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Abstract

A new route of gelcasting is applied to prepare Gd, 03 and Gd,O,S as well as Al,O;3 ceramic parts, i.e. thin plates and fibres. Cellulose acetate
is used as monomer. Instead of a water-based solvent system, ethylenediamine as solvent is employed; therefore, moisture- and air-sensitive
ceramic powders can be processed, such as Gd,0,S. The presented work focuses on the characterisation of the slurry by rheological and
chemical measurements, the polymerisation process and the first results of the fabrication of ceramic bodies. Both green and sintered parts

were investigated using electron microscopy, X-ray diffractometry and physisorption.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Gelcasting is an innovative forming method for fabricat-
ing ceramic bodies by means of an in situ polymerisation,
through which a macromolecular 3D-network is created to
hold the ceramic particles together. This polymer based fab-
rication method offers great advantages to form various body
shapes in comparison to dry processing. Numerous articles
were already published about gelcasting methods (e.g.!~®).
However, the majority of known gelcasting routes use water-
based systems, i.e. the solvent for the monomer is water.
Non-aqueous systems are not often reported in detail in
the literature.” !0 Particularly for moisture sensitive green-
bodies, such methods are therefore not applicable. There are
two reasons for developing the new system: (1) water free
for non-oxide ceramics and (2) Polymerisation with a “low
carbon” content polymer and an initiator system, which does
not introduce other metal ions than the ceramic ones. Fur-
thermore, not much is known about the possibility to prepare
ceramic fibres via a gelcasting route. This article discusses
both the results for the preparation of ceramic bodies using a
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non-aqueous gelcasting method and the possibility of mak-
ing fibres. The method is based on ethylenediamine (EDA)
as solvent, in which cellulose acetate (CA) as the monomer is
dissolved. Due to the strong base (EDA)!! a partial deacety-
lation occurs and CA becomes soluble. The ceramic powder
is dispersed into the solution. Controlled gelation and poly-
merisation is achieved by adding metal cations as initiator
to the slurry, via a solution of appropriate salts in EDA or
acetone. The latter solvent is furthermore used to control the
polymerisation process and the viscosity of the slurry. Since
the gelcasting method is suitable for all kinds of shaped bod-
ies, it is a challenge to extrude slurries through a filament
and draw ceramic fibres. We present different examples for
the non-aqueous gelcasting route, the processing into special
thin plate shape for a specific application and show an outline
how to prepare ceramic fibres by this route.

2. Experimental

The experiments were done with Gd;O3 (ChemPur,
99.9%), Gd,0,S (Med CTD Siemens) and Al,O3 (Al16
SG, Alcoa) ceramic powders. Gd,O,S is a widely used
ceramic for scintillator detectors (e.g.'>~1#). Especially for
metal oxysulfides it is essential to work in a moisture-
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Table 1
Composition of different slurries for the gelcasting process
wt.% CA in EDA vol.% Ceramic wt.% Initiator
GOS 53 25.4 1
Gd,03 5.3 25.0 1
AL O3 53 25.0 1

and air-free environment, because the oxysulfide can
easily transform to a metal sulphate.!> About 5wt.% of
cellulose acetate (CA, Sigma—Aldrich) is dissolved under
continuous stirring (torsional stirrer at 500 min~!) in 5ml
ethylenediamine (EDA, Merck, >99%). After completion
ca. 25vol.% of the dried ceramic powder is added (Table 1).
When it is completely dispersed 1wt.% of Gd-acetate
(Gd(O,CCH3)3-xH20, ChemPur, 99.9%) or 1wt.% basic
aluminium acetate (AI(CH3CO,)OH, Sigma-Aldrich) in
EDA, respectively, is added to the slurry to activate the
gelation and polymerisation step. By adding a small volume
(between 0.02 and 0.14 vol.%) of acetone (Merck, maximum
amount of HyO: 0.01%), one can control both the onset of
the gelation and the viscosity of the slurry. Immediately
after mixing the slurry, the complete volume (about 5 ml)
is casted into a mould or extruded through a filament to
draw fibres. The results presented in the following are from
preliminary experiments using a 5Sml syringe as “extruder
tool”.

The GdyO3 and Al,O3 ceramic bodies are debindered
at 700°C in air with a heating rate of 30 K/h and sintered
at a temperature of 1700°C for 2h (to form quite dense
bodies) in air with a heating rate of 200 K/h in one cycle.
The Gd,0,S plates are debindered first in a tube furnace
at 320°C for 20min in air with a heating rate of 60 K/h
and then heated up to 700°C in an argon atmosphere for
1 h, with the same heating rate of 60 K/h. The debindered
Gd,0,S is sintered at 1400°C for 2h in a nitrogen gas
atmosphere.

