a homogeneous distribution of pores was

observed. At a solid loading rate of less than 40 vol.%, a severe

non-uniform pore distribution was observed (Fig. 7(a)). It was

also noted that smaller pores were on the lower side and

larger pores were on top. This occurred due to the buoyant

force of the large hollow microspheres, and vice-versa. 

3.3. Alumina slurry with/without hollow micro-

spheres, dispersed by dispersant 

The use of Darvan C-N as a dispersant is very common

when the dispersion of an alumina slurry is required.14-16)

Darvan C-N is an ammonium polymethacrylate aqueous

solution that can dissociate in water, providing negatively

charged polymers. Its structure and dissociation reaction,

shown below, illustrate that the functional groups are car-

boxylic acid groups that can be COOH or can be dissociated

to COO−.17) 

In a study by Singh et al.,15) it was shown that Darvan C-N

changes the IEP of an alumina slurry from pH 9.14 to pH

5.65. An addition of Darvan C-N causes a negative charge

Fig. 5. Effect of pH change on 25 vol.% alumina slurry vis-
cosity at shear rate of 750 s−1.

Fig. 6. Effect of solid loading on the viscosity of the suspen-
sion dispersed with HCl at 4.5 ± 0.3, at a shear rate
of 750 s−1.
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on the particle surface at a wide range of pH levels above

5.65. The change in the IEP of alumina occurs due to the

absorbance of the negatively charged carboxylic groups dis-

sociated from Darvan C-N on the positively charged alu-

mina surface via electrostatic attraction. As a result, the

particles become more negatively charged. The surface,

being more negatively charged, will require more H+ to neu-

tralize the surface charge and hence shifts the IEP to an

acidic pH. 

To optimize the dispersant concentration, the relationship

between the dispersant concentration and the viscosity of

the slurry was established. To evaluate this relationship,

slurries with solid loading rates of 50 vol.% were created

with various concentrations of the dispersant, ranging from

0.32 to 5.08 wt.% (based on a polymer solution, which corre-

sponds to 0.08 to 1.27 wt.% of active matter) of dry alumina

powder, as shown in Fig. 8. The optimum dispersant con-

centration was found to be 0.1 weight % of active matter, as

this value gives the lowest slurry viscosity. At that level, the

dispersant is capable of monolayer coverage of the particles.

As a result, the particles have high repulsive force and thus

high fluidity.18) At a lower concentration of the dispersant,

the particles were not completely covered and the develop-

ment of partial positive and negative charges led to floccula-

tion. On the other hand, at higher concentrations,

flocculation may occur due to bridging or depletion effects,

leading to increased viscosity.

The effect of 0.1 wt.% of the dispersant on solid loading

was determined, as was the effect on the viscosity, as shown

in Fig. 9. The pH of the slurry under this condition was

found to be 9.03, which is well above the IEP of the alumina

slurry dispersed by Darvan C-N. The behavior of the alu-

mina slurries was found to be similar to that of the slurries

dispersed using HCl. With Darvan C-N as the dispersant,

the maximum attainable solid loading rate was 60 vol.%.

However, one difference was that, after the addition of the

hollow microspheres, the increase in the viscosity was not

Fig. 7. Typical SEM images of alumina with hollow micro-
spheres dispersed by pH adjustment and sintered for
2 h at 1600°C with (a) 40 vol.% of solid loading and
(b) 50 vol.% of solid loading.

Fig. 8. Effect of the Darvan C-N concentration on the 50 vol.%
alumina slurry viscosity at shear rate of 750 s-1.

Fig. 9. Effect of solid loading on the viscosity of the suspen-
sion dispersed with 0.1% Darvan C-N at shear rate of
750 s−1

.



408 Journal of the Korean Ceramic Society - Syed Zaighum Abbas Bukhari et al. Vol. 52, No. 6

as high as were those for the slurries dispersed with HCl as

a dispersant. Moreover, hollow microsphere mixing was

possible for slurries with solid loading rates of 60 vol.% and

below, with sufficient flowability. At solid loading rates of 55

vol.% and above, a good distribution of pores was observed

in the casted and sintered sample (Fig. 10(a)), while, with

solid loading rates of 50 vol.% and lower, pore segregation

was observed (Fig. 10(b)). 

