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Abstract

Open porous mechanically stable ceramic foams are developed by a simple direct foaming process. The new processing route is based on the
transition of a surfactant stabilized highly concentrated alkane phase homogeneously distributed in a stabilized aqueous ceramic powder suspension
into high performance ceramic foams with porosities up to 90% and cell sizes ranging from 3 to 200 wm. The droplet size distribution of the high
alkane phase emulsified suspensions (HAPES) is efficiently controlled by the stirring velocity during emulsification experimentally investigated
for varying powder particle contents. Stable foams with tailored structural features can be prepared by adjusting the rheological characteristics
of HAPES being dependent on the system and process parameters. The influence of the emulsification stirring velocity on the resulting HAPES
droplet size is analysed on the basis of the Taylor model of mechanical shearing describing the stresses responsible for the fragmentation of the

droplets.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

High performance ceramics with controlled open porosity
find their applications in many different fields of modern tech-
nologies especially where fluid and gas transport through the
microstructure is required. These include filtration of molten
metals and hot gases, catalytic carriers, support for batteries
and fuel cells, electrodes, bioreactors, radiant burners, scaffolds
for bone replacement and many others.'~* While porous ceram-
ics are characterized by several advantageous properties, the
microstructural features, in particular the porosity parameters
are of crucial importance for their successful application.

The fabrication of porous ceramics makes use of different
principles and processes, and excellent recent reviews are avail-
able on this subject.> Besides more conventional techniques™%
a direct foaming method has been developed where an alkane
phase is emulsified in an aqueous ceramic powder suspension.”-8
Emulsions and wet foams are used in a broad range of technolog-
ical applications especially in cosmetic and food technologies.’
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Furthermore, emulsions can be used as templates for the
determination of the porosity parameters in inorganic porous
structures. In the case of surfactant stabilized emulsions, the
structure is normally set via sol-gel processes what requires
controlled chemical reactions, consumes time and cannot be
easily applied to different compositions.!? The use of parti-
cles for the long-term stabilization of emulsions can be applied
to produce porous ceramics of different compositions without
the necessity of chemical reactions for the consolidation of
emulsions.! 12

In the processing route presented here surfactant stabilized
emulsions are employed as efficient intermediates for the deter-
mination of the porosity parameters during direct foaming. This
versatile technique can be adapted for many different com-
positions and systems, providing a combination of important
advantages in particular the tailored microstructural features and
highly interconnected cells associated with excellent mechanical
properties.

In emulsification processes an immiscible fluid is dispersed
in another fluid by rupturing large droplets into smaller ones
aided by applied shear flow and a surface-active agent. Surfac-
tants can be used as emulsifiers in the preparation of emulsions
and as stabilizers in the production of foams.'>!* In contrast
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to the dynamic adsorption and desorption of surfactants, col-
loidal particles can serve as stabilizers due to their irreversible
adsorption at gas—liquid interfaces resulting in ultra-stable wet
foams.>1213

The theoretical understanding of the emulsification process is
fairly limited to the rupturing of an isolated droplet first proposed
by Taylor in the 1930s.!% According to Taylor’s model, where
an isolated, spherical droplet of radius Ry with a relatively low
viscosity 7gq is dispersed in a fluid of viscosity 7, the droplets
will deform into an ellipsoid or elongated cylinder. Normally
the rupture of these elongated cylinders in smaller droplets is
achieved by the so-called Rayleigh instability reducing the high
interfacial energy due to the elongated droplets. Deformation
of the dispersed phase only takes place when the shear stress
ncy surpasses the interfacial stress o/R(, where y is the shear
rate and o is the interfacial tension. The ratio between these two
stresses is defined as the capillary number (Ca). When the capil-
lary number exceeds a critical value, Cayj, the elongated droplet
will rupture into smaller droplets of average radius R according
to Eq. (1). Cacj; depends on the viscosity ratio between dispersed
and continuous phase (174/7¢) and the type of flow!®2!:

R o Cacrt— (1)
Ney

This model has also been applied for the prediction of bubble size

as a function of suspension composition in particle-stabilized

emulsions.!” A similar analysis is taken in this work for surfac-

tant stabilized emulsions, to evidence the influence of the shear

rate on the final droplets size.