The gelcasting process was designed according to viscos-
ity measurements (Physica MCRS500 rotational rheometer)
and NMR investigation (Bruker AC, 250 MHz). Physisorp-
tion measurements on green, debindered and sintered parts
were done using Hg-intrusion (Micromeritics AutoPore IIT)
and pore size distribution calculations using the method of
Brunauer-Emmet-Teller, BET (Micromeritics ASAP 2010).
Hardness determination was done with a Buehler macro-
Vickers tester, type 2104.

For further characterisation X-ray diffractometry (Philips
X’Pert PW3040), optical light microscopy (Olympus SZ
X12) as well as scanning electron microscopy (Jeol 840
A) was used. X-ray measurements were taken with Cu Ka
(Aq1 =0.154056 nm; Ay = 0-154439 nm) radiation subtract-
ing the a2 parts with the analysis software. The used average
accelerating voltage for the SEM pictures was 20kV. In some
cases it was necessary to reduce the voltage due to local charg-
ing. The samples were sputtered with gold to make them
conductive.

3. Results

The volumetric ratio of the ceramic powder has an influ-
ence on the gelation behaviour. Rheologic measurements
were undertaken to investigate the behaviour of ceramic pow-
der load on the viscosity of the slurry.!® Fig. 1a and b show
the data for the viscosity of Gd;0,S and Al,Os slurries as
function of ceramic powder content. These slurries for the
viscosity measurements contain ceramic powder suspended
in N,N-dimethylacetamide (DMA). EDA (p = 1,457 g/cm?)
is rather volatile and corrosive for the measurement, but the
properties like the density of DMA (p=1,437 g/cm?) are
nearly the same.
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Fig. 1. (a and b) Viscosity of Gd,0,S and Al,O3 slurries in DMA as func-
tion of ceramic powder content, measured with a rotational rheometer. (c)
Viscosity of Gd, O3 slurries in DMA as function of ceramic powder content,
measured with a rotational rheometer.



A. Miiller et al. / Journal of the European Ceramic Society 26 (2006) 2743-2751

measured in (o]
dimethylsulfoxide-d6 )j\ 3 NH
T=RT g™
Number of scans = 6000 El-l 2
Gy
/ =0
A o ks
c, G
_...miwm't 30 min
) ,:HL 60 min
| . 300 min
._.,...-JL..J.L.NL L 360 min
N 24h

48 44 40 36 32 28 24 20 le 12 8 4

(ppm)
(a)

(b)

2745

g measured in
360 min ¥ dlimethylsulfoxide-d6
I 1Rt
Number of scans = 6000
C-I
|
174 173 172 171 170 169 168 167 166
(ppm)
i
24h ]
[
C4
|
174 173 172 171 170_ 169 168 167 166
(ppm)

Fig. 2. (a) '>C NMR of the liquid released from the CA/EDA gel as function of time, chemical shift 4-48 ppm. (b) '3C NMR of the liquid released from the

CA/EDA gel as function of time, chemical shift 166—174 ppm.

The increase of viscosity with increasing powder load
is rather steep especially for a Gd,O;S slurry, whereas the
viscosity of an Al,O3 mixture does not change much with
increasing powder volume fraction. The viscosity of Gd;O3
ceramic slurry including the initiator is shown in Fig. 1c. All
gelcast slurries show similar effects, where the increase of n
is rather steep with higher powder load.

By '3C NMR measurements the mechanism of CA
swelled and dissolved in EDA as function of time was mon-
itored. The concentration of CA is lower than for the slurry
preparation due to measurement requirements. The spectra
are taken from the liquid released (supernatant) from the CA
gel. The data are shown in Fig. 2a for the chemical shift region
between 4 and 48 ppm, and in Fig. 2b for the region from 166
to 174 ppm. The C(4) atom from the acetyl-group can be
observed the first time in a sample measured after 270 min
of agitation. This is the time, where the gelation starts, and
therefore, the C(4)-signal is an indicator for the deacetyla-
tion. For clarity only the NMR data for the 300 min and 24 h
scaling time are shown in Fig. 2b.

