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ABSTRACT

Gel-casting is a novel method for moulding ceramic powder based on
concepts derived from traditional ceramics and polymer chemistry . In this
paper gel-casting of silicon powder is investigated . It is based on the In situ
polymerization of acrylamide monomers as the setting mechanism for forming
the green body. It has the following features : slurries with high solids loading
and low viscosity (1 .2 Pas at 75% solids), dried green bodies containing less
than 4 wt % binder, linear shrinkage of about 2.9%, a density of 142 kg.m- 3, a
mechanical strength of 32 MPa.s, and also the ability to gel in the presence of
02 and to fabricate complex shaped bodies.
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INTRODUCTION

The fabrication of complex shaped ceramic parts in
large quantities has been limited to injection mould-
ing, slip casting, or processes requiring extensive and
expensive machining . The current injection moulding
technology for ceramics, however, possesses several
shortcomings that limit its use as a complex shape
forming method . Among these limitations are the
following:
– moulding defects
— long vehicle-removal times
—low green strength after binder removal
—warpage during binder removal
– differential binder removal
—problems associated with thick sections.

Some of these limitations are the result of

generic problems related to the injection moulding
process itself, others are related to the composition of
the wax or polymer vehicle used to carry the ceramic
particles . The new generic process of gel-casting
deals explicitly with the underlying problems of
injection moulding by the development of a moulding
process that introduces a new setting mechanism
which is generically different from current practice.
This process separates the mould filling operation
from the setting operation and uses a solution based
vehicle instead of a 100% wax or polymer based
vehicle [1—51.

The kernel of the process is the use of a mono-
mer solution, which can be polymerized to form a
strong, cross-linked polymer solvent gel . The mono-
mer solution provides a low viscosity vehicle for
carrying the ceramic powder . Cross-linking, to form a

(a) To whom all correspondent:': should be addressed .
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polymer solvent gel, provides a mechanism for
permanently immobilizing the ceramic slurry in the
desired shape after it has been poured into a mould.
Because the cross-linked polymer solvent gelled
vehicle contains only 10 to 20 wt % polymer, the
solvent can readily be removed by drying, and since
the polymer present in the gel is cross-linked, it
cannot migrate with the solvent during drying [6].

Furthermore, because the setting mechanism is
the formation of a gel by polymerization of the mono-
mer in solution, and because this is accomplished
after the mould cavity is completely filled, there is a
complete separation of the fluid flow operations
which is necessary to fill a mould from the setting
operation in order to convert a ceramic slurry to a
formed green part [7].

Gel-casting is a much faster forming process
than slip casting. The soluble monomers gel in situ
and cannot migrate . The mould used in gel-casting
can be metal, glass, plastic or wax which do not
require tedious cleaning before reuse . Unlike slip
casting, dried gel-cast parts are strong and . can be
machined easily. In this paper gel-casting of silicon
powder is investigated [8].

EXPERIMENTAL

Materials
Silicon powder was used as received (A .E. Turbine
Components Ltd ., Leeds, U .K.) . The particle size of
powder is between 2–12 .tm, and its theoretical
density is 233 kg .m-3 . The essential components of
the gel-casting process are the reactive organic
monomers ; monofunctional acrylamide, C 2H3CONH2
(AM), and difunctional methylenebisacrylamide,
(C 2H3 CONH)2 CH2 (MBAM). These monomers were
dissolved in deionized water to give a premix solu-
tion, which it underwent free radical initiated vinyl
polymerization in the presence of an initiator such as
ammonium persulphate, (NH 4 ) 2 S208 . The reaction is
accelerated by heat or by catalyst N,N,N ;N'
tetramethylethylenediamine, TEMED, (all supplied
by Sigma Chemical Co) . The resulting cross-linked
polymer is an elastic hydrogel that serves as the

binder.

Procedure
The gel-cast process flow chart is shown in Figure 1.
After the dispersant was added, the solution was
mixed with silicon powder and manually stirred to
promote dispersion . The resulting slurry was then
agitated for at least 48 h using a mechanical shaker.

The slurry was degassed in a rotary evaporator
under vacuum until no release of air bubbles was
observed . The suspension temperature was kept at
zero to I °C during degassing to prevent excess
evaporation of water . Both the initiator, a 5 wt %
aqueous solution of ammonium persulphate, and the
catalyst, TEMED, were then added . The slurry was
degassed for an additional 3 min, during which the
rotary motion of the evaporator ensued proper mixing
of all components.

