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bstract

 general and versatile method for the production of cellular materials from radiation curable solvent-free colloidal ceramic dispersions containing
ore formers has been developed. By this technique cellular ceramic articles with a precisely controlled porosity, cell size and shape are obtained
or compositions containing solid pore formers. Monolithic bulk samples are obtained by thermal curing, whereas thin films and multi-layered
rticles are advantageously produced by UV curing. In this work the influence of three different spherical pore former types, PE, PS and PMMA,

n the processing and final properties of the porous materials using alumina as model material is studied. The effect of pore former type and
oncentration on rheology, curing behaviour, debinding and sintering steps as well as thermal conductivity and mechanical strength of the sintered
ellular materials is presented. It is also shown that the choice of pore former type modifies the sintering behaviour and resulting properties.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Cellular ceramics are used in a broad range of engineer-
ng applications such as filters for molten metals or particles
n gas streams,1–3 in catalysis and separation,4 as load-bearing
ightweight structures or for thermal and acoustic insulation
pplications.3 Most of these applications have rather strict
equirements in terms of the morphology, e.g. cell size, cell
indow size and interconnectivity between the cells, and total
orosity. These can be achieved by selection of an appropriate
abrication method. A wide range of fabrication methods were

1,5,6
eveloped in the past. Three different major approaches can
e differentiated: ceramic foams produced by the replication of

 sacrificial foam template,7 direct foaming of a liquid slurry6,8

Abbreviations: PF, pore former; PE, polyethylene; PS, polystyrene; PMMA,
oly(methyl methacrylate); RT, room temperature; NPC, nominal pore former
ontent; TSL, total solid loading.
∗ Corresponding author. Tel.: +41 0 433059168; fax: +41 0 433059168.
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r burn-out of fugitive pore former.9–12 A wide range of fugi-
ive pore formers are available and have been investigated, such
s starch,9–12 wax,13 polymer beads,14 saw dust and carbon.15

n this paper the production of alumina (Al2O3) foams by the
urn-out of polymeric beads will be presented. Given a suitable
eramic feedstock, the pore size and shape replicated in the final
ellular ceramic can be controlled by the characteristics of the
ore forming agents.

It is found that such cellular articles can be obtained with a
eedstock consisting of a solvent-free, high loaded (with simul-
aneously low viscosity), radiation curable alumina dispersion
ontaining solid polymer beads.16 Curing of these compositions
an be performed by thermal or UV–vis radiation. Alumina is
n this paper used as a model material to demonstrate the pro-
ess, but also other porous materials like hematite, titania and
ydroxyapatite can be produced by this technique.16,17 Like-
ise the polymer beads used in this study are used as a model

aterial to demonstrate the good reproduction of size and shape

f the pore formers. Depending on the final application, differ-
nt pore formers with a wide variety of shape and size could
e also used. Shaping the compositions by UV curing offers

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.014
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Fig. 1. SEM images and measurement of particle size distributi

he possibility to lithographically pattern the pastes, similar to
apid prototyping/manufacturing.18 By this near net-shape solid-
fication method, which relies on solvent free dispersions and
olid pore formers, complex cured samples can be obtained
ithout stresses, due to low overall shrinkage.18,19 Another

dvantage offered by UV curing of such pastes is the fast
ulti-layer shaping process, where in several minutes a shaped,

olidified article is obtained at ambient conditions. Since no
iluent is used, the interface between two cured layers is of
igh quality, which minimises defects, cracks and delamination.
evertheless, shrinkage or deformation can still occur during

he debinding process, therefore crosslinking of the matrix is
ecessary for shape retention during debinding.

The presented technique allows the production of cellular
aterials in a variety of shapes and with well-controlled cell
orphology. In this paper the effect of different pore former

ypes and concentration on the paste properties, shaping, the
ebinding and sintering processes is presented. The influence of
ore formers on the resulting cell morphology, microstructure
s well as mechanical and thermal properties is discussed.

. Experimental

.1.  Materials

In this study TM-DAR (short TM), �-Al2O3 obtained from

aimei Chemicals Co., Ltd., Japan, was used. This powder has

 mean particle size of 150 nm (according to measurements
f particle size distribution by static laser light scattering
ith LS230, Beckman Coulter), a density of 3.98 g/cm3 and a

i
A
h

 pore formers used in this work: PS10 (a), PE12 (b), PM10 (c).

pecific surface area of 12.5 m2/g, measured by BET method
ith SA3100 (Beckman Coulter, USA). The alumina particles
ere sterically stabilised with MelPers4343 (MP), a commercial

omb-shaped surfactant obtained from BASF, Germany.20 This
urfactant has a low charge density polycarboxylate backbone,
olyether side-chain of 500 g/mole and a molecular weight of
0,000 g/mole. 4.5 wt.% per weight of alumina particle was
sed in this study for the stabilisation.

As UV curable media a mixture of 4-hydroxybutylacrylate (4-
BA; purity > 94%; from BASF, Germany) and poly(ethylene
lycol) 200 diacrylate (PEG200DA; from Rahn, Switzerland)
as used. This monomer mixture was used without any sol-
ents or diluents and was mixed in the ratio 14:1 (4-HBA:
EG200DA). Chemical structures of the used monomers and
lso the photoinitiator LTM were already reported by Wozniak
t al.21

Three different types of spherical polymer microbeads were
sed as pore forming agents (short PF), presented in Fig. 1. From
umitomo Seika Chemicals Co., Ltd., Japan FLO-BEADS CL-
080 were obtained. These are polyethylene beads with a mean
article size of 12 �m (short PE12), a density of 0.92 g/cm3

nd a refractive index of 1.51. The second type of pore for-
er were poly(methyl methacrylate) (Spheromers CA10) beads

rom Microbeads AS, Norway with a mean size of 10 �m (short
M10), density of 1.2 g/cm3 and refractive index of 1.489 (non-
ross-linked PMMA). PMMA beads are cross-linked and can
ontain up to 3% crosslinking agent which may increase its

ndex of refraction. Polystyrene (PS) beads from Microbeads
S, Norway were the third type of used pore formers. They
ave a mean size of 10 �m and 40 �m (short PS10 respectively
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S40), a density of 1.05 g/cm3 and a refractive index of 1.58.
S40 was obtained as commercial powder, however PS10 beads
ere obtained in a production solution and were separated by

entrifugation, washed with water and dried at 60 ◦C for 24 h in
rder to be usable.