The characteristics of different concentrations of cellulose
acetate dissolved in EDA are shown in Fig. 3. The stability
time is defined by the visual observation when the mixture
turns from a transparent into either a turbid suspensions or
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Fig. 3. Gelation behaviour of CA in EDA as function of concentration.
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Fig. 4. Gelation time of CA solution in EDA as function of Gd(O,CCH3)3
in EDA concentration.

an opaque polymer. The higher the concentration of CA the
shorter the time needed for polymerisation occurs. However,
a defined amount of CA is necessary for a gelation to take
place. The diagram shows clearly that for around 5.1 wt.% CA
in EDA, a reasonable time to concentration ratio is given.

Investigations were done both with Gd;O3 and Gd> O3S in
terms of the polymerisation with Gd?*-ions (Gd(02CCH3)3)
as initiator. Fig. 4 shows!® that above a defined concentration
of initiator the gelation time remains nearly constant. Further
experiments prove that even with very high concentrations of
gadolinium acetate, e.g. 30 wt.% Gd(O,CCH3)3 in EDA, the
polymerisation begins within less than 1 min, but not faster
than for 0.5 wt.%.

The higher the content of ceramic powder the faster the
gelation takes place, as shown in Fig. 5, but the time reaches
a constant level as well. The ceramic powder load was lim-
ited in the experiments to obtain an appropriate time window
for processing. Therefore, the maximum powder load was
40vol.% for Al,O3, 25vol.% in the case of Gd,Os3, and
30vol.% for Gd;0,S, respectively. The maximum achiev-
able powder weight fraction is different due to different ¢-
potentials for such powders and/or different grain sizes and
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Fig. 5. Gelation time of Gd,Oj3 slurries as function of volume percentage.
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Fig. 6. ¢-Potentials for different ceramic powders as function of pH, mea-
sured in an electrolyte solution (0.001 M NaN 03).16

their distribution. Measurements of the ¢-potential (Fig. 6)
show lower values for Al,O3 than for Gd,O;S and Gd;03,
respectively.'® The isoelectric point (IEP, at 0 mV) is located
at pH 8.7 for Gd, 035, 8.0 for Gd;03 and 2.6 for Al,O3. The
values of {-potential suggest that the surface of Gd, O3S is
basic. Negative ions are adsorbed on the particle surface if
pH >8.7. To obtain a stable suspension, the powder should
be processed in basic conditions.

Concerning the control of the slurry viscosity, we investi-
gated the behaviour in terms of adding acetone before the
gelation starts. Fig. 7 shows the effect of adding differ-
ent amounts of both technical pure and distilled acetone
to slurries with different ceramic powders and concentra-
tions. Above an acetone volume of 0.06 vol.% the increase in
polymerisation time is rather steep for all ceramic powders.
However, the time factor between Al,O3 and Gd, O3 slurries
is approximately 3.5 with an alumina gel. With increasing
acetone amount the polymerisation time for both Gd,O3 and
Gd,0,S is further delayed, but the polymerisation time for
Al>O3 is much more rapid compared to Gd;O3 slurry and
reaches at 0.08 vol.% a constant level.

The casting process was performed with slurries of the

composition shown in Table 1.

undistilled
acetone

(10 vol. % Gd,0,)

50

T=20°C, Air
Slurry volume

distilled acetone
(10 vOl. % Gdy0,8)  —mrsprlmrpers
o

(%
[—}

distilled acetone
(10 vol. % Gd,05)

time (min)
e

\

T

—_—

2 e
/ distilled acetone

10 (10 vol. % Al,O;)
_,n/ o

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
amount acetone (vol. %)

Fig. 7. Time effect of adding different volumes of acetone on the polymeri-
sation of ceramic powder slurries.
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Fig. 8. (a) Data of the mercury intrusion showing the incremental intrusion vs. the pore diameter for different debindered samples. (b) Data of the mercury
intrusion showing the incremental intrusion vs. the pore diameter for different sintered samples.
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Table 2
Green density and pore size distribution of dried gelcast plates and uniaxially
pressed pellets

Green density Average pore diameter
(g/em?) by BET (nm)