The amount of catalyst was carefully controlled
to make sure that the slurry was sufficiently fluid
during casting and yet gelled afterwards . The suspen-
sion was cast into a mould at room temperature
(22 °C) in a N 2 filled chamber to avoid oxygen, which
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Figure I . Gel-casting process flow chart.
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inhibits the polymerization process . When a thermally
driven (uncatalyst) reaction was desired, the catalyst
was omitted and the temperature of the chamber was
kept at 30—70 °C . The idle time of gelation reactions
were determined by ASTM D2471-88, and the
viscosities of premixes and slurries were measured by
a Brookfield viscometer.

Too rapid drying of gelled bodies can cause
nonuniform shrinkage, resulting in cracking or war-
page . To minimize the development of flaws, the gel-
cast ceramic bodies were dried in a series of high
humidity chambers . When the shrinkage stopped and
the rate of weight loss decreased, the body was
moved to lower humidity chambers for faster drying.

RESULTS AND DISCUSSION

Acrylamide system as an aqueous gel-casting system
has a number of advantages in comparison to the
other systems. The use of water as the solvent (i)
brings gel-casting closer to traditional ceramic pro-
cessing, (ii) makes the drying process easier, (iii)
reduces the viscosity of the gel precursor, and (iv)
avoids a number of environmental problems asso-
ciated with disposal of the spent organic solvents.

This system does not possess the limitations of
the other systems.

Ceramic Slurry
Low viscosity is beneficial for both mixing and cast-
ing in slurry processing . It is, therefore, important to
maintain slurry fluidity while optimizing solids
loading. One way of achieving this is to use premix
solutions of low viscosity . The slurry which contains
premix with a concentration of 10 wt % binder has a
viscosity similar to the case of pure water, (Figure 2).

In Figure 3 the effect of the concentration of
the dispersant on the viscosity of the silicon slurry is
shown . The minimum amount of viscosity can be
obtained when the weight ratio of p-hydroxy benzoic
acid to the silicon powder is about 0.7 wt %.
The viscosities of slurries were determined at
different shear rates. The slurries have shown a pseu-
doplastic, shear thinning, behaviour, i .e . the viscosity
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Figure 2 . The effect of ceramic loading on the slurry
viscosity (temp : 22 °C, shear rate: 5

reduces as the shear rate increases (Figure 4).
By increasing the temperature, the viscosities

of silicon slurries increase. The following relationship
can show this correspondence.
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Figure 3. The effect of dispersant on the slurry viscosity
(temp: 22 °C, shear rate : 5 s-1 ) .
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Figure 4. The effect of shear rate on slurry viscosity (temp:
22 °C, slurry : 70 wt % Si).
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where rl is the viscosity of slurry, T is its temperature,
A and B are constants . It is shown in Figure 5 that
there is a good agreement between this equation and
the experimental results.

Gelation
In the present study, the initiation of polymerization
was determined by changes in solution temperature,
since the reaction is exothermic . The process was

Figure 6. The temperature variation of the gelation
reactions at various monomer concentrations.

monitored in terms of idle time, twitf the time between
the addition of the initiator, or the initiator/catalyst,
and the commencement of polymerization . This is
equivalent to the time available for casting the slurry
during processing.

Figure 6 shows variation of temperature of
different slurries with various monomer concentra-
tions during gelation and indicates the idle time . As
shown there is no limitation to use premix solutions
with various monomer concentrations, but the in-
crease of monomer concentration causes temperature
rise in the solution.

As shown in Table 1 the silicon powder has a
significant catalytic effect on gelation reaction, and
reduces the idle time in a great extent.

Also in Figure 7 the strong catalytic effect of
silicon powder on the polymerization can be observ-
ed, i .e. decreases exponentially the idle time even at 5
°C . This effect could be increased while the p-
hydroxy benzoic acid as a catalyst is used, too . In this
case, at room temperature, the idle time cannot be
more than 10 s. At lower temperature, i .e . 5 °C, the
idle time was around 50 s, so the catalyst was
omitted . Because of this effect of silicon powder, the
casting was carried out in the presence of oxygen.

The concentration of initiator has a significant

7.20

7 .10

6 .80

6.70
3 .30

	

3.40

	

3 .50

	

3.60
irr x 10- 3 (11K)

Figure 5. The variation of slurry viscosity versus tempera-
ture (slurry : 70 wt % Si, shear rate: 2 s-ti).
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Table 1 . A glossary of the results obtained from preliminary tests.

