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Preparation of concentrated aqueous alumina suspensions
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Abstract

This paper reports the preparation of highly concentrated aqueous alumina suspensions for demonstrating the microfabrication
of ceramics by using soft molds of Poly(dimethyl siloxane) (PDMS) instead of the traditional solid molds. Zeta potential measure-
ments showed very good dispersing effects of the dispersant NH4PAA. The rheological properties of concentrated aqueous alumina
suspensions have been characterized with varying pH, NH4PAA concentration, solids loading and ultrasonic processing time. The
intrinsic pH of the suspension was found suitable for molding. The optimum dispersant concentration is 0.14 wt.% and viscosities
increase with more NH4PAA. A stable and easily processable suspension of 84.0 wt.% was achieved and suitable for soft-molding
with viscosity of 0.30 Pa s at 100 s~!. Embossing and microtransfer molding have been used for soft-molding microfabrication and

finally, crack-free and dense microstructures have been fabricated successfully with feature sizes of ~30 pm.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of microelectronic technologies is
central to modern science and technology. The micro-
fabrication of sensors and actuators'-? is one of the most
promising applications, such as microanalysis,? micro-
volume reactors* and microelectromechanical systems
(MEMS).>¢ However, most of them are made by sili-
con-based microfabrication techniques. In severe envir-
onments such as high temperature, high pressure or
chemical corrosion, ceramics show very good thermal,
mechanical or chemical inertness properties. Moreover,
the unique magnetic, piezoelectric or electro-optical
properties offer ceramics a lot of applications.
Obviously it is very important to fabricate or integrate
ceramics into micrometer-sized systems.”-

Recent development of ceramic microfabrication
techniques are either from the traditional IC techniques,
such as wet etching®!® and dry etching,”!'!'?> which
requires the compatibility between materials system and
etchants, or trying to downsize the current ceramic
forming techniques, such as co-extrusion,'® slip cast-
ing,'* injection molding'® and rapid prototyping'®!’
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which includes three dimensional printing (3DP),'® sus-
pension printing!® or ink-jet printing,?>-?! stereo-
lithography®>2?* and selective laser sintering (SLS).?*?>
For example, a modified pressure assisted slip casting?®
consolidating the Al,Os slip in a compaction tool with a
non-porous PMMA mold while the liquid being forced
through the filter and the duct, was used for micro-
fabrication of column and nozzles with some 10 microns
size and high aspect ratio, but only suited for thin wall
thickness structures and disk-like substrates. Some
researchers used the photoresist structures patterned by
standard ultraviolet lithography techniques as the molds
for casting the ceramic suspensions or ceramic polymer
precursor, combined with the lost-mold method to
release the structures by either pyrolysis decomposition
or chemical dissolution of the photoresist.”-?

In contrast, instead of the solid molds, soft molds that
were replicated from a master like SU-8 photoresist (a
negative, epoxy-type, near-UV photoresist) were used in
this study. Poly(dimethylsiloxane) (PDMS) polymer is
very suitable for the soft molds®®?° due to its low inter-
facial free energy, chemical inertness and very good
durability which allows it to be used many times.

Aqueous alumina suspensions have been well char-
acterized by many researchers for slip casting, tape
casting or spray drying. In order to obtain the highest
green density and reduce the final shrinkage of the
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micrometer sized components with good precision and
homogeneity, the use of fine powders is required and the
solids loading of the suspension must be as high as
possible while the viscosity should be kept low enough
for processing.

When ceramic powders are added to a solvent such as
water, attractive Van der Waals forces can make the
powders aggregate to form clusters, resulting in a rela-
tively high suspension viscosity and difficulty in proces-
sing, and leading to flaws in the final sintered body.
However, the agglomerate system can be dispersed to be
relatively fluid and homogeneous by the introduction of
repulsive forces between particles, including electrostatic
repulsion of surface charges, steric repulsion, where
absorbed polymer molecules physically prevent particles
coming close enough for the Van der Waals attractive
force to dominate, and electrosteric repulsion, which is a
combination of the other two mechanisms.30—33

In this paper, alumina suspensions with high solids
loadings, suitable viscosity and colloidally stable were
studied for the soft molding of fine ceramic components
in the range of micrometer sizes, which normally are
very difficult and expensive to realize by traditional
fabrication techniques such as photolithography and
micromachining.

