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bstract

pen porous mechanically stable ceramic foams are developed by a simple direct foaming process. The new processing route is based on the
ransition of a surfactant stabilized highly concentrated alkane phase homogeneously distributed in a stabilized aqueous ceramic powder suspension
nto high performance ceramic foams with porosities up to 90% and cell sizes ranging from 3 to 200 �m. The droplet size distribution of the high
lkane phase emulsified suspensions (HAPES) is efficiently controlled by the stirring velocity during emulsification experimentally investigated
or varying powder particle contents. Stable foams with tailored structural features can be prepared by adjusting the rheological characteristics

f HAPES being dependent on the system and process parameters. The influence of the emulsification stirring velocity on the resulting HAPES
roplet size is analysed on the basis of the Taylor model of mechanical shearing describing the stresses responsible for the fragmentation of the
roplets.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

High performance ceramics with controlled open porosity
nd their applications in many different fields of modern tech-
ologies especially where fluid and gas transport through the
icrostructure is required. These include filtration of molten
etals and hot gases, catalytic carriers, support for batteries

nd fuel cells, electrodes, bioreactors, radiant burners, scaffolds
or bone replacement and many others.1–4 While porous ceram-
cs are characterized by several advantageous properties, the

icrostructural features, in particular the porosity parameters
re of crucial importance for their successful application.

The fabrication of porous ceramics makes use of different
rinciples and processes, and excellent recent reviews are avail-
ble on this subject.2,3 Besides more conventional techniques5,6

direct foaming method has been developed where an alkane

hase is emulsified in an aqueous ceramic powder suspension.7,8

mulsions and wet foams are used in a broad range of technolog-
cal applications especially in cosmetic and food technologies.9

∗ Corresponding author.
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urthermore, emulsions can be used as templates for the
etermination of the porosity parameters in inorganic porous
tructures. In the case of surfactant stabilized emulsions, the
tructure is normally set via sol–gel processes what requires
ontrolled chemical reactions, consumes time and cannot be
asily applied to different compositions.10 The use of parti-
les for the long-term stabilization of emulsions can be applied
o produce porous ceramics of different compositions without
he necessity of chemical reactions for the consolidation of
mulsions.11,12

In the processing route presented here surfactant stabilized
mulsions are employed as efficient intermediates for the deter-
ination of the porosity parameters during direct foaming. This

ersatile technique can be adapted for many different com-
ositions and systems, providing a combination of important
dvantages in particular the tailored microstructural features and
ighly interconnected cells associated with excellent mechanical
roperties.

In emulsification processes an immiscible fluid is dispersed

n another fluid by rupturing large droplets into smaller ones
ided by applied shear flow and a surface-active agent. Surfac-
ants can be used as emulsifiers in the preparation of emulsions
nd as stabilizers in the production of foams.13,14 In contrast

mailto:sbarg@uni-bremen.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.02.003
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o the dynamic adsorption and desorption of surfactants, col-
oidal particles can serve as stabilizers due to their irreversible
dsorption at gas–liquid interfaces resulting in ultra-stable wet
oams.2,12,15

The theoretical understanding of the emulsification process is
airly limited to the rupturing of an isolated droplet first proposed
y Taylor in the 1930s.16 According to Taylor’s model, where
n isolated, spherical droplet of radius R0 with a relatively low
iscosity ηd is dispersed in a fluid of viscosity ηc, the droplets
ill deform into an ellipsoid or elongated cylinder. Normally

he rupture of these elongated cylinders in smaller droplets is
chieved by the so-called Rayleigh instability reducing the high
nterfacial energy due to the elongated droplets. Deformation
f the dispersed phase only takes place when the shear stress
cγ̇ surpasses the interfacial stress σ/R0, where γ̇ is the shear
ate and σ is the interfacial tension. The ratio between these two
tresses is defined as the capillary number (Ca). When the capil-
ary number exceeds a critical value, Cacrit, the elongated droplet
ill rupture into smaller droplets of average radius R according

o Eq. (1). Cacrit depends on the viscosity ratio between dispersed
nd continuous phase (ηd/ηc) and the type of flow16–21:

∝ Cacrit
σ

ηcγ̇
(1)

his model has also been applied for the prediction of bubble size
s a function of suspension composition in particle-stabilized
mulsions.17 A similar analysis is taken in this work for surfac-
ant stabilized emulsions, to evidence the influence of the shear
ate on the final droplets size.