GOS (gel) 6.49 21.6

Gd, 03 (gel) 4.07 9.6

Al O3 (gel) 3.40 14.7

GOS (pellet) 6.43 18.1

Gd, 03 (pellet) 6.79 14.1

Al O3 (pellet) 3.67 14.8

Experiments were done both by mixing the initiator with
the slurry before filling the mould and by adding an initia-
tor in EDA solution to the slurry already deposited in the
mould. Table 2 shows the green densities and the average
pore diameter of gelcast parts in comparison with uniaxially
pressed pellets with a diameter of 13 mm. The results in terms
of Vickers hardness of sintered samples are listed in Table 3.
The difference is particularly significant for the Gd, O, S sam-
ples. The pellet shows a 10 times higher hardness than the
gelcast sample. Table 4 lists the different densities of sin-
tered samples. The differences in density and porosity of the
gelcast and pellet samples are quite significant for Gd,05S,
but much smaller for Gd, O3 and especially Al,O3. To com-
pare the debindered gelcast samples with uniaxially pressed
ones as well as with sintered samples, in Fig. 8a and b the
incremental intrusion (mercury) versus the pore diameter is
plotted. The smaller the volume of intruded mercury is the
less open pores exist in the sample. Differences can be seen
for debindered samples. The pore diameter of Al,O3 pellets
and the gelcast plate are rather similar. However, the Gd;O3
pellets show smaller pore diameters of one magnitude than
the equivalent plates. A clearer difference can be observed
for the Gd,O,S samples where the difference between pel-
lets and plates is almost two magnitudes. The differences in
mercury intrusion volume of sintered Al,O3 bodies are neg-
ligible. In the case of Gd,O3 the pore diameter is the same,
but the Hg volume is higher for the gelcast sample. In the case
of Gdy0;S, the gelcast sample shows larger pore diameters
of one decade and a higher amount of intruded mercury.

Table 3

Hardness of sintered samples

Hardness Gelcast Pellet Literature
(Hvy, GPa) (Hvy, GPa) (values!'®-20)

GOS 0.279 2.87 ~8.8

Gd,03 0.284 0.569 n.a.

Al O3 14.84 12.97 18.63

Table 4

Density and porosity of sintered samples

Gelcast Gelcast Pellet Pellet
(p, glem?) (porosity, %) (p, glem?) (porosity, %)

GOs 4.4 30.8 6.5 8.8 Fig. 9. Photograph of gelcast Gd,0,S, 25vol.% (a) in a PTFE-mould,

Gd,0; 4.9 39.2 5.9 37.2 Gd,03, 15vol.% (b) removed from the PTFE-mould and Al,O3, 20 vol.%
ALO; 39 1.4 37 9.1 ©.
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Fig. 10. XRD pattern of an as prepared (a), debindered (b) and sintered (c)
Gd,O;S plate. The unlabeled peaks belong to Gd,0,S (PDF #: 261422).

Fig. 9a—c show photographs of gelcast, already poly-
merised Gd,0,S, Gd>03 and Al,O3 parts, respectively, in
a PTFE mould. The photographs of Gd;O3 and Al,O3 show
gelcast plates removed from the PTFE mould.

The samples are dried in the mould at room temperature
in a dynamic argon atmosphere to prevent surface cracking.
Cracks appear usually because of the evaporation of EDA,
which decomposes to different products. After ca. 60h of
steady argon flow rate the plates can be easily removed from
the mould.

The XRD pattern in Fig. 10 of as prepared, debindered
and sintered Gd,O3S plates shows no formation of a sul-
phate phase. The smaller signals belong predominately
to GdyOs3, which might be formed due to the added
Gd(O,CCH3)3 compound. This leads to an excess of Gd3*
and will be transformed to the oxide during the debindering
process.

In Fig. 11a and b, the SEM micrographs of gelcasted sin-
tered Gd> O3S and Al,O3 samples, respectively, are shown.
Fig. 12a shows a microscopic picture of a sintered Gd,O3
fibre and Fig. 12b and c show SEM pictures of a Gd,Os fibre,
which were made using a syringe with a 0.8 mm pin. The dis-
played samples were sintered at 1700 °C in air. However, the
length of the fibres using a syringe is still limited to about
1-7 cm. The diameter of a fibre varies within 500-750 pm.
Further test experiments with smaller syringe pins will be
done, before investigations in a continuous laboratory appa-
ratus will be started.

4. Discussion

Various parameters influence the polymerisation
behaviour, including the time dependence of the gelcasting

(b)

Fig. 11. (a) SEM micrograph of Gd,O,S gelcasted sample, powder concen-
tration 25 vol.%. (b) SEM micrograph of Al,O3 gelcasted sample, powder
concentration 25 vol.%.

process. First of all the concentration of the CA monomer in
the EDA solution is important. If it is too high, the complete
dissolution of CA in EDA cannot take place. The whole
mechanism can be understood by interpreting the '3C NMR
data. Cellulose acetate is formed by direct esterification
of hydroxyl groups or by transesterification. By adding
the compound to a strong base, such as EDA, the acetate
group will be cleaved (deacetylation) and the gel will be
formed (reaction A). The acetate group with the C(4) atom
is transferred into the liquid. Therefore, the liquid contains
H>NCH,CH3NH OCCH3. Reactions B’ and B” describe
the mechanism, which occurs in the polymerisation step,
initiated by adding metal ions, such as Gd** or AI**.