In Fig. 1 SEM images and particle size measurements of pore
ormer in water with LS230 (Beckman Coulter, USA) present
he characteristics i.e. form and size distribution of the three
ifferent pore formers used in this work. PMMA and PS spheres
how a narrow, nearly monodisperse size distribution with a
ean diameter of 10 �m. In contrast to this, the PE pore formers

ave a broad distribution, ranging from 1 up to 25 �m, with a
ean diameter of 12 �m.
For the curing of the compositions by photopolymeri-

ation the photoinitiator Genocure LTM, a liquid initiator
lend consisting of ≤25% TPO (2,4,6-trimethylbenzoylphenyl-
hosphineoxide, also known as MAPO – monoacylphosphine
xide) from Rahn, Switzerland was used. The initiator has an
bsorption range of 253–368 nm. An amount of 5 wt.% per
onomer was used in all cases, which was added to the compo-

itions shortly before curing.
For experiments with thermally initiated polymerisation,

,2-azobis(2-methylpropionitrile) (AIBN, 98%; from Sigma
ldrich, USA) was used. 1% per monomer amount was added

o the composition.

.2. Paste  preparation  and  characterisation

Powder with adsorbed MP4343 was produced as described
y de Hazan et al.20 by stabilisation in aqueous media and
ubsequent centrifugation, separation and drying of residue.
0 vol.% alumina dispersions were prepared by redispersing the
btained alumina powder with adsorbed surfactant in the 14:1
-HBA-PEG200DA monomer mixture in a planetary ball mill
PM400, Retsch Inc., Germany). This milling was carried out
ith 3 mm ZrO2 milling balls and a programme consisting of
0 min at 250 rpm, 15 min at 300 rpm and 15 min at 350 rpm,
ollowed by short ultrasonication of the dispersion. Disper-
ions with lower solid loading than 40 vol.% were obtained by
ilution with the monomer mixture.

In the following the term “dispersion” refers to the alumina
lurry without pore formers and “paste” means the dispersion
ontaining pore formers. If not otherwise mentioned the pastes
ere produced with 40 vol.% alumina dispersion. Pastes for the
roduction of cellular materials were prepared by addition and
ixing of the pore former into the dispersion. For the calcula-

ion of amount of pore former in the pastes the nominal pore
ormer content (abbr. NPC) is used, which is similar to the nom-
nal starch content defined by Gregorová and Pabst.12 With this
alue the range of porosity of the resulting ceramics after firing
an be estimated. It was calculated by the following equation:
PC =  VPF/(VPF + VS), where VPF represents the volume of the

ore formers and VS the volume of the alumina particles. For
alculation of NPC no shrinkage of pores is taken into account,
hich means that NPC is not the same like real porosity of the

intered articles, instead the final porosity will be lower than this

a
a
t
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alculated value. An alternating description for the composition
f pastes is the total solid loading (TSL). In this case the amount
f pore former and alumina particles per paste will be given
n the following as amount of TSL = (VPF + VS)/Vtot, where Vtot
epresents the total volume of the paste, e.g. resulting from the
heoretical calculation 68.7 vol.% TSL corresponds to 70% NPC
f the final sintered sample.

Rheological characterisation was performed with a rotational
heometer (Rheolab MC 120, Physica Messtechnik GmbH,
ermany) as a function of shear rate in a concentric cylinder
easurement device with a gap of 0.59 mm for pastes with dif-

erent amount of pore formers. Measurements were carried out
t temperatures of 10, 23, 30 and 40 ◦C. Before each measure-
ent a temperature stabilisation of 30 min was conducted. The

ollowing measurement cycle, which was repeated three times,
onsisted of shearing at a constant rate of 10 s−1 for 3 min,
ollowed by 22 measurement points from 10 to 1000 s−1 with
ogarithmic progression.

UV curing experiments, e.g. measurements of curing depths
f the pastes respectively dispersions, were performed in a UV
ube 100 equipped with a 100 W iron bulb (Dr. Hönle UV Tech-
ology, Germany). This UV source provides a 120 mW/cm2

significantly broadband) radiation spectrum in the UVA range,
ith a main peak at 360 nm and significant transmission around
05 and 440 nm.21 Measurement of cure depths were performed
y exposing the pastes to UV light for 15, 30, 60 and 120 s.
o ensure curing of the composition from only one side, the
ould was wrapped in aluminium foil for shielding from UV

ight. Cured films were washed and dried before measurement
f thickness.

.3.  Shaping  procedure,  debinding  and  sintering

UV curable pastes and dispersions were cast in plastic moulds
16 mm in diameter and 1.5 mm thickness) and exposed to UV
ight, with 2 min from both sides. Thermally cured samples were
ast in PTFE moulds (10 mm diameter, 20 mm height) and cured
n an oven at 90 ◦C for 30 min. The density of cured samples was
etermined with the Archimedes method in water.

Cylindrical samples for the measurement of compression
trength were prepared in a mould by multi-layering and UV
uring or by thermal curing. For multi-layering, layers of ca.
00 �m thickness were cast and cured on top of each other till

 thickness of ca. 1.5 cm was reached.
Debinding and sintering of cured samples was carried out in

 chamber furnace from Carbolite RHF (Carbolite, UK). The
rogramme consisted of a heating step with 0.9 ◦C/min up to
50 ◦C and a soak of 2 h for debinding, followed by a ramp of
.5 ◦C/min up to 1500 ◦C and dwell time of 2 h for sintering and
ooling back to room temperature (RT) with 1.5 ◦C/min.

.4. Material  characterisation
Cured samples were characterised by thermogravimetric
nalysis (TGA) and dilatometry, both analyses performed in
ir. TGA (TGA/DTA 851, Mettler-Toledo, Switzerland) of
he cured green bodies and pore former were performed to
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haracterise the thermal decomposition. The heating profile
onsists of a 5 ◦C/min ramp up to 100 ◦C, followed by a hold of
0 min to remove weakly adsorbed water, followed by a heating
amp of 5 ◦C/min up to 850 ◦C. The debinding behaviour was
nalysed in the dilatometer DIL 802 (Bähr-Thermoanalyse
mbH, Germany). Dilatometry measurements of cured sam-
les, having dimensions of approx. 12 ×  5 ×  1.5 mm, with and
ithout pore formers were performed with a 2 ◦C/min ramp
p to 650 ◦C, followed by 2 h dwell time and cooling to room
emperature at 5 ◦C/min. Unlike other Dilatometry analyses,
here the sintering process is observed, here only the debinding
rocess is investigated to get an impression of the different
urn out behaviour and hence different decomposition and
nfluence of pore formers on cured samples. X-ray fluorescence
XRF) analysis was performed with PW 2400 (PANalytical,
etherlands) on the burn-out residue of PE pore formers. For

his analysis Rhodium was used as anode element, a voltage of
0 kV and a current of 40 mA were applied and LiF(200), TlAP
nd PET crystals were used.