In contrast to dilute emulsions with low amounts of dispersed
hase, in concentrated emulsions the droplets are close together
nd therefore the interaction between them plays a very impor-
ant role in the emulsion properties. For this reason, rheological
roperties and the degree of stability of these emulsions would
e significantly different from emulsions with low amounts of
ispersed phase. Consequently, in concentrated emulsions the
roplet size of the dispersed phase will attract particular atten-
ion due to its strong influence on the rheological properties and
tability of the emulsion.9,21,22

New mechanically stable ceramic foams with open porosity
re developed in this work by a simple direct foaming process
n which a highly concentrated alkane phase is emulsified in

stabilized aqueous powder suspension. Here the emulsified
uspensions are consolidated by the expansion of the alkane
roplets due to foaming and drying of the aqueous solvent. In
ontrast to the recently developed direct foaming process where
oaming is accompanied by a high expansion due to evaporation
f the alkane phase,7 the high concentration of alkane droplets
estricts their mobility and modifies the rheological properties
eading to a reduced expansion during foaming.

Consequently, the high alkane phase emulsified suspensions
HAPES), in particular the droplet size, can be mainly controlled
y the stresses applied in their surface during the stirring pro-

ess. This foaming process provides then a high flexibility in the
roduction of porous ceramic parts with the advantages of highly
nterconnected cells and controllable porosity parameters. While
n this paper alumina foams are produced, this technique may

e
a
e
s

ramic Society 29 (2009) 2439–2446

lso be applied to other oxide and non-oxide ceramics, light
nd even heavy metals depending on the adjustment of dis-
ersion agents and surfactants for the different powder surface
hemistries.

The control of the droplet size distribution is of extreme
mportance in the development of the ceramic foams as it deter-

ines the rheological properties of the HAPES as well as the
tereological parameters of the final microstructures. It is then
he objective of this work to investigate the influences of the
uspension particle content as well as the mechanical stirring
elocity with respect to droplet size distribution and viscosity
f the final emulsified suspensions. The dominating factors and
elationships will be evaluated and the processes responsible
or the droplet formation and fragmentation as represented in
q. (1) shall be described. Thus, the control of the investigated
arameters should result in designable HAPES and consequently
ontrolled ceramic foam microstructures.

. Materials and methods

.1. Materials

Powder suspensions were prepared using deionised water and
-Al2O3 powder (Alcoa CT 3000 SG) with an average particle
iameter (d50) of 500 nm and a specific surface area of 7.5 m2/g.
low molecular weight (320 g/mol) polyacrylic acid commer-

ially available as Dolapix CE-64 (Zschimmer & Schwarz) was
dded as negatively charged electrosteric dispersion agent to
tabilize the suspensions. The anionic surfactant sodium lauryl
ulphate (SLS) (BASF, Lutensid AS 2230) was used for the pro-
uction of the emulsions. The addition of this surfactant had to
ake into account the zeta potential and isoelectric point (IEP)
f the alumina suspension. Therefore it was used under alkaline
onditions (pH 9.5) where the strong negative zeta potential was
rovided by the dispersion agent.7 Decane (C10H22) from Fluka
as used as dispersed phase.

.2. Preparation of HAPES

For the production of the HAPES the first step is the prepa-
ation of a stabilized alumina powder suspension. This step is
ollowed by the formation of an emulsion as uniform dispersion
f a high concentrated alkane phase (70 vol.% in this case) in
he alumina suspension. For this purpose the anionic surfactant
s stabilizer and the alkane phase are added after the stabilized
lumina suspension is prepared.