Cell-O,CCH3 + H;NCH,CH3NH;
— cell-OH + H,NCH,;CH,;NHOCCHj3; (A)
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Fig. 12. (a) Optical stereomicroscope image of a Gd, O3 fibre sintered at 1700 °C in air, powder concentration 25 vol.%. (b) Fracture of a Gd, O3 fibre sintered
at 1700 °C in air. (c) Detailed view of the same sample, where clearly the sinter necks are visible.

Cell-OH + H,NCH,CH,;NH,
— cell-O™ + HoNCH,CH,NH3+ (B))

cell-O.  _O-cell
M

]
O-cell (B")

cell—O + p3+ —P

The second parameter is the concentration of metal ions as
initiator. Above a certain concentration level (0.5-1.0 wt.%)
the amount of free metal ions is too high and will not con-
tribute anymore to an accelerated polymerisation. The slurry
is basically “supersaturated” by the initiator cations. Fur-
thermore, acetone causes a slower network formation of
the free metal cations, which are responsible for the gela-

tion behaviour, that is free “cellulose anions” in an acetone
solution cannot build up the stable network with the free
metal cations. The higher the added volume of acetone is,
the slower the polymerisation starts, therefore, more free cel-
lulose anions in the slurry are present. The third point is the
powder weight fraction in the slurry. Besides the influence on
the viscosity of the slurry, which increases with higher pow-
der loads, there is a dependence of the powder load on the
gelation time. The dispersibility is decreased, and therefore,
an increase of gelation time occurs because of interaction
of different ¢-potentials of the powder both with cellulose
acetate and free cations as well as different grain sizes and
their distribution. Since the ¢-potential of Al,O3 is very dif-
ferent from the Gd; O3 and Gd;O,S powders, there are also
different maximum powder loads for the gelcasting slur-
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ries. Much more powder of Al,O3, namely 40 vol.%, can be
dispersed in the CA/EDA solution, but only approximately
30 vol.% of Gdy 03 or Gdy O, S can be dispersed into the solu-
tion without reducing the flowability by a viscosity too high
to cast the slurry into the mould.

Besides the optimum slurry parameters the drying process
of the casted slurry is very important. The effect of atmo-
sphere type on the gelcasting behaviour is also reported in
literature (e.g.!”'3). If the plate will be stored in air, always
cracks on the surface appear after a few hours. They result
from the EDA decomposition products,!! mainly degassing
ammonia (NH3), which causes surface stresses. In argon or
dried nitrogen atmosphere this process is delayed, NH3 forms
very slowly and can completely leave the plate without caus-
ing surface cracks. When the EDA content in the plate has
reached a low level after 60 h, the degassing of the residual
solvent does not cause cracks any more. The whole drying
process has to be applied for the extruded fibres as well.

Although the green density of gelcast plates is lower than
for uniaxially pressed pellets, it can be seen that simple cast-
ing in a mould without applying pressures results in quite
dense and stable green bodies. The same can be concluded
from the pore size data obtained from BET measurements.
The values are almost consistent with the values for the
pellets. The reason for the differences in the pore diame-
ter measured by mercury intrusion is the higher compaction
of uniaxially pressed pellets. Applying pressure can reduce
larger pores. This has an effect on debindered pellet samples
as well and can almost be balanced in the sintering step where
open pores in the gelcast pellets can drastically be reduced
as the values for Al,O3 demonstrate.

5. Conclusions

This work shows results for a gelcasting method, which
uses cellulose acetate as monomer and a non-aqueous sol-
vent, ethylenediamine, and gives, therefore, the possibility to
process moisture-sensitive ceramic powders. Here, we inves-
tigated a Gd;O,S ceramic powder as an example for such
sensitive ceramics. Essential and basic experiments have been
done in terms how to influence the polymerisation time and
the viscosity of different ceramic slurries. The results show
the possibility to make ceramic plates and fibres using this
gelcasting method, without applying pressure to form differ-
ent body shapes, including fibres.
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