The microstructure of the cellular material was characterised
y SEM and mercury intrusion porosimetry (MIP). Furthermore,
echanical properties were characterised by compression tests

nd thermal properties by analysis of thermal conductivity.
Mercury intrusion was carried out with Pascal 140/440

Porotec GmbH, Germany) for determination of apparent and
ulk density, as well as closed porosity and pore size distri-
ution. The samples were intruded to a maximum pressure of
50 MPa. Spherical pores, resulting in a bottle-neck behaviour
ere chosen as the model. For analysis the Washburn equation
as used, therefore a contact angle of 140◦ and a surface tension
f 0.48 N/m were taken as a basis, resulting in a pore radius of
.9 nm corresponding to the maximum pressure. The microstruc-
ure was characterised by scanning electron microscopy (VEGA
lus 5136 MM, Tescan instruments, Czech republic). Average
rain sizes were estimated from SEM pictures of fracture sur-
aces of samples by applying a linear intercept method, here
he number of grains is counted along line segments of known
istance and the average value is calculated. Pore sizes were esti-
ated by image analysis of fracture surfaces of pore structures.
herefore circles with known radii were fitted to the pores, the
verage pore size was calculated from ca. 65 fitted circles per
ample.

Samples for compression tests and measurement of thermal
onductivity were ground and polished with SiC paper grit size
f P180 to obtain plane-parallel surfaces.

Compression tests were performed with a Zwick Z005
Zwick GmbH & Co. KG, Germany) with a pre-load of 0.2 N
nd a test speed of 0.7 mm/min. For every investigated compo-
ition at least 4 samples were measured, the average values are
eported.

Measurements of thermal conductivity were performed
ith Laser Flash method, carried out with LFA 457
icroFlash (Netzsch, Germany). Tested samples had a diam-
ter of 12.7 mm and a thickness between 0.9 to 1.2 mm.
he measurement was carried out in argon from 50 to
000 ◦C, the samples were coated with graphite before the
easurement.

t
a
w
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.  Results  and  discussion

.1.  Characterisation  of  curable  pastes

.1.1.  Rheology
For the study and production of pastes containing PF disper-

ions containing 40 vol.% TM are used (unless noted). These
ispersions show shear thinning behaviour with a viscosity
f 265 mPas at 23 ◦C and shear rate of 500 s−1 (presented in
ig. 2a). According to particle size measurements conducted in
ater the dispersion is well stabilised with a mean particle size
f 160 nm.

After addition of the pore formers to the dispersion, rheo-
ogical measurements for different PF content in the pastes are
erformed to get an impression of the suitability of the differ-
nt pastes for various shaping processes. In the following the
heological behaviour will be presented for pastes containing
E12, PS10, PS40 as well as the 40 vol.% dispersion without
F. Since the behaviour of PM pastes is influenced by other
arameters, a small discussion about PM10 follows at the end
f this section. All dispersions containing pore formers show
hear thinning behaviour, which is shown exemplarily for dis-
ersions containing PS10 and PE12 with 68.7 vol.% TSL (70%
PC) in Fig. 2a. These two PF were chosen to show the different

nfluence of monodisperse (PS) and polydisperse (PE) systems
n the rheology. As a comparison the 40 vol.% dispersion is also
resented in Fig. 2. In comparison to the 40 vol.% dispersion,
F filled dispersions show a stronger shear thinning behaviour.
E12 shows the lowest viscosity over the whole measurement
ange of the PF filled systems, PS has a clearly higher viscosity.
or high concentrations of PS10 (here 68.7 vol.% TSL), insta-
ilities of the viscosity curve can be observed. This instability
an be observed for a concentration of PS10 from 68.7 vol.%
SL onwards and occurs in the range of high shear rates. This
nsteadiness of the viscosity curve can be a result of segrega-
ion/centrifugation effects,22 which occur at higher shear rates
see Fig. 2a).

Fig. 2b presents the dependence of actual viscosity η  (mea-
ured at 23 ◦C, 500 s−1) on the inverse temperature (ranging
rom 10 to 40 ◦C) for compositions with 53.6 vol.% TSL (43%
PC) and 40 vol.% dispersion. As expected the dispersion with-
ut PF shows the lowest viscosity, PS10 composition has a lower
iscosity than PE12, but the difference is only 0.03 Pas, which
ould be caused by measurement uncertainty. The decrease in
iscosity with increasing temperature can be fitted to an Arrhe-
ius function (presented by the dashed lines), which is described
y Eq. (1) with A as a material constant (Pas), Ea the activation
nergy (J/mol), R the universal gas constant (8.314 J/K mol) and

 the absolute temperature (K):

 =  A  · exp

(
Ea

R  ·  T

)
(1)
Fitting with Arrhenius equation can be applied due to
he linear relationship between the logarithm of viscosity
nd the inverse temperature. The Arrhenius equation is a
idely used empirical equation for the description of the
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Fig. 2. Rheological measurements: (a) viscosity as a function of shear rate of pastes with 68.7 vol.% TSL (70% NPC) and 40 vol.% TM dispersion measured at
2 ◦
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3 C (b) viscosity of pastes with 53.6 vol.% TSL (43% NPC) and 40 vol.% TM
unction of vol.% of different pore former in the paste at 23 ◦C and 500 s−1 (d) 

oading of TM dispersion at 500 s−1.

emperature dependence of the viscosity.23 The results of
he fitting of the Arrhenius equation are presented in Table 1,
howing good correlation coefficients in all cases. This indicates
hat the Arrhenius plot is suitable for the description of viscosity
s function of temperature. All three compositions show a
imilar Arrhenius coefficient Ea/R, which is the slop of the
tted line, indicating similar temperature behaviour which is
redominantly attributed to the monomer mixture and therefore
E and PS pore formers have no or only small influence. Also
o significant difference between PE and PS can be seen, which
eads to the conclusion that the size distribution of PF beads has
o visible influence on the behaviour at the PF concentration
tudied here (53.6 vol.% TSL).
In Fig. 2c the effect of different amounts of pore formers
n the viscosity is demonstrated for the PS10 and PE12 pore
ormers. Additionally also a slurry containing the bigger PS40

f
s
t

able 1
arameters fitted to the Arrhenius equation (for 53.6 vol.% TSL pastes and 40 vol.% 