In contrast to dilute emulsions with low amounts of dispersed
phase, in concentrated emulsions the droplets are close together
and therefore the interaction between them plays a very impor-
tant role in the emulsion properties. For this reason, rheological
properties and the degree of stability of these emulsions would
be significantly different from emulsions with low amounts of
dispersed phase. Consequently, in concentrated emulsions the
droplet size of the dispersed phase will attract particular atten-
tion due to its strong influence on the rheological properties and
stability of the emulsion.?2!-22

New mechanically stable ceramic foams with open porosity
are developed in this work by a simple direct foaming process
in which a highly concentrated alkane phase is emulsified in
a stabilized aqueous powder suspension. Here the emulsified
suspensions are consolidated by the expansion of the alkane
droplets due to foaming and drying of the aqueous solvent. In
contrast to the recently developed direct foaming process where
foaming is accompanied by a high expansion due to evaporation
of the alkane phase,’ the high concentration of alkane droplets
restricts their mobility and modifies the rheological properties
leading to a reduced expansion during foaming.

Consequently, the high alkane phase emulsified suspensions
(HAPES), in particular the droplet size, can be mainly controlled
by the stresses applied in their surface during the stirring pro-
cess. This foaming process provides then a high flexibility in the
production of porous ceramic parts with the advantages of highly
interconnected cells and controllable porosity parameters. While
in this paper alumina foams are produced, this technique may

also be applied to other oxide and non-oxide ceramics, light
and even heavy metals depending on the adjustment of dis-
persion agents and surfactants for the different powder surface
chemistries.

The control of the droplet size distribution is of extreme
importance in the development of the ceramic foams as it deter-
mines the rheological properties of the HAPES as well as the
stereological parameters of the final microstructures. It is then
the objective of this work to investigate the influences of the
suspension particle content as well as the mechanical stirring
velocity with respect to droplet size distribution and viscosity
of the final emulsified suspensions. The dominating factors and
relationships will be evaluated and the processes responsible
for the droplet formation and fragmentation as represented in
Eq. (1) shall be described. Thus, the control of the investigated
parameters should result in designable HAPES and consequently
controlled ceramic foam microstructures.

2. Materials and methods
2.1. Materials

Powder suspensions were prepared using deionised water and
a-Al, O3 powder (Alcoa CT 3000 SG) with an average particle
diameter (dsp) of 500 nm and a specific surface area of 7.5 m?2/ g.
A low molecular weight (320 g/mol) polyacrylic acid commer-
cially available as Dolapix CE-64 (Zschimmer & Schwarz) was
added as negatively charged electrosteric dispersion agent to
stabilize the suspensions. The anionic surfactant sodium lauryl
sulphate (SLS) (BASF, Lutensid AS 2230) was used for the pro-
duction of the emulsions. The addition of this surfactant had to
take into account the zeta potential and isoelectric point (IEP)
of the alumina suspension. Therefore it was used under alkaline
conditions (pH 9.5) where the strong negative zeta potential was
provided by the dispersion agent.” Decane (C1oHp,) from Fluka
was used as dispersed phase.

2.2. Preparation of HAPES

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

The stabilized powder suspensions were prepared as fol-
lows: dry alumina powder was slowly added to deionised water
containing Dolapix CE-64 (0.74 wt% related to alumina) as
dispersion agent under severe mixing. Dispersion and homoge-
nization was carried out in a laboratory mixer (Dispermat LC,
VMA Getzmann GmbH) with a 30-mm dispersing tool oper-
ating at a mixing velocity of 2500 rpm for 20 min. In former
experiments® the optimal powder dispersion was investigated
and attributed to the efficiency of this procedure applying the
electrosteric dispersion agent. The particle content in the suspen-
sions was set to 15, 30 and 45 vol.%. Afterwards the suspensions
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were subjected to de-aeration to remove undesired entrapped
bubbles. This procedure was performed in a container under
reduced pressure (5 kPa).

Emulsified suspensions were prepared by adding 70 vol.%
decane and 0.33 vol.% anionic surfactant to the ceramic sus-
pensions containing different particle contents under further
mechanical stirring for 2.5 min at different stirring velocities
(from 600 to 4000 rpm). The suspensions were emulsified under
reduced pressure at room temperature to avoid the abundant
incorporation of air bubbles. A moderately reduced pressure of
10kPa was chosen with respect to the evaporation of decane
which has a vapor pressure of 4.6 kPa at 20 °C.

2.3. Characterization methods for HAPES

The microstructure, in particular the droplet size distribu-
tion of the HAPES was analysed by the use of a fluorescence
microscope in the reflected mode combined to a digital camera.
Immediately after mechanical stirring the HAPES samples were
transferred into closed quartz cells (Hellma) to avoid changes
in the system. The alkane phase was dyed with Pyrene (Fluka),
making the alkane droplets fluorescent at an emission wave-
length Agy of 375 nm. With this technique it was possible to
distinguish the alkane droplets from the alumina suspension. For
each condition two pictures were taken and a minimum of 140
droplets were individually measured for statistical analysis with
the use of Axio Vision LE image analysis program. The aver-
age droplet size dsg was determined from the cumulative droplet
size distribution curve corresponding to the droplet diameter at
a cumulative droplet percentage of 50% (number distribution),

while dqg, and dgg represent the droplets diameters at 10% and
90% of the cumulative distribution.