Premix(1) Premix (2) Silicon Initiator(3) Initiator(4) Temperature Gelation time

(9) (9) (9) (9) (9} (°C) (s)

	

_
- 4 - 0 .2 - 22 Infinite
- 4 9 .8 0 .2 - 22 10

4 - 9 .8 0 .2 - 22 10

4 - 9 .8 0.2 22 10

- 4 9 .8 0.2 - 5 5D

4 - 9 .8 0.2 - 5 240

(1) 10 wt % AM: and 0.1 at % MBANM; (2) 10 wt % AM, 0 .1 wt MBNA, and 1 .183 wt % PH&4, (3) ammonium persulphate' 001 nd l.: (4) ezo(ABIBN) 001 moUL.

effect on the idle time, as shown in Figure 8 . The idle
time decreases as the initiator concentration increases.
This effect depends on the ceramic loading, too.
There is no limitation for idle time to use different
concentration of monomers, as shown in Figure 6, but
the temperature of solution increases as the concen-
tration of monomer increases.

Forming
As mentioned earlier, in the existing processes, the
green bodies were shaped by manual casting of slurry
via the gelation ability of monomer in situ polymer-
ization . The use of a mechanical shaker prevents the

collapse of bubbles in the slurry . The slurry was
degassed in a rotary evaporator under vacuum until
no further release of air bubbles was observed . In this
case, due to strong catalytic effect of silicon powder,
the gel-casting can be carried out in the presence of
0 2 and there is no need for the chambers full of N2 .

Drying
In order to minimize the distortion of parts, drying is
a critical step in ceramic processing . To avoid severe
warpage and cracking, drying of parts was best done
at a slow rate and room temperature with a very high
relative humidity . We have conducted a set of
observations on silicon plates to optimize the drying
procedure . These observations showed that ; (1) the
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Figure 8. The idle time variation versus initiator concen-
tration (temp : 5 'C, AM : 10 wt %, BMAMIAM : 1 wt %).
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Figure 7 . The effect of ceramic loading on the idle time
(AM : 10 wt %, MBAMIAM : 1%, dispersant : 0.2 g1L).
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Figure 9 . A typical drying curve of the gelled cast part.

humidity is the dominant variable and drying at room
temperature may be adequate for thin parts, (2) unlike
slip casting parts or pure gels, there is no constant rate
period in the drying gel-cast parts, and (3) the
duration of drying can be significantly reduced by
varying the humidity or the temperature . Figure 9
shows a typical drying curve of the gelled cast part.
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Figure 10 . The variation of rupture modulus of green body

at different ceramic/polymer ratios .

Mechanical Properties
Because the monomer content of the premix solution
is about 20% or less, the dried green body contains
less than 5 wt % binder compared to about 20 wt %
for injection moulding. An unexpected advantage of
gel-casting, especially when compared to slip casting,
is that the dried gel-cast green body is tough and
therefore, machinable in that state to produce even
more complex parts. This property is very valuable
for making very complex parts for which the exact
mould 'cannot be fabricated. A closely matching
mould is used for the initial gel-cast part, which is
then green machined to the final shape after drying.
The strength of green bodies were measured by 3
point bending standard test (ASTM C1161—90) . As
Figure 10 shows the rupture modulus of the gel-cast
part decreases as the binder decreases.

CONCLUSION

Gel-casting, a generic near net-shape forming process
based on the in situ polymerization of organic
monomer binders, has been evaluated using silicon
powder. The process was found to have the following
characteristics:
—The gel-cast silicon slurry has low viscosity at high
solids loading. For example, 75 vol % silicon in
premix (10 wt % AM and 0 .1 wt % MBAM) has a
viscosity of 1 .2 Pa .s at 5 s- i .
— The forming process is capable of producing near-
net complex shapes.
—The binder concentration is low, less than 4 wt % of
the dried solid.
—The gel viscosity and strength can be controlled by
varying the monomer concentration.
—The time available for casting the slurry (idle time)
can be controlled by the amounts of initiator and
catalyst added to the slurry as well as by the
processing temperature.
—The linear shrinkage of 66 .6, 70 .6 vol % silicon
slurries were 5 .75, 2 .69 and 2 .49 % during drying,
respectively.
— Gel-casting of silicon powder can be carried out in
the presence of 02 .
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