E12 pastes (at 500 s−1).

ample Arrhenius parameters 

Constant A in
×10−5 Pas

Arrhenius exponent
Ea/R in K

Correlation
coefficient R2

E12 2 3007.2 0.9913 

S10 0.8 3160 0.9951 

ispersion 0.7 3163.6 0.9847
rsion as function of temperature at 500 s (c) relative viscosity of pastes as
ity as function of TSL of pastes containing PS10 produced with different solid

pheres is presented here. For the presentation of the rheological
ehaviour the viscosity of the pastes (ηpaste) is normalised by the
iscosity of the dispersion (ηdisp) resulting in a relative viscosity
r = ηpaste/ηdisp. Therefore, this relative viscosity displays the
actor with which the viscosity of the dispersion is increased
y the addition of pore former. This presentation is chosen to
liminate potential effects of the alumina dispersions on the
esults and therefore present clearly the effect of different pore
ormers on the viscosity as a function of pore former amount. As
xpected the viscosity increases with increasing amount of total
olids and therefore also with increasing amount of pore former.
his increase can be described by a modified Krieger–Dougherty
quation,24 given by Eq. (2) (ϕeff is the solid loading of pore

ormer (in vol.%) in the paste, ϕmax is the maximal theoretical
olid loading of pore formers in the paste and n  is a parameter for
he description of increase in viscosity with increasing particle

dispersion) and modified Krieger–Dougherty equations obtained for PS10 and

Modified Krieger-Dougherty parameters

Maximal solid
laoding ϕmax

in vol.%

Parametre n Correlation
coefficient R2

Maximal
NPC in %

56.02 0.95 0.9935 76.1
51.67 0.84 0.9956 72.8
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oncentration). The Krieger–Dougherty equation is a well-
nown equation for the description of the viscosity function
f concentrated suspension. However, in the modified version
Eq. (2)) the viscosity of a concentrated colloidal dispersion is
sed as the medium rather than the viscosity of a solvent.

r = ηpaste

ηdisp
=

(
1 − φeff

φmax

)−n

(2)

It can be seen in Fig. 2c that the viscosity of the pastes
how stronger dependency on the volume fraction in the case of
he monodispersed PS10 compared to the polydispersed PE12
ore former, which is probably due to the difference in particle
ize distribution.25 Due to this distribution the relative viscosity
ncreases stronger from approx. 62 vol.% TSL onwards in case
f PS10 compared to PE12. With a broader size distribution in
ase of PE12 smaller PE spheres can be packed in gaps between
igger spheres, resulting in an increase in maximal solid load-
ng ϕmax, which results in a lower viscosity at the same solid
oading for PE12 compared to PS10. The term ϕmax is a criti-
al solid loading concentration where the particles are packed at
uch high concentration that they block each other, and as result
owing of the dispersion is not possible anymore. Values for

he critical concentration are presented in Table 1, along with
he corresponding values for the nominal pore former content.
rom this figure also the influence of particle size is noticeable,
ere in case of PS10 and PS40. With decreasing pore former
ize the viscosity is clearly increased from 5.74 Pas to 9.55 Pas.

Fig. 2d presents a comparison of PS10 beads with TSL in the
ange of 40 up to 69 vol.% produced with TM dispersions having
olids loading of 25–40 vol.%. The use of TSL results in this case
n a conformity of the curves. The viscosity seems to be only a
unction of TSL not of the single components, neither alumina
articles nor PS beads. An exception is the paste obtained with
5 vol.% dispersion. Here the effect of increasing PS fraction
esults in a stronger increase in viscosity. It is plausible that due
o the relatively low TM content the paste segregates at higher
F volume fraction and therefore exhibits higher viscosities.
his diagram shows that a higher TSL and therefore a higher
orosity of the final samples, with suitable viscosity behaviour
f the pastes can be achieved by increasing the pore former
mount and proportionally decreasing the alumina amount.

PM10 pastes, similar to other dispersions containing PF also
howed shear thinning behaviour, but instabilities of the viscos-
ty curve, especially at TSL > 65.5 vol.% (65% NPC) occurring
rom ca. 100 s−1 onwards, are observed. Further PM10 pastes
lways show the highest viscosities and somewhat different tem-
erature behaviour (Arrhenius coefficient Ea/R  of 2718 K). The
nsteadiness of the viscosity curve could be a result of seg-
egation/centrifugation effects or turbulences, similar to PS10
astes. But due to the fact that the instabilities in case of PM10
ccur over the whole shear rate range and also the higher over-
ll viscosity, it is suspected that this behaviour is a result of a

hemical interaction of PMMA spheres with the surrounding
onomer matrix, perhaps attributed to a partial polymerisation

f the monomer mixture around the PM10 particles caused by
he cross linking agent in the PMMA itself. This would lead

f
o
t
w

an Ceramic Society 32 (2012) 2173–2185

o higher viscosity because of partial solidification induced by
light thermal curing of the dispersion around the PMMA beads.

.1.2. Photocuring
After rheological investigations the photoinitiator LTM,

hich contains TPO, is added to the pastes and the curing is
erformed. TPO features a high reactivity, resulting in high cure
peed and strong absorption in the UV-A spectrum. Curing with
TM offers a good through-cure and is therefore suitable for
he curing of thick pigmented layers.26 The curing process of
crylate systems with initiation by TPO is explained by Decker
t al.27 To quantify the maximum thickness of cured samples, the
ure depth of dispersions and pastes containing PF as a function
f time is investigated. Knowledge of the cure depth and obtain-
ng a homogeneous curing is also important for the production
f multi-layered samples to prevent the enclosure of uncured
astes between cured layers, which could result in deforma-
ion, cracking and delamination during debinding and sintering.
he cure depth depends on many variables such as temperature,

ight intensity, monomer reactivity, photoinitiator concentration
nd filler content and type.28,29 An equation to describe the cure
epth DC depending on the energy dose E0 in turbid ceramic sus-
ensions was developed by Griffith and Halloran30 and is given
y Eq. (3), where d is the average particle size, �n  = (np −  n0)
efractive index difference between ceramic and medium, Q  is
cattering efficiency, Ecrit is the critical energy dose required for
hotopolymerisation.