It was also observed that in the slurry with a low solid

loading rate, hollow microspheres tended to rise to the sur-

face. This occurred because, in a fluid, a lightweight mate-

rial always moves upward due to variations in the density;

moreover, the alumina slurry particles were not rigid

enough to stop the upward movement of the hollow micro-

spheres. It was not possible to overcome the problem of the

density difference between the powder and the hollow

microspheres; instead, it was necessary to increase the

slurry viscosity. Therefore, it was observed that slurries

with high solid loading rates and high viscosity levels have

sufficient ability to resist the upward movement of hollow

microspheres, thus maintaining the distribution.

Table 1 provides a summary of the schematic morphology

and effects of surface charges for the different slurry

conditions. It can be deduced that alumina slurry without

any dispersant has a positive surface charge on alumina

particles because the IEP of alumina is around pH 9. The

surface charge was weakly positive because the pH of the

slurry (7.65) is very close to the IEP of alumina. On the

other hand, slurries dispersed with pH adjustment have

strong positive surface charges, because the pH of the slurry

(4.5) is in the high positive surface charge range. In the case

of Darvan C-N, the IEP of the alumina slurries shifted to

5.65 and the pH of the slurry changed to 9.03; thus, the sur-

face charge of the alumina particles became negatively

charged. 

It is interesting to observe that when negatively charged

hollow microspheres were added to slurries having posi-

tively charged alumina particles, slurry viscosity was

increased by the additive effect of the addition of another

component and the addition of oppositely charged compo-

nents. On the other hand, in the case of a slurry with nega-

tively charged alumina particles (slurries dispersed with

Darvan C-N), when a mixture with hollow microspheres

undergoes only the effect of the addition of another compo-

nent, due to the same charges, repulsion occurs between the

Fig. 10. Typical SEM images of alumina with hollow micro-
spheres dispersed by a dispersant and sintered for
2 h at 1600 °C with (a) 50 vol.% of solid loading and
(b) 55 vol.% of solid loading.

Table 1. Summary of the Effect of Surface Charge on Different Slurry Conditions

 Slurry system
Properties

Without dispersant Dispersed by pH adjustment Dispersed by Darvan C-N

Schematic morphology

Slurry stability bad good Very good

Solid loading bad good good

Working pH 7.65 4.5 9.03

Charge on alumina particles weakly positive strong positive negative

Viscosity for homogeneous distribution 45 cP 90 cP 100 cP
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alumina particles and the hollow microspheres, which hin-

ders the viscosity from increasing. And so this can be seen to

be the reason that more solid loading or high viscosity is

required to achieve homogeneous distribution between alu-

mina particles and hollow microspheres.

4. Conclusions

A uniform distribution of pores was successfully achieved

by increasing the solid loading rate. The solid loading rate

was increased to a level at which the viscosity of the slurry

remained sufficiently high to resist the movement of the

hollow microspheres that had been put in it. A comparison

of slurry viscosities with increases in the solid loading rate

for three systems was performed, showing that the slurries

dispersed with HCl and a dispersant had nearly identical

behaviors. We can conclude that values of 15 vol.% solid

loading for a slurry without any addition, 50 vol.% solid

loading for slurries dispersed with HCl, and 55 vol.% solid

loading for slurries dispersed with a dispersant can be used

to create porous alumina structures with uniform pore dis-

tribution. However, the best combination is a slurry with

the highest solid loading rate, i.e., 55 vol.%, with the slurry

dispersed with Darvan C-N as a dispersant. It is evident

from the microstructures that by mixing hollow micro-

spheres with alumina, it is possible to create a porous alu-

mina ceramic material with closed pores. Closed pores, due

to their dense pore walls, help in the creation of thermal

and acoustic shielding materials. 
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