HAPES flow curves were analysed with a shear-controlled
rheometer (Model 88 BV, Bohlin Reologi, UK Ltd.) with a cone-
plate measurement system. The experiments were realized using
an increasing shear rate, i.e., from 0.08 to 500 s~ ! within 3 min.
The temperature was kept at 25 °C during the measurements.

2.4. Foaming, drying and sintering

The HAPES were poured into polymeric molds keeping the
upper surface opened to the atmosphere. Further limited foaming
proceeded as a consequence of the evaporation of the alkane
phase accompanied by minimal expansion of the bubbles. The
drying of the foams was realized at room temperature during 4
days.

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

2.5. Characterization of the sintered foams

The microstructure of the sintered ceramic foams was anal-
ysed from micrographs taken by scanning electron microscopy
(SEM) (Camscan 24). Cell sizes were individually measured
in planar sections with the help of an image analysis program
(AnalySIS). The average cell size dsg, dio and dgg were deter-
mined from the cumulative cell size distribution curve. The
volumetric density py of the foams was determined from the
mass and dimensions of the sintered bodies. The porosity P was

Fig. 1. Typical microstructures of HAPEs containing 70 vol.% decane and 0.33 vol.% surfactant. (a) 15vol.% and (b) 45vol.% particle content suspensions.
Emulsification proceeded under a stirring velocity of 600 rpm (left) and 2000 rpm (right).



2442 S. Barg et al. / Journal of the European Ceramic Society 29 (2009) 2439-2446

then calculated as P=1 — py/p; with p (3.9 g/cm3 ) correspond- co) m
ing to the theoretical density of alumina. = ' - 15 vol% ALO,
E 50 ® 30 vol% ALO,
3. Results and discussion T% A 45 vol% ALO,
o 40
3.1. Influence of mechanical stirring velocity and é
suspension particle content B 30l S
& o
The HAPES in closed quartz cells were analysed immediately = 20 4
after mechanical stirring under fluorescence microscopy. Typi- g |
. -, s |
cal microstructures are shown in Fig. 1 where the alkane droplets 8 104 Ao g
are uniformly distributed in the ceramic suspension. With the :: S e BT ]
increase in the suspensions particle content the alkane average 04— . ‘ . . . . .
droplet size decreases for all emulsification stirring velocities. 600 800 1000 1200 1400 1600 1800 2000

When the stirring velocity is increased, an improved homogene-
ity of the droplet size distribution is observed and the average
droplet size is strongly reduced. Fig. 3. Effect of emulsification stirring velocity and suspension particle content
The quantitative results of the droplet size distribution are on the average droplet size (dso) of HAPES.

presented in Fig. 2. It is shown that the broad distribution of

rather large droplet sizes obtained by the slow stirring rate and

low particle content is strongly reduced by both, i.e., by increas- containing lower particle content suspensions than in the case of
ing the particle content and the stirring rate. While the droplet ~ higher concentrated ones (Fig. 3). This reflects the fact that the
size distribution in slowly stirred HAPES with high particle con- larger the droplets the higher is the rate of fragmentation while
tent shows some broadness a strong size reduction with a very for smaller droplets the decrease is much lower approaching a
close distribution is reached at the high stirring rate. It is also saturation diameter.!%-1!

to be noticed that the reduction of the average droplet size with By rising the stirring rate from 600 to 2000 rpm, reduction
the increase of the stirring velocity is more abrupt for HAPES of the average droplet size from 60 to 14 and from 13 to 5 pm
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Fig. 2. Effect of emulsification stirring velocity and particle content on droplet size distributions of HAPES containing 70 vol.% decane and 0.33 vol.% surfactant.
(a) 15 vol.% and (b) 45 vol.% particle content suspensions emulsified under 600 rpm (left) and 2000 rpm (right).



S. Barg et al. / Journal of the European Ceramic Society 29 (2009) 2439-2446 2443

14 R A — T 30

]
1
1
]
@

1
n
=]

1
-
=]

I
o
o

Average droplet size d, (num)
Apparent viscosity (Pa.s)

4@ @

— T T T T —— 11 00
500 1000 1500 2000 2500 3000 3500 4000

Stirring velocity (rpm)

Fig. 4. Effect of mechanical stirring on the droplet size and viscosity of HAPES
with 45 vol.% particle content.

is observed for HAPES containing 15 and 45 vol.% particles,
respectively.