C = 2d

3Q

n2
0

�n2 ln

(
E0

Ecrit

)
(3)

Fig. 3 presents the cure depth of pastes and dispersion as a
unction of the energy dose, which is calculated from the cur-
ng time multiplied by the intensity (120 mW/cm2). In Fig. 3a a
omparison of a 40 vol.% dispersion and pastes containing the
hree different pore former, each with 68.7 vol.% TSL (40 vol.%
lumina dispersion with 70% NPC), is presented. In all cur-
ng curves the same progression is observable: a steep slope in
he beginning caused by high amount of initiator radicals, fol-
owed by a flattening of the slope due to the consumption of
vailable radicals and the decrease of the energy with increas-
ng penetration depth. Polymerisation of the monomer matrix
nd scattering effects due to alumina particles limit the increase
f the cure depth. The dispersion without PF shows the low-
st cure depth and pastes with PE12 pore former the highest
epth at all curing times investigated. For example at a curing
ime of 1 min (corresponding to an energy dose of 7200 mJ/cm2)
lm thicknesses of 680 �m (PE12), 580 �m (PS10) and 480 �m
PM10) are measured for the pastes in comparison to 440 �m
or 40 vol.% alumina dispersion.

The curing behaviour of the 40 vol.% dispersion without PF
an be adequately described by Eq. (3), giving a critical energy
ose of 363.8 mJ/cm2 (R2 = 0.996). However, Eq. (3) does not

2
ully describe the PF filled systems (dashed lines, resulting R
f the fitting are 0.92–0.97). For all PF filled systems a similar
rend can be observed: at low energy doses Eq. (3) seems to agree
ith measured values, but at higher energy doses the measured
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ig. 3. Effect of energy dose E0 on cure depth of 40 vol.% TM dispersion and 

5 vol.% TM dispersion) containing different amount of PE12 (right).

alues are higher than those predicted by Eq. (3). This observed
eviation stems from the fact that the theoretical description (Eq.
3)), which is developed for 2-phase systems, gives incomplete
escription for the 3-phase systems studied here. In the paste
here is scattering from three interfaces with different refractive
ndex contrast (�n): alumina–monomer, pore former–monomer
nd pore former–alumina. Nevertheless, it is seen that the PF
lled systems exhibit higher cure depths. This probably stems
rom the fact that the refractive index of all the PF used here
1.49–1.58) is between that of the monomer (1.45) and the
lumina particles (1.77). Low refractive index contrast implies
etter transparency for the UV light and therefore deeper pen-
tration which results in higher cure depth.30,31 PM shows the
owest cure depth of the filled systems, but due to the uncer-
ainty in its refraction index it would not be appropriate to relate
he trend in cure depth seen in Fig. 3a directly to the PF refrac-
ion index. Further, due to the three interfaces, the cure depth
ependency of �n  and the volume fraction of the pastes may be
omplex.

In Fig. 3b the influence of the PE12 amount in the dispersion
n the curing thickness can be seen. With increasing amount of
E12 the cure depth also increases. This observation agrees with

he previous results that the use of PF increases the cure depth
f pastes.

Densities of the cured samples are determined by the
rchimedes method. The resulting densities of cured pastes

from 25% up to 70% NPC) and dispersions agree with the
heoretical densities calculated by the rule of mixtures (Eq. (4)).

paste =  ρPF · vPF +  ρTM · vTM +  ρmonomer ·  vmonomer (4)

Cured 40 vol.% dispersion has a density of 2.32 g/cm3 (com-
ared to a theoretical density of 2.23 g/cm3), thus showing a
ifference of 4%, indicating a small shrinkage during curing.
he cured pastes show a similar trend. Here deviations (respec-

ively maximal shrinkage) at low NPC of 25% of 4% (PE12),
.5% (PS10) and 2.9% (PM10) are measured. Interestingly the
hrinkage values decrease with increasing amount of pore for-

er. For example in the case of PE12 the deviation between

heoretical and calculated densities decreases from 4% (at 25%
PC) to 2.1% (at 70% NPC). These observations indicate that

he differences between measured and theoretical densities are a

o
o
a
w

s with 68.7 vol.% TSL containing different PF (left) and of pastes (made from

esult of the shrinkage of the monomer mixture32 during curing
nd therefore the deviation decreases with increasing amount of
ore former in the pastes.

.2.  Thermal  debinding

In the following section the weight and dimensional changes
ccurring during thermal debinding are compared and discussed.

In Fig. 4 the TGA curves of cured samples with and with-
ut PF (left) and pure PF (right) are displayed in a temperature
ange from 100 to 700 ◦C. The PF amount in all experiments
s 70% NPC (68.7 vol.% TSL). At 100 ◦C PS10 pore former
hows a weight loss of 1.2% (Fig. 4, right), whereas PE12 and
M10 pore formers show ≤0.1% weight loss. This weight loss of
S10 seems to be related to water or other residue from the pro-
uction solution (in which PS10 pore former were obtained).
GA curves of cured samples with and without PF show a
imilar progression: (I). a region before the polymer burn out
tarts from RT to 260 ◦C with a weight loss of not more than
.5% for all tested samples. Such weight loss may be attributed
o moisture, left over photoinitiator and/or a small fraction of
nreacted monomer, (II) the main burn out region from 260 ◦C
o approx. 420 ◦C showing a steep decrease where the main
ecomposition of the cured polymer and PF takes place (in case
f PE12 this region is extended to 480 ◦C) and (III) a secondary
urn out region up to 560 ◦C where residual carbon from II
s removed. From here on no further weight loss can be seen.
he cured polymer is completely burned out at a temperature of
60 ◦C leaving a remaining amount 71.5 wt.% alumina which is
n good agreement with the 40 vol.% according to the composi-
ion. Pore formers are burned out completely (Fig. 4, right): PS10
t 430 ◦C, PM10 at 400 ◦C and PE12 at just below 550 ◦C. PM10
nd PS10 beads burn out completely, but in the case of PE12 an
nburned, likely inorganic residue of approx. 0.4 wt.% remains
t 700 ◦C (see close up in Fig. 4). The curves of cured pastes
how a qualitative overlay of PF and cured dispersion burn-out
urves, which means that the turning points present in the curves

f pure PF and dispersion are also present in the burn out curves
f the pastes. The degradation of cured samples containing PS10
nd PE12 are shifted to higher temperatures compared to PM10,
hich is also consistent with the degradation behaviour of the
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ig. 4. TG analysis of cured samples produced from 40 vol.% TM dispersion an
ure pore former (right).

ure pore formers. This can be seen clearly for example in the
urn-out behaviour of the cured PE composition. Here the pri-
ary burn out (region II) is stretched to 480 ◦C caused by the

urn out behaviour of PE pore former. However, the PMMA
eads seem to have an influence on the burn out behaviour of
he cured matrix. While the first burn out step of the matrix (indi-
ated by the left dashed line) is completed at 420 ◦C, for all PF
ystems, the second burn out step is completed for the PM10
ystem at a significantly lower temperature of 510 ◦C compared
o 550 ◦C observed for the three other systems.