The stabilized powder suspensions were prepared as fol-
ows: dry alumina powder was slowly added to deionised water
ontaining Dolapix CE–64 (0.74 wt% related to alumina) as
ispersion agent under severe mixing. Dispersion and homoge-
ization was carried out in a laboratory mixer (Dispermat LC,
MA Getzmann GmbH) with a 30-mm dispersing tool oper-

ting at a mixing velocity of 2500 rpm for 20 min. In former

xperiments8 the optimal powder dispersion was investigated
nd attributed to the efficiency of this procedure applying the
lectrosteric dispersion agent. The particle content in the suspen-
ions was set to 15, 30 and 45 vol.%. Afterwards the suspensions
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ere subjected to de-aeration to remove undesired entrapped
ubbles. This procedure was performed in a container under
educed pressure (5 kPa).

Emulsified suspensions were prepared by adding 70 vol.%
ecane and 0.33 vol.% anionic surfactant to the ceramic sus-
ensions containing different particle contents under further
echanical stirring for 2.5 min at different stirring velocities

from 600 to 4000 rpm). The suspensions were emulsified under
educed pressure at room temperature to avoid the abundant
ncorporation of air bubbles. A moderately reduced pressure of
0 kPa was chosen with respect to the evaporation of decane
hich has a vapor pressure of 4.6 kPa at 20 ◦C.

.3. Characterization methods for HAPES

The microstructure, in particular the droplet size distribu-
ion of the HAPES was analysed by the use of a fluorescence

icroscope in the reflected mode combined to a digital camera.
mmediately after mechanical stirring the HAPES samples were
ransferred into closed quartz cells (Hellma) to avoid changes
n the system. The alkane phase was dyed with Pyrene (Fluka),

aking the alkane droplets fluorescent at an emission wave-
ength λEm of 375 nm. With this technique it was possible to
istinguish the alkane droplets from the alumina suspension. For
ach condition two pictures were taken and a minimum of 140
roplets were individually measured for statistical analysis with

he use of Axio Vision LE image analysis program. The aver-
ge droplet size d50 was determined from the cumulative droplet
ize distribution curve corresponding to the droplet diameter at
cumulative droplet percentage of 50% (number distribution),

(
m
v
m

ig. 1. Typical microstructures of HAPEs containing 70 vol.% decane and 0.33 v
mulsification proceeded under a stirring velocity of 600 rpm (left) and 2000 rpm (rig
ramic Society 29 (2009) 2439–2446 2441

hile d10, and d90 represent the droplets diameters at 10% and
0% of the cumulative distribution.

HAPES flow curves were analysed with a shear-controlled
heometer (Model 88 BV, Bohlin Reologi, UK Ltd.) with a cone-
late measurement system. The experiments were realized using
n increasing shear rate, i.e., from 0.08 to 500 s−1 within 3 min.
he temperature was kept at 25 ◦C during the measurements.

.4. Foaming, drying and sintering

The HAPES were poured into polymeric molds keeping the
pper surface opened to the atmosphere. Further limited foaming
roceeded as a consequence of the evaporation of the alkane
hase accompanied by minimal expansion of the bubbles. The
rying of the foams was realized at room temperature during 4
ays.

After the consolidation, the shaped green alumina foams were
intered at 1550 ◦C for 2 h with heating and cooling rates of 2
nd 3 K/min, respectively.

.5. Characterization of the sintered foams

The microstructure of the sintered ceramic foams was anal-
sed from micrographs taken by scanning electron microscopy
SEM) (Camscan 24). Cell sizes were individually measured
n planar sections with the help of an image analysis program

AnalySIS). The average cell size d50, d10 and d90 were deter-
ined from the cumulative cell size distribution curve. The

olumetric density ρv of the foams was determined from the
ass and dimensions of the sintered bodies. The porosity P was

ol.% surfactant. (a) 15 vol.% and (b) 45 vol.% particle content suspensions.
ht).
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hen calculated as P = 1 − ρv/ρt with ρt (3.9 g/cm3) correspond-
ng to the theoretical density of alumina.