2. Experimental
2.1. Molds

The elastomeric molds were fabricated from PDMS.
The master was placed in a glass petri dish. A 10:1
(weight ratio) mixture of PDMS-Sylgard Silicone Elas-
tomer 184 and Sylgard Curing Agent 184 (Dow Corning
Corp.) was mixed and left for half an hour while most
of the gas bubbles vanished from the solution. Then the
mixture was poured onto the master template in a
vacuum desiccator. The templates were placed in such a
vacuum condition for about half an hour to remove the
residual gas bubbles. The PDMS was cured at 65 °C for
4 h according to the recommended schedule of Dow
Corning. After cooling to room temperature, the rigid
PDMS was carefully peeled from the master template.

2.2. Suspension preparation

The alumina suspensions were prepared by adding
A-16 SG alumina powder [Alcoa Manufacturing (GB)
Ltd, Worcester, UK] to the mixture of distilled water
(17 MSQ-cm) and the ammonium polyacrylate
(NH4PAA) solution (Dispex A40, Allied Colloids,
Bradford, UK, a 37.6% concentrated solution of aver-
age molecular weight 3500 g mol~!) under constant
stirring. All samples were weighed to +0.001 g and
typical batch size was 50 g. Any pH adjustments

required were made using 1 M HCI and concentrated
(35%) NH4OH. The suspensions were ball milled with
zirconia balls for 15 h. Two drops of l-octanol were
added to reduce the surface tension of the suspension.
Finally, the suspensions were left for 24 h for the
removal of air bubbles before rheological testing and
microfabrication. The amount of NH4PAA used here is
expressed as a dry weight of the powder basis (dwb),
equivalent to the wt./wt. basis of the alumina powder.

Zeta potentials were measured for 180 ml, 3.33 wt.%
suspensions with the variation of pH and added dis-
persant, Dispex A40, using Acoustosizer II (Colloidal
Dynamics, USA). The pH was adjusted with 1 M HCI
and concentrated NH,OH.

The rheological behaviour of the suspensions was
studied using the CSL Rheometer (Carri-med 115/A)
with the cone and plane system (Truncation: 55
microns; Core: 4 cm, 20°) at the temperature of 20 °C.

2.3. Soft molding and sintering

Schematic procedures of soft molding are shown in
Fig. 1, and (a) is embossing and (b) is microtransfer
molding (WTM), respectively. For embossing, alumina
substrates were cleaned using acetone and ethanol fol-
lowed by dropping the suspensions on the substrate,
then the mold was quickly placed face down on the
surface. A pressure was applied to carefully push the air
bubbles out. For pTM, the suspensions were dropped
on the patterned surface of a PDMS mold and the
excess was removed by scraping with a flat PDMS
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Fig. 1. Schematic procedures of soft molding: (A) embossing; (B)
microtransfer molding (W TM).
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block. The filled mold was then placed in contact with
the freshly cleaned substrate and a little pressure was
applied. After drying from the procedures as above, the
PDMS molds were carefully peeled off from the alumina
substrate. The PDMS molds were cleaned by an ultra-
sonic processor in distilled water and ethanol, respec-
tively, and ready to reuse. Sintering was done at 1550 °C
for 2 h.

3. Results and discussion

Fig. 2 shows the transmission electron microscopy
(TEM) photo of the alumina powder used in this study,
showing the particle size around 0.5 pm. The specific
surface area of the alumina powder is 9.09 m?/g mea-
sured by BET single point nitrogen adsorption experi-
ment (Norcross, USA).