Dilatometry measurements were performed to assess the
hrinkage involved in the debinding step up to 650 ◦C. The
esults for cured samples with and without PF are presented
n Fig. 5. Similar to the TGA results (Fig. 4) the dilatometry
urves also show three regions of shrinkage which corresponds
o similar temperature ranges. During the first step (RT–260 ◦C),
here little weight loss is observed by TGA, an expansion of

he matrix is observed. The main shrinkage occurs in conjunc-

ion with the main burn-out step between 260 ◦C and 420 ◦C,
ut samples show significant shrinkage also during the second
urn-out from 420–560 ◦C. The shrinkage in the PMMA system

ig. 5. Dilatometry analysis for the debinding process of cured samples of
0 vol.% TM dispersion and 68.7 vol.% TSL pastes containing different PF.

p

s

F
t

tes with 68.7 vol.% TSL (70% NPC) containing different pore former (left) and

nds at a lower temperature compared to the other PF systems,
hich is in agreement with the TGA data discussed above. It is

nteresting to observe the influence of the three pore formers in
he first step which involves no or little debinding. These can be
nfluenced by the melting temperatures of the PF and a thermal
xpansion mismatch of the PF and the cured polymer matrix.
eating of the cured 40 vol.% alumina/polyacrylate composite

esults in an expansion of 0.9% up to 240 ◦C (Fig. 5), thus this
s likely caused by the thermal expansion of the polymer matrix.
lso samples with PF exhibit qualitatively an expansion up to
60 ◦C. Here the PE12 sample shows a much higher expansion,
he maximal relative elongation is 3.4% (at 260 ◦C), compared to
M10 (0.9%) and PS10 (1.3%) samples. These observations are

n qualitative agreement with the thermal expansion coefficient
f the three different pore formers, which is the highest for PE12
ith 1.7 ×  10−4 K−1 and lowest for PM10 with 5 ×  10−5 K−1,

n the case of PM10 the crosslinking of PMMA beads can also
ave an effect on the good matching of the expansion of cured

olyacrylate samples with and without PM10.

The final linear shrinkage at 650 ◦C of the PE sample is
maller than for the other two samples with PF. After a holding

ig. 6. Cumulative linear shrinkage of cured samples with different pore former
ypes after sintering at 1500 ◦C as function of nominal pore former content.



urope

t
p
4
a
c
o
a
a
m
p
t
c
t
s

a
b
b

p
d
s
a

3

3

w
a
s
v
p
F
o
o
s
t
i
t
a
i
T
t
s
o
i
b
o
a
i
P

a
f
t
i

b
m
c
m
t
(
o
t
r
t
d
t
s
o
g
r
o
a
1
c
e
h
a
p
p
P
m
s
a
g
P
f
s
c
m
o
t
p
t
i
c
e
(
t
f
K
o
h
i
g
t
p
e

J. Wilkens-Heinecke et al. / Journal of the E

ime of 2 h at 650 ◦C the PE12 sample has shrunk by 1.6% com-
ared to 6% for PM10 and 4.2% for PS10. The pore former free
0 vol.% alumina/polyacrylate composite shows highest shrink-
ge of 7.2%. The arrow in Fig. 5 marks a small hump in the PE
urve at 110 ◦C, which corresponds to the melting temperature
f PE. Even though the pore former may melt at this temper-
ture the sample, and thus the polymerised monomer matrix
ppears to withstand the resulting expansion and maintains the
acroscopic structure. The lower final shrinkage of PE12 sam-

le may however be related to the relatively high expansion of
he material during step I. It is possible that the alumina parti-
les are pushed away from each other during the first step and
his modifies their subsequent shrinkage during the other two
teps.

Another observation in the dilatometry curves are humps for
ll curves around 400 ◦C. These humps are believed to be caused
y the dilatometer itself, maybe as a result of a rapid burn out
ehaviour (see also Fig. 4 as reference).

Debinded samples of PM10, PS10 and PE12 show
ore sizes of 9.4 ±  0.2 �m, 9.5 ±  0.3 �m and 11.5 ±  3.6 �m,
etermined by analysis of SEM images. These values corre-
pond roughly to the measured shrinkage during dilatometry
nalysis.

.3. Characterisation  of  sintered  cellular  material

.3.1. Macro-  and  Microstructure
Fig. 6 presents the total linear shrinkage of cured bodies

ith TSL ranging from 40 to 68.7 vol.% (0% up to 70% NPC)
fter debinding and sintering for 2 h at 1500 ◦C. The mea-
ured standard deviation is relatively high (0.3–3% of mean
alue), yet it can be seen that linear shrinkage for all three
astes decreases with increasing TSL (or increasing porosity).
or the 40 vol.% alumina/polyacrylate composite a shrinkage
f 23.8% is measured, which corresponds roughly to the the-
retical maximal shrinkage of 24.1% calculated for a cured
ample with a measured density of 2.32 g/cm3 (density of
he cured bodies of 40 vol.% alumina/polyacrylate compos-
te according to Archimedes method). Fig. 6 shows also that
he linear shrinkage depends on the type of PF materials. PE
nd PS show the lowest and highest shrinkage at all NPC
nvestigated, respectively and show linear dependency on NPC.
he lower shrinkage observed for the PE may be attributed

o the differences seen in dilatometry during the debinding
tep (Fig. 5). The trend for PM is not as predictable as the
ther two PF, perhaps due to thermal curing effects discussed
n Section 3.1. Nevertheless, most linear shrinkage results fall
etween those of PE and PS. For the case most studied here
f 70% NPC, PE12 and PM10 show a linear shrinkage of
pprox. 18–19%, whereas PS10 has 21.3%. This difference may
ndicate somewhat different sintering behaviour in the case of
S10.