. Results and discussion

.1. Influence of mechanical stirring velocity and
uspension particle content

The HAPES in closed quartz cells were analysed immediately
fter mechanical stirring under fluorescence microscopy. Typi-
al microstructures are shown in Fig. 1 where the alkane droplets
re uniformly distributed in the ceramic suspension. With the
ncrease in the suspensions particle content the alkane average
roplet size decreases for all emulsification stirring velocities.
hen the stirring velocity is increased, an improved homogene-

ty of the droplet size distribution is observed and the average
roplet size is strongly reduced.

The quantitative results of the droplet size distribution are
resented in Fig. 2. It is shown that the broad distribution of
ather large droplet sizes obtained by the slow stirring rate and
ow particle content is strongly reduced by both, i.e., by increas-
ng the particle content and the stirring rate. While the droplet
ize distribution in slowly stirred HAPES with high particle con-

ent shows some broadness a strong size reduction with a very
lose distribution is reached at the high stirring rate. It is also
o be noticed that the reduction of the average droplet size with
he increase of the stirring velocity is more abrupt for HAPES

f
s

o

ig. 2. Effect of emulsification stirring velocity and particle content on droplet size d
a) 15 vol.% and (b) 45 vol.% particle content suspensions emulsified under 600 rpm
ig. 3. Effect of emulsification stirring velocity and suspension particle content
n the average droplet size (d50) of HAPES.

ontaining lower particle content suspensions than in the case of
igher concentrated ones (Fig. 3). This reflects the fact that the
arger the droplets the higher is the rate of fragmentation while

or smaller droplets the decrease is much lower approaching a
aturation diameter.10,11

By rising the stirring rate from 600 to 2000 rpm, reduction
f the average droplet size from 60 to 14 and from 13 to 5 �m

istributions of HAPES containing 70 vol.% decane and 0.33 vol.% surfactant.
(left) and 2000 rpm (right).
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and the HAPES (ηc = ηeff) resulting in viscosity ratios ρ between
4.6 × 10−4 and 4.5 × 10−3. The calculated values are included
in Fig. 5 and later used for comparison with the experimental
data in Fig. 6.
ig. 4. Effect of mechanical stirring on the droplet size and viscosity of HAPES
ith 45 vol.% particle content.

s observed for HAPES containing 15 and 45 vol.% particles,
espectively.

It is remarkable that very small droplets in close distribution
re achieved for the case of high stirring velocity and also high
article contents although a non-homogeneous shear rate (in this
ase via Dispermat LC mixer) was applied in the HAPES emul-
ification process. This effect can be recognised in the extreme
ases where HAPES containing 15 vol.% particles emulsified
nder 600 rpm provides droplet sizes of 37 and 104 �m, for d10
nd d90, respectively, while 45 vol.% suspensions emulsified at
000 rpm turn out as very narrow droplet size distribution of 3
nd 7 �m for d10 and d90, respectively (Fig. 2).

The smaller the droplet size, the higher is the droplet con-
entration in the system and consequently the higher is the
estriction to their mobility. In order to investigate this effect
f the droplet size on the rheological behaviour and stability of
he system, rheological and microstructural investigations were
ndertaken in HAPES with 45 vol.% particle suspensions emul-
ified under increasing stirring velocities up to a maximum of
000 rpm (Fig. 4).