The IEP where the zeta potential was zero occurred at
pH =38.5 for the 3.33 wt.% alumina suspension without
dispersant A40, shown in Fig. 3. And at low pH, the
curve showed the particles were highly positively
charged. Fig. 4 shows the intrinsic pH of the suspension
without dispersant A40 was 9.1 with zeta potential of
—13.9 mV, indicating a negatively charged surface con-
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Fig. 2. TEM photo of the A-16 SG alumina powder.

o
hnd

B
b

n
hnd

o

Zeta potential {(mV)

[N}

[~}

2
F oY
o
®
—
o
—
N

-40

Fig. 3. Zeta potential vs. pH of 3.33 wt.% alumina suspension with-
out dispersant.
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Fig. 4. Zeta potential and pH of 3.33 wt.% alumina suspension vs the
amount of Dispex A40.

dition and an excess of AlO~ sites. The addition of dis-
persant NH4;PAA to the suspension caused the zeta
potential to become more negative, from —13.9 mV to
around —35.9 mV, showing the very good dispersing
effect of A40 at this intrinsic pH. And the slight
decrease of pH while adding dispersant A40 indicated a
weak acid property of NH4PAA.

Fig. 5 shows the change of the viscosity of a 75.0
wt.%, 0.14 wt.% NH4PAA alumina suspension with
decreasing the pH. The intrinsic pH of the suspension
was 10.0, and the IEP was around 7.0. Compared with
the IEP of the suspension without dispersant in Fig. 3,
the shift towards lower pH values as increasing NH;PAA
reflects the adsorption of NH4PAA on the alumina pow-
ders and hence increasing the negative surface charge.
Being a polyelectrolyte, NH4,PAA was used to provide
the electrosteric stabilization energy to powders in the
suspension. When the pH value is changed, the ionisation
of NH4PAA absorbed on the surface of the particles will
be affected, as well as the structure of the double-elec-
trical layer. Thus, electrostatic repulsion energy and the
zeta potential will be changed. Meanwhile, the steric
stabilization energy is also affected by the pH value.
Fig. 5 shows that, at the beginning of pH decrease, the
electrosteric stabilization energy had almost no change,
resulting in little increase of the viscosity. When the pH
reached the IEP and was then decreased further, the

at shear rate of 130 s
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Fig. 5. Viscosity vs. pH of 75.0 wt.%, 0.14 wt.% NH4PAA suspension.
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electrosteric energy was affected strongly with a large
increase observed in viscosity. Although the electro-
static repulsion energy should contribute to the stabili-
zation while the suspension becomes more acid, the
viscosity still increased. One possible explanation is that
the steric effect introduced by the NH4PAA may be
damaged structurally around IEP and could not be
recovered while the pH is reducing. Therefore, for the
further study, there is no need to adjust the pH of the
suspension since the viscosity of the intrinsic pH is sui-
table to the soft-molding microfabrication.

While changing the NH4PAA concentrations of the
83.0 wt.% alumina suspensions, it was impossible to
measure the viscosity for additions <0.10 wt.% NH,
PAA as shown in Fig. 6. The suspensions with
NH4PAA of 0.14, 0.21 and 0.28 wt.% showed similar
viscosity when shear rate was above 100 s—!. It seemed
that NH4PAA of 0.14 wt.%, equalling to 0.15 mg m?,
was the optimum concentration level for the 83.0 wt.%
suspension. With increasing more NH4,PAA, NH,PAA
would remain unabsorbed and then function as an elec-
trolyte, which reduces the range and extent of the elec-
trostatic repulsion force.

The relationship between the shear stress and shear
rate, as well as between the viscosity and the shear rate
of 83.0 wt.% alumina suspension with 0.14 wt.%
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Fig. 6. Viscosity vs. NH4;PAA concentration of 83.0 wt.% alumina
suspension at shear rate of 100 s=!.
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Fig. 7. Typical rheological flow behavior of 83.0 wt.% alumina sus-
pension with 0.14 wt.% NH4PAA.