It is remarkable that very small droplets in close distribution
are achieved for the case of high stirring velocity and also high
particle contents although a non-homogeneous shear rate (in this
case via Dispermat LC mixer) was applied in the HAPES emul-
sification process. This effect can be recognised in the extreme
cases where HAPES containing 15 vol.% particles emulsified
under 600 rpm provides droplet sizes of 37 and 104 pwm, for djg
and dgg, respectively, while 45 vol.% suspensions emulsified at
2000 rpm turn out as very narrow droplet size distribution of 3
and 7 pm for dq¢ and do, respectively (Fig. 2).

The smaller the droplet size, the higher is the droplet con-
centration in the system and consequently the higher is the
restriction to their mobility. In order to investigate this effect
of the droplet size on the rheological behaviour and stability of
the system, rheological and microstructural investigations were
undertaken in HAPES with 45 vol.% particle suspensions emul-
sified under increasing stirring velocities up to a maximum of
4000 rpm (Fig. 4).

The average droplet size of HAPES with 45 vol.% solid parti-
cles is rather small and decreases at higher stirring rates. In Fig. 4
the effect of the further enhanced stirring rates beyond 2000 rpm
is shown; the average droplet size hardly decreases anymore
due to the resistance in the distortion of smaller droplets.
The droplets size distribution resulting from HAPES emulsi-
fied under 4000 rpm could not be identified by fluorescence
microscopy.

The rheological measurements of HAPES revealed shear
thinning flow curves. This aspect may in part be due to the
presence of agglomerates in the ceramic suspension that dur-
ing shearing are deformed and eventually disrupted, resulting in
areduction of the viscosity. If the shear rate applied in the emul-
sions during the rheological experiments is higher than applied
during the previous emulsification process the fragmentation of
the droplets can continue. Therefore, the viscosity of the emul-
sified suspensions was analysed at a low shear rate (113 s~h,
to ensure that no droplet rupture had taken place. The increase
in stirring rate leads to smaller droplets of higher concentration

resulting in an increase of the apparent viscosity. When emul-
sification is realized under 3000 rpm the high concentration of
small droplets leads to a significant increase of the apparent
viscosity.

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

ity.

3.2. Application of the Taylor model for the prediction of
droplet size

The experimental data was analysed regarding the Taylor
model of mechanical shearing. The droplet size fragmentation
process depends mainly on the stresses applied on its surface
during shearing. According to Eq. (1), the final droplet size R
should be proportional to the ratio Cagio/ncy. In the litera-
ture it was suggested that the viscosity of the continuous phase
n¢ has to be replaced by the effective viscosity of the emulsion
(nefr) in the case of highly concentrated emulsions.!720-22 Since
for all conditions investigated no fracturing of the droplets was
observed at a shear rate of 113 s~!, the apparent viscosity of the
HAPES measured at this shear rate was taken as 7eff.

It has been shown!320 that the viscosity ratio (o =n4/1¢)
between the dispersed (n4) and continuous phase (1) greatly
affects the ratio of the deforming viscous stress to the interfa-
cial restoring stress which corresponds to the capillary number
(Ca = ncyRo/0). The stress ratio required for droplets breaking
represents the critical capillary number, Cacyj.

The correlation of Cagj; with the viscosity ratio p presented
by Grace? assumes simple shear conditions and is valid for any
viscosity ratio p from 107 to 3.5. Based on this correlation the
critical capillary number (Cacj;) could be calculated with the
viscosities of the alkane phase (g =0.92 x 1073 Pas at 20°C)
and the HAPES (7. = nefr) resulting in viscosity ratios p between
4.6 x 107* and 4.5 x 1073, The calculated values are included
in Fig. 5 and later used for comparison with the experimental
data in Fig. 6.
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Fig. 5. Influence of emulsification stirring velocity on the shear rate, apparent

viscosity and critical capillary number for HAPES containing 45 vol.% particle
content.
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Fig. 6. Influence of emulsification stirring velocity on the average droplet size
(dso) experimentally measured and the ratio Cagrit/nefry. Data analysis from
HAPES containing 45 vol.% particle content suspensions emulsified from 600
to 4000 rpm.

The stirring velocity is directly proportional to the shear
rate (y) applied on the droplets surface. The shear rate to
which the highly concentrated emulsions are submitted could
be approximated by y = Row/(Ro — R), where Ry and R are
the radius of the stirring container and of the mixing blade,
respectively, and o is the angular speed (rads™') of the
mixer.?2 The calculations were made considering that 1 rpm is
0.10471976 rad s~ .