The average droplet size of HAPES with 45 vol.% solid parti-
les is rather small and decreases at higher stirring rates. In Fig. 4
he effect of the further enhanced stirring rates beyond 2000 rpm
s shown; the average droplet size hardly decreases anymore
ue to the resistance in the distortion of smaller droplets.
he droplets size distribution resulting from HAPES emulsi-
ed under 4000 rpm could not be identified by fluorescence
icroscopy.
The rheological measurements of HAPES revealed shear

hinning flow curves. This aspect may in part be due to the
resence of agglomerates in the ceramic suspension that dur-
ng shearing are deformed and eventually disrupted, resulting in
reduction of the viscosity. If the shear rate applied in the emul-

ions during the rheological experiments is higher than applied
uring the previous emulsification process the fragmentation of
he droplets can continue. Therefore, the viscosity of the emul-

ified suspensions was analysed at a low shear rate (113 s−1),
o ensure that no droplet rupture had taken place. The increase
n stirring rate leads to smaller droplets of higher concentration

F
v
c

ramic Society 29 (2009) 2439–2446 2443

esulting in an increase of the apparent viscosity. When emul-
ification is realized under 3000 rpm the high concentration of
mall droplets leads to a significant increase of the apparent
iscosity.

The results show that the droplet size distribution is influ-
nced by the particle content of the suspensions and the
mulsification stirring velocity. High particle contents and
he increase of the stirring velocity decrease the droplet size
nd consequently increase the emulsified suspension viscos-
ty.

.2. Application of the Taylor model for the prediction of
roplet size

The experimental data was analysed regarding the Taylor
odel of mechanical shearing. The droplet size fragmentation

rocess depends mainly on the stresses applied on its surface
uring shearing. According to Eq. (1), the final droplet size R
hould be proportional to the ratio Cacritσ/ηcγ̇ . In the litera-
ure it was suggested that the viscosity of the continuous phase
c has to be replaced by the effective viscosity of the emulsion
ηeff) in the case of highly concentrated emulsions.17,20–22 Since
or all conditions investigated no fracturing of the droplets was
bserved at a shear rate of 113 s−1, the apparent viscosity of the
APES measured at this shear rate was taken as ηeff.
It has been shown13,20 that the viscosity ratio (ρ = ηd/ηc)

etween the dispersed (ηd) and continuous phase (ηc) greatly
ffects the ratio of the deforming viscous stress to the interfa-
ial restoring stress which corresponds to the capillary number
Ca = ηcγ̇R0/σ). The stress ratio required for droplets breaking
epresents the critical capillary number, Cacrit.

The correlation of Cacrit with the viscosity ratio ρ presented
y Grace23 assumes simple shear conditions and is valid for any
iscosity ratio ρ from 10−6 to 3.5. Based on this correlation the
ritical capillary number (Cacrit) could be calculated with the
iscosities of the alkane phase (ηd = 0.92 × 10−3 Pa s at 20 ◦C)
ig. 5. Influence of emulsification stirring velocity on the shear rate, apparent
iscosity and critical capillary number for HAPES containing 45 vol.% particle
ontent.
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Fig. 6. Influence of emulsification stirring velocity on the average droplet size
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d50) experimentally measured and the ratio Cacrit/ηeffγ̇ . Data analysis from
APES containing 45 vol.% particle content suspensions emulsified from 600

o 4000 rpm.

The stirring velocity is directly proportional to the shear
ate (γ̇) applied on the droplets surface. The shear rate to
hich the highly concentrated emulsions are submitted could
e approximated by γ̇ = R0ω/(R0 − R), where R0 and R are
he radius of the stirring container and of the mixing blade,
espectively, and ω is the angular speed (rad s−1) of the
ixer.22 The calculations were made considering that 1 rpm is

.10471976 rad s−1.
The influences of the emulsification stirring velocity on

he shear rate, viscosity and Cacrit of HAPES produced from
5 vol.% particle content suspensions are shown in Fig. 5. The
hear rate applied to the system increases linearly with the stir-
ing velocity. The HAPES viscosity rises with higher stirring
elocities as the droplets concentration is increased restricting
he mobility of the numerous small droplets. Cacrit depends on
he viscosity ratio ρ between decane and the emulsified suspen-
ion. The increase of the HAPES viscosity leads to a decrease

n ρ and consequently to an increase of Cacrit.