In Fig. 7 the SEM images of typical microstructures observed

t the fracture surfaces of sintered samples with a nominal pore
ormer content of 70% are presented. It can be seen in Fig. 7
hat the spherical shape of the pore formers is well reproduced
n the sintered samples with all pore formers.16,17 This fact can

b

c
c

an Ceramic Society 32 (2012) 2173–2185 2181

e attributed to the cross linked polymer matrix which could
aintain the pore structure during burn out process. Also the

haracteristics of PF size distribution (see Fig. 1), meaning
onodisperse distribution of PM 10 and PS and the broad dis-

ribution of PE 12 are well reproduced in the sintered materials
Fig. 8). The graph in Fig. 8 presents the pore size as a function
f number-%. For PM10 and PS10 samples narrow pore dis-
ributions with pore diameters of 8.3 ±  0.3 �m and 8 ±  0.2 �m,
espectively are observed. This reduction in pore size compared
o the initial PF size is due to the shrinkage of the samples
uring debinding and sintering. Calculated linear shrinkage of
he pores of 17.1% for PM10 and 20.2% for PS10 is slightly
maller than the measured linear shrinkage of the whole sample
f 18.9% and 21.3% (see Fig. 6). In the case of PE12 also a
ood reproduction of the PF distribution can be observed, the
esulting pore size is in this case 9.7 ±  4.6 �m. Also in the case
f PE12 an approximate relationship between sample shrinkage
nd pore shrinkage can be observed. With a mean PF size of
2 �m a linear pore shrinkage of 19.3% is calculated and thus
orresponds also to the results from Fig. 6. In Fig. 7 a differ-
nce in the resulting microstructure of PE12 samples on the one
and and PS10 and PM10 samples on the other hand can be
lso observed. Whereas, the resulting grain size for PE12 sam-
les is around 210 nm (indicating very little grain growth of the
rimary 150 nm TM-DAR particles), the grains of PM10 and
S10 samples average 600 nm and 665 nm and exhibit also a
uch broader distribution (300–1500 nm for PM10). The grain

ize of PM10 and PS10 samples is similar to the grain size of
 sample produced from 40 vol.% dispersion without PF, here
rains of approx. 620 nm are observed (Fig. 7d). In Fig. 7 the
E12 samples show mesopores, indicating the sample is not
ully sintered, whereas the PS10 and PM10 samples appear fully
intered. These mesopores can be seen also in Fig. 9 and are dis-
ussed later. The difference in the grain size and sintering degree
ay be the result of the different expansion seen during the burn

ut of the pastes observed by dilatometry (Fig. 5). This means
hat the expansion of PE12 during debinding pushes the TM
articles apart, reducing the contact between them, and would
herefore result in a lower grain growth and degree of sinter-
ng. Another (or additional) explanation for the smaller grains
an be an impurity in the PE12 beads. TGA results indicate the
xistence of this impurity because an unburned residue remains
see Fig. 4) after heat treatment up to 700 ◦C. XRF analysis of
he inorganic leftover showed a composition of mainly Si, low
ractions of Zn and Ca and traces of P, Al, Mg, Cu, Fe, Ti and
. It is assumed that those components are present in the form
f an oxide. The traces are assumed to be caused partially by
andling of the burned out pore formers and are negligible. The
ntroduction of SiO2 in an alumina system can result in smaller
rains,33 but it is worthwhile to note that such a composition in
he pore formers should just influence a small area around the
ores, but instead the complete sample shows small grains. An
xplanation could be the interplay of expansion and impurity,

ut this is beyond the scope of this work.

In Fig. 7 also cell wall thicknesses in the submicron range
an be observed for all three PF types (down to 400 nm in the
ase of PS10). The cell windows connecting the pores estimated
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ig. 7. SEM images of fracture surfaces of samples (40 vol.% TM, 70% NPC
ample with 40 vol.% TM without PF (d). The inserts show the corresponding P

rom Fig. 7 are in the range of 1–2 �m for all three samples.

uch cell windows are a result of the direct contact between PF
r a contact of PF with a very thin layer of alumina dispersion
n between.

t
a
a

red at 1500 ◦C produced with PS10 (a), PM10 (b) and PE12 (c) and sintered

A more quantitative analysis of pore size and porosity of

he samples shown in Fig. 7 (70% NPC) is done with MIP
nd presented in Table 2 and Fig. 9. Measured densities (bulk
nd apparent) and also open and closed porosity obtained by
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Fig. 8. Pore size distribution of sintered samples produced with PS10, PM10 and PE12 (70% NPC).

Table 2
Results of MIP measurements for samples with a nominal pore former content of 70%.

Sample Average pore
radius in �m

Bulk density in
g/cm3

Apparent density
in g/cm3

Open porosity
in %

Closed
porosity in %

Total porosity
in %

70% NPC PE12 0.639 1.393 3.74 58.98 6.03 65.01
7 3 

7 9 
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0% NPC PS10 0.874 1.605 3.7
0% NPC PM10 0.825 1.390 3.5

nalysis of the sintered samples with MIP are presented in
able 2. Total porosity is calculated from the ratio of mea-
ured bulk density to the theoretical density of alumina of
.98 g/cm3. As expected this calculated porosity for all three
F types is lower than the nominal pore former content of
0%. Porosity of samples produced with PM10 and PE12 dif-
er from the nominal pore former content by approx. 5%, the
se of PS10 leads to a larger deviation (>10%) from NPC val-
es. It is not clear at the moment why the use of PS10 shows a
arger deviation, but this result is in agreement with the higher

umulative shrinkage (Fig. 6) and smaller pores observed during
intering.

ig. 9. Pore size distribution of sintered samples with 70% NPC produced with
ifferent pore forming agents measured by mercury intrusion porosimetry.
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53.39 6.28 59.67
55.27 9.8 65.07

Average pore radii are measured to around 850 nm (Fig. 9),
hich is in agreement with the values predicted from cell win-
ows seen in SEM (Fig. 7). If the measurement principle of
IP is taken into account and bottle-neck behaviour (which is

lso confirmed by the measurement) is assumed, the measured
ores would be the smallest macropores. In this case the small-
st macropores are the connection between pores, meaning the
ell windows. For PE12 samples a small additional peak in the
ore distribution can be seen in the range of 10–100 nm, which
s attributed to the observed mesopores (Fig. 7).