The influences of the emulsification stirring velocity on
the shear rate, viscosity and Cag; of HAPES produced from
45 vol.% particle content suspensions are shown in Fig. 5. The
shear rate applied to the system increases linearly with the stir-
ring velocity. The HAPES viscosity rises with higher stirring
velocities as the droplets concentration is increased restricting
the mobility of the numerous small droplets. Ca..j depends on
the viscosity ratio p between decane and the emulsified suspen-
sion. The increase of the HAPES viscosity leads to a decrease
in p and consequently to an increase of Cagyj.

The experimental average droplet size (dso) and the ratio
Cagrit/nefry are plotted in Fig. 6 as a function of the stirring
velocity. The results show a good agreement between the aver-

Fig. 7. Sintered ceramic foams with porosities beyond 70% produced by the
presented direct foaming method.

age droplet sizes from experimental data and the calculated data
for the model. From this analysis, it can be concluded that the
average droplet size decreases with increasing stirring velocity
mainly as a result of the increase of the shear rate and con-
sequently of the HAPES viscosity. These mechanical shearing
effects are more significant than the increase of Cacy (as the
increase of Ca.rj; would contribute to the increase of the droplet
size (Eq. (1))). It should be noted that the HAPES composition
and in consequence the interfacial energy of the phases present
in the system are kept constant for this analysis. However, this
parameter exerts an important influence on the final droplet size
as predicted in Eq. (1).

3.3. Ceramic foams

With the control of the studied parameters the droplet size
distribution of the emulsified suspensions was efficiently tai-
lored. However, for the realization of stable sintered ceramic
foams, stable green bodies are first required. This means that no
degradation of the wet foam during handling, drying and prepa-

Fig. 8. Microstructure of sintered alumina foams (1550 °C/2 h) produced from HAPES containing 45 vol.% particle content emulsified under 2000 rpm. (a) Homo-
geneously distributed open porous cells and (b) detail of the interconnected cells with the inset showing a dense strut constituted by a monolayer of alumina

particle.
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ration for sintering occurs and phase separation, creaming or
sedimentation and drainage effects are not allowed. Sufficient
flexibility and plasticity have to be provided in order to exclude
any crack formation. It can be stated that the transformation to
the green bodies depends besides other factors on the viscosity of
the HAPES and this is again influenced by the droplet concentra-
tion as well as by the particle content. The stability of the green
bodies increases with the increase of the droplet concentration.
However, if the emulsification velocity or the particle content
in the suspensions is too high, the numerous small droplets are
crowded together in a way that the restriction to their mobility
leads to an abrupt increase of the viscosity (Fig. 4) resulting
in a creaming effect. Furthermore, stable foams are favorably
produced from sufficiently concentrated suspensions (minimum
30 vol.% alumina in this case).

The transition of HAPES to stable green bodies is achieved
upon evaporation of the solvents with a minimal expansion of
the pore formers. This simple process is continued by sintering
(1550°C, 2h) and leads to strong ceramic foams with designed
microstructural features, characterized by porosities up to 90%
uniformly distributed throughout the sample with highly inter-
connected cells.

Sintered ceramic foams produced by this method are rep-
resented in Fig. 7. A typical sintered foam microstructure
featuring interconnected cells with 3, 5 and 9 wm as djg, dso
and dyg, respectively, is shown in Fig. 8. The dense struts com-
posed of monolayers of alumina particles are represented in the
detail.

4. Conclusions

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

Considering the mechanical shearing processes the stresses
applied to the emulsifying powder suspension can be used
as expressed by the Taylor model to explain the rheological
behaviour and the dispersion characteristics of the investigated
HAPES systems.

Following these relations stable green bodies can be fabri-
cated from highly concentrated suspensions without any organic
binder while sedimentation, phase separation and crack forma-
tion are prevented. Emulsification limits are found at stirring
velocities beyond 3000 rpm where critical concentrations of
small sized droplets lead to creaming effects.

Cellular ceramics with open porosities up to 90% and cell
sizes from 3 to 200 um are prepared following the transi-
tion of HAPES to dried stable foams and subsequent sint-
ering.

This process can also be extended to other oxide and non-
oxide ceramics as well as to metallic powders. Taking into
account the mechanical stability and microstructural features
achieved by this process various applications of the cellu-
lar structures as filters, catalytic supports including supports
for batteries, temperature control membranes and matrices for
immobilized microorganisms are envisaged.
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