The experimental average droplet size (d50) and the ratio
acrit/ηeffγ̇ are plotted in Fig. 6 as a function of the stirring
elocity. The results show a good agreement between the aver-

d
l
f
d

ig. 8. Microstructure of sintered alumina foams (1550 ◦C/2 h) produced from HAPE
eneously distributed open porous cells and (b) detail of the interconnected cells
article.
ig. 7. Sintered ceramic foams with porosities beyond 70% produced by the
resented direct foaming method.

ge droplet sizes from experimental data and the calculated data
or the model. From this analysis, it can be concluded that the
verage droplet size decreases with increasing stirring velocity
ainly as a result of the increase of the shear rate and con-

equently of the HAPES viscosity. These mechanical shearing
ffects are more significant than the increase of Cacrit (as the
ncrease of Cacrit would contribute to the increase of the droplet
ize (Eq. (1))). It should be noted that the HAPES composition
nd in consequence the interfacial energy of the phases present
n the system are kept constant for this analysis. However, this
arameter exerts an important influence on the final droplet size
s predicted in Eq. (1).

.3. Ceramic foams

With the control of the studied parameters the droplet size

istribution of the emulsified suspensions was efficiently tai-
ored. However, for the realization of stable sintered ceramic
oams, stable green bodies are first required. This means that no
egradation of the wet foam during handling, drying and prepa-

S containing 45 vol.% particle content emulsified under 2000 rpm. (a) Homo-
with the inset showing a dense strut constituted by a monolayer of alumina
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ation for sintering occurs and phase separation, creaming or
edimentation and drainage effects are not allowed. Sufficient
exibility and plasticity have to be provided in order to exclude
ny crack formation. It can be stated that the transformation to
he green bodies depends besides other factors on the viscosity of
he HAPES and this is again influenced by the droplet concentra-
ion as well as by the particle content. The stability of the green
odies increases with the increase of the droplet concentration.
owever, if the emulsification velocity or the particle content

n the suspensions is too high, the numerous small droplets are
rowded together in a way that the restriction to their mobility
eads to an abrupt increase of the viscosity (Fig. 4) resulting
n a creaming effect. Furthermore, stable foams are favorably
roduced from sufficiently concentrated suspensions (minimum
0 vol.% alumina in this case).

The transition of HAPES to stable green bodies is achieved
pon evaporation of the solvents with a minimal expansion of
he pore formers. This simple process is continued by sintering
1550 ◦C, 2 h) and leads to strong ceramic foams with designed
icrostructural features, characterized by porosities up to 90%

niformly distributed throughout the sample with highly inter-
onnected cells.

Sintered ceramic foams produced by this method are rep-
esented in Fig. 7. A typical sintered foam microstructure
eaturing interconnected cells with 3, 5 and 9 �m as d10, d50
nd d90, respectively, is shown in Fig. 8. The dense struts com-
osed of monolayers of alumina particles are represented in the
etail.

. Conclusions

The droplet size distribution in emulsified powder suspen-
ions can be efficiently controlled by adjusting the parameters
tirring velocity during the emulsification process and particle
ontent of the alumina suspensions.

Considering the mechanical shearing processes the stresses
pplied to the emulsifying powder suspension can be used
s expressed by the Taylor model to explain the rheological
ehaviour and the dispersion characteristics of the investigated
APES systems.
Following these relations stable green bodies can be fabri-

ated from highly concentrated suspensions without any organic
inder while sedimentation, phase separation and crack forma-
ion are prevented. Emulsification limits are found at stirring
elocities beyond 3000 rpm where critical concentrations of
mall sized droplets lead to creaming effects.

Cellular ceramics with open porosities up to 90% and cell
izes from 3 to 200 �m are prepared following the transi-
ion of HAPES to dried stable foams and subsequent sint-
ring.

This process can also be extended to other oxide and non-
xide ceramics as well as to metallic powders. Taking into
ccount the mechanical stability and microstructural features

chieved by this process various applications of the cellu-
ar structures as filters, catalytic supports including supports
or batteries, temperature control membranes and matrices for
mmobilized microorganisms are envisaged.

1
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