NH4PAA, as shown in Fig. 7, present typical shear
thinning or pseudoplastic curves. Commonly shear
thinning conditions are convenient for processing as at
low shear rates the viscosity is high enough to delay
sedimentation, whilst at high shear rates the viscosity is
low enough to produce a castable state.
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Fig. 8. Flow behaviour of alumina suspensions with 0.14 wt.%
NH4PAA of different solids loading.
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Fig.9. Viscosities of alumina suspensions containing 0.14 wt.%
NH4PAA of different solids loading at different shear rates measured
in shear stress mode.
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Fig. 10. Effect of ultrasonic processing on viscosity of 83.0 wt.%, 0.14
wt.% NH4PAA suspension.
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The viscosities of different solids loading suspensions
are shown in Figs. 8 and 9. With solids loading of more
than 80.0 wt.%, the viscosity raised dramatically and the
measurement of the 84.0 wt.% suspension could not
been performed in shear rate mode because of drying
problems. It is very obvious in Fig. 9 that the viscosity
of 84.0 wt.% suspension was almost 10-fold that of the
70.0 wt.% suspension. Noticeably the viscosity of the

R RoE
e

highest solids loading suspension, 84.0 wt.% with 0.14
wt.% NH4PAA, was just 0.30 and 0.45 Pa s at shear
rates of 100 and 50 s~!, respectively. This means good
fluidity and easy processing ability even for this high
solids loading suspension.

The suspension of 83.0 wt.%, 0.14 wt.% NHy4PAA
was processed with the ultrasonic processor by inserting
the ultrasonic probe into the suspension, which was

Fig. 12. SEM photos of the alumina microstructures after sintering: (a) TEM copper grid structure; (b) microgear; (c) microgrids array; (d) grain

microstructures of the microgrid array.
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surrounded by ice water to prevent a rise in temperature
and water evaporation. With increasing the processing
time, viscosity had almost no change, as shown in
Fig. 10.

In terms of the embossing and microtransfer molding
for the micropatterned structures, the 84.0 wt.% sus-
pension with 0.14 wt.% NH4PAA dispersant seems very
suitable for processing with its viscosity of 0.30 Pa s at
the shear rate of 100 s—!, where the shear rate is similar
to that used for molding work. By using the highest
solid loading alumina suspension embossed using the
PDMS molds show in Fig. 11, crack-free, very com-
plete and dense microstructures with small shrinkage
were obtained after sintering as shown in Fig. 12 (a)
and (b). A microgrid structure is also shown in Fig. 12
(¢) and (d). Resolution of these microstructures is
around 100 pm and the smallest in Fig. 12(a) is 30 pm.
The defects appearing on the upper part of grids in
Fig. 12(c) are due to demolding the PDMS along this
direction.

4. Conclusion

The rheological properties of highly concentrated
aqueous suspensions of A-16 SG Al,O; have been
characterized with regard to pH, solids loading and
dispersant concentration. NH4PAA is very effective as a
dispersant for this colloidal system by introducing
electrosteric stabilization energy to prevent the agglom-
eration, with 0.14 wt.% being the best concentration for
the very high solid loading systems. pH value also has
strong influence on the stability of the high solid loading
suspension and the flocculation happens while the pH
shifts from the intrinsic point to the acidic region, indi-
cating the IEP of 75.0 wt.%, 0.14 wt.% NH4PAA sus-
pension is around 7.0 and the intrinsic pH is suitable for
this system and soft-molding.

A stable and easily processable suspension has been
achieved with 0.30 Pa s viscosity at 100 s~! shear rate
for 84.0 wt.% solid loading with 0.14 wt.% NH,PAA
dispersant, and suitable for imprinting and micro-
transfer molding with the PDMS soft molds. Complete
and dense microstructures have been demonstrated suc-
cessfully on alumina substrates with resolution around
100 um and smallest of 30 pm.
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