In Fig. 10 additional examples for cellular materials are pre-
ented in the SEM images to demonstrate the possibility to
roduce for example articles with larger pore size (Fig. 10a)
r higher porosity (Fig. 10b and c). Fig. 10a demonstrates that
arger PF (PS 140 �m) are well replicated in the cellular material
fter sintering yielding a pore diameter of ca. 115 �m (which cor-
esponds to ca. 21% linear shrinkage, at 70% NPC). Again cell
indows can be observed, but with a size of ca. 8 �m, which

s caused by larger contact areas between larger pore formers
aving smaller radius of curvature. This was also observed in
ther studies.34

As discussed in Section 3.1 cellular materials with higher
orosities can be produced by the technique employed here.
he cellular material in Fig. 10b is produced with a composi-

ion containing 25 vol.% alumina dispersion and a pore former
mount corresponding to 80% NPC. The sample has a pore
ize of ca. 7–8 �m, with cell windows of 2–3 �m. The smaller

ore size compared to the 70% NPC PS10 sample is a result
f the higher shrinkage of the base dispersion. A 25 vol.% alu-
ina/polyacrylate composite should exhibit a linear shrinkage

f 37% compared to 24.1% for a 40 vol.% alumina/polyacrylate
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ig. 10. Examples showing versatility of the shaping method: (a) cellular article 

ith PS10 in 25 vol.% dispersion and (c) cellular article with 85% NPC produc

omposite. Another example of materials with higher porosity
s given in Fig. 10c. This sample is produced from a 30 vol.%
ispersion filled with PE12 with 85% NPC. According to MIP
nalysis the resulting sintered sample has a total porosity of 79%
nd cell window size of 0.75 �m.

It is worthwhile to mention that even with big pore former
ize or high amount of pore former (and therefore diluted alu-
ina dispersion) the pastes remain stable over the curing process

nd samples with homogenously distributed pore formers after
uring are obtained.

.3.2.  Mechanical  strength  and  thermal  conductivity
To determine the suitability of the produced cellular materi-

ls for thermal insulation purposes the thermal conductivity and
lso compression strength are measured and listed in Table 3.
alues of thermal conductivity (λ) are calculated from the ther-
al diffusivity a, specific capacity cp and density ρ  of the sample
ith the Eq. (5).

 =  a · cp · σ  (5)

Thermal diffusivity a is obtained from the temperature
ncrease as a function of time which results from the heating of
he examined samples from one side. The specific heat capacity
s a function of temperature is derived by measuring a standard
ample (Pyroceram 9606) with known cp under the same condi-
ions as the examined samples, a similar procedure is performed
lso e.g. by Ahn et al.35 At room temperature alumina has a
hermal conductivity of ca. 30 W/m K.

Samples produced from PE12 show a lower thermal conduc-
ivity compared to the other samples. This difference can be

artially attributed to the higher porosity of PE12 compared to
M10 and PS10, but since the differences in porosity are consid-
red small, the main reason is the much smaller grain size of the
amples. Therefore, PE samples exhibit more grain boundaries,

c
m
(
(

able 3
ompression strength thermal conductivity of samples obtained with different pore f

Compression test 

Porosity in %
(geometrical)

Compression
strength in MPa

0% NPC PE12, UV cured 62.8 75.1 

0% NPC PS10, UV cured 62.4 28.4 

0% NPC PM10, UV cured 63.9 32.5 

0% NPC PM10, thermally cured 64.1 59.6
ced with PS 140 �m and 70% NPC, (b) cellular article with 80% NPC produced
th PE12 in 30 vol.% dispersion.

hich results in a higher thermal resistance per unit area36 com-
ared to PM10 and PS10 samples with much bigger grains. It is
ssumed that the polydispersity of PE samples is not the major
eason for the difference in thermal conductivity. Even though
M10 and PS10 samples have the same porosity the thermal
onductivity is slightly different. This could be caused by the
ifferent sinter behaviour already observed in SEM images.

It is also necessary to mention that the LFA method is not the
ost suitable analysis method for thermal conductivity of highly

orous materials. Therefore, samples with porosity >60–70%
re difficult to measure by LFA.

The compression strength of UV cured multilayer samples
roduced with the various PF show a large variation (Table 3).
E12 samples show a compression strength of 75 MPa, whereas
S10 and PM10 only 28.4–32.5 MPa. This difference could be
ttributed to the broader pore size distribution of PE samples
nd/or to the smaller grain size. According to Studart et al.6

he compressive strength of alumina with a porosity of 60–70%
verages 100–30 MPa for a closed or open cell morphology,
espectively, Kamitani et al.34 report values in a similar range
f the PE samples (95 MPa for 58% porosity). The compres-
ion strength of the polydisperse PE samples produced by UV
uring is comparable to these literature values, which are also
eported for polydisperse systems. However, the monodisperse
S10 and PM10 UV cured sample show much lower values.
his could also be attributed to the layer-by-layer production,
hich is necessary to produce larger UV cured samples. Dur-

ng the production, defects at the interfaces may occur which
nfluence the compression test. These may also include accu-

ulation of pore formers at one interface. Interfacial defects

an be avoided when thermal curing is employed. The ther-
ally cured PM10 sample shows here a much higher strength

at a comparable porosity) than the UV cured PM10 sample
Table 3).

ormers and curing strategies. Samples sintered at 1500 ◦C for 2 h.

Tests of thermal conductivity

Porosity in %
(geometrical)

λ at 100 ◦C in
W/m K

λ  at 500 ◦C
in W/m K

λ at 900 ◦C
in W/m K

63.4 2.2 1.3 1.4
60 5.7 2.6 2.2
60 6.5 2.9 2.7
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J. Wilkens-Heinecke et al. / Journal of the E

.  Summary

In this paper the influence of pore former (PF) type, size
nd concentration on the processing of cellular materials from
olvent free, radiation curable compositions were investigated.
t has been demonstrated that cellular alumina articles having
pherical pores ranging from 8 up to 140 �m, corresponding
losely to the initial shape of the PF, and porosities up to 79%
an be obtained by this technique.

Stable pastes of alumina dispersions loaded with pore for-
ers showing shear-thinning behaviour can be produced. The

iscosity shows an almost universal dependency on the total
olid loading (TSL, including ceramic particles and PF) of the
astes. This implies that cellular materials of higher porosity can
e processed similarly by increasing the ratio of PF to ceramic
articles while keeping their total concentration in the paste con-
tant. The curability of pastes by either thermal or UV irradiation
s demonstrated. The presence of the pore formers investigated
ere significantly increases the cure depth of the composition
ompared to the dispersion without PF. The pore former type has

 major effect on the resulting microstructure and final mechan-
cal and thermal properties. The use of PE pore former results
n cellular materials having small grains (210 nm) and meso-
ores, whereas the use of PM and PS pore former leads to fully
intered bodies with larger grains (>600 nm). The PE samples
lso exhibit higher compression strength (75 MPa compared to
8.4 MPa respectively 32.4 MPa) and lower thermal conductiv-
ty (1.4 W/m·K compared to 2.2 W/m K respectively 2.7 W/m K
t 900 ◦C) than PS and PMMA samples. Also the curing strategy
nfluences the mechanical properties. The use of thermal curing
esults in higher compression strength (59.6 MPa compared to
2.4 MPa).
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