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Aqueous dispersions of lanthanum strontium manganite (LSM)
and yttria-stabilized zirconia (YSZ) particles were controllably
freeze-cast and then partially sintered resulting in anisotropic,
hierarchically porous ceramics for Solid Oxide Fuel Cell
(SOFC) cathodes. The resulting microstructures have aligned
pores with a characteristic spacing (k) between pore centers.
The effect of freezing rate, slurry viscosity, and solid loading
on solidification velocity and resultant microstructures was
explored. Varying these parameters resulted in samples with a
range of independently controllable and reproducible micro-
structures. Homogenous dispersion of LSM and YSZ in the
freeze-cast structures was confirmed through elemental map-
ping. Freezing rate was found to have a significant effect on k
while solid loading affected overall porosity and ceramic wall-
to-pore size ratio but had only a small influence on k. Viscosity
was found to have a complex albeit small impact on k but a
significant effect on particle dispersion and colloid stability.

I. Introduction

CONVENTIONALLY made SOFC electrodes suffer from a
lack of microstructural control at different length

scales.1–3 Typically, a paste or powder mixture which may
contain fugitive pore formers is applied and then sintered to
an electrolyte through a screen-printing or tape-casting pro-
cedure.2,4,5 The isotropic microstructures which result tend to
have highly tortuous gas and percolation pathways which
hinder gas flow and lead to reduced efficiencies.5 In addition,
the resulting structure, though highly porous, has isotropic
mechanical and thermal properties which are nonideal for
the anisotropic stresses experienced during the cell’s life-
time.1,3,5 Future improvements to SOFC technology will
require higher degrees of both designed porosity and
strength, and these two seemingly contradictory properties
may be resolved by creating an engineered ceramic with an
anisotropic and/or hierarchical microstructure.5–7

Using an anisotropic microstructure, an electrode could be
designed to efficiently guide gas flow along short, direct path-
ways to the triple phase boundaries (TPBs) where electro-
chemical reactions take place, thus improving conversion
efficiency. In addition, anisotropic microstructures can pro-
vide direct percolation pathways for ionic and electronic
species within the cathode, electrolyte, and current collectors
which would be a significant improvement over conventional
SOFCs.3,5,8,9 Anisotropic structures could be designed to
provide increased strength in the direction of mechanical

loading, i.e., in-plane of the cell. Therefore, an optimally tai-
lored anisotropic and hierarchical microstructure should
allow for optimization of pore sizes; improved gas flow, max-
imization of the TPBs, increased strength, and an overall
increase in cell lifetime.4,5,8–10

Freeze-casting is a technique that exploits the highly aniso-
tropic solidification behavior of a solvent (generally water) in
a well-dispersed slurry to controllably template a direction-
ally porous ceramic.6,7 During the freezing process, ice crys-
tals grow, pushing ceramic particles from the liquid phase
aside so that they accumulate between the growing ice crys-
tals, the resultant microstructures from this process contain
long, aligned lamellae that alternate between ice crystals and
ceramic walls.6,11,12 Subsequent sublimation of the ice yields
a green ceramic preform with porosity in a nearly exact rep-
lica of the ice crystals. Partial sintering of the green ceramic
results in a structure with two distinct and independently
controlled levels of porosity13: macroporosity, left by the
sublimation of solvent crystals (typically 2–200 lm) and
microporosity, which is composed of interparticle porosity
left by partial sintering (typically <1 lm). The faster a sample
is frozen, the finer its macroporosity will be. At the same
time, increasing the sintering temperature will result in a
decrease of microporosity. It is important to understand the
link between processing conditions and microstructure
because by controlling the freezing and sintering conditions
separately, porous ceramics with a wide range of microstruc-
tures can be obtained.6

The microstructure of a freeze-cast is defined by its wave-
length (k), which is the average thickness of a single ceramic
wall plus its adjacent macropore.11 Several publications have
reported the effects of solidification kinetics on the micro-
structures of freeze-cast materials.6,11,12,14–17 It has been
shown that k follows an empirical power-law relationship
with solidification velocity v (k / v!n).12 However, nearly all
of the studied systems have been for single-material disper-
sions such as alumina or zirconia. Research on the freeze-
casting of composites is scarce, specifically with regards to
electrochemical ceramics. The few research groups that have
used freeze-casting for SOFC applications have focused
solely on the anode.1,5,18,19 The goal of this study is to
develop the ability to controllably synthesize freeze-cast
ceramics for SOFC cathodes using the parameters of freezing
rate, slurry viscosity, and solid loading. The effects of these
variables on solidification velocity and k will be explored.
For this work, we will be using the established SOFC com-
posite cathode combination of lanthanum strontium manga-
nite (LSM) for electronic conduction and yttria-stabilized
zirconia (YSZ) for ionic conduction.4,8,20 In addition, the
compositional homogeneity of the composite ceramic will be
studied to confirm its potential as a cathode material.

II. Experimental Procedure

(1) Slurry Preparation
Five different slurries were used in this study, three to test
the effect of the amount of dispersant (1.6, 2.0, and 2.4 wt%
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of the solids) with 23 vol% solids and two others to test the
effect of solid loading (17 and 27 vol%) using an intermedi-
ate viscosity (2.0 wt% dispersant) slurry. The levels of disper-
sant used, though relatively high, were found to be necessary
to maintain particle dispersion and slurry workability. All
slurries were prepared at pH = 7.5 as numerous studies have
reported the leaching of Yttria ions from YSZ powders in
acidic environments21 and additionally, high pH (≥9) slurries
resulted in colloidal destabilization. All slurries were pre-
pared by mixing deionized water with a small amount (1.6,
2.0, and 2.4 wt% of the powder) of an ammonium polymeth-
acrylate dispersant (Darvan C-N; R.T. Vanderbilt Co.,
Norwalk, CT) at neutral pH. The solution was stirred for
20 min to ensure complete dissolution of the dispersant. The
pH of the solution was adjusted back to neutral using nitric
acid and then YSZ powder (d50 = 0.3 lm, TZ-8Y; Tosoh,
Grove City, OH) was slowly added. The colloid was soni-
cated (S-450A; Branson Ultrasonics, Danbury, CT) while
mixing to ensure good dispersion. The pH was again read-
justed back to neutral with nitric acid and LSM powder
(d50 = 0.8 lm, LSM20-P; NexTech Materials, Lewis Center,
OH) was slowly added under continued sonication. After the
LSM powder had been completely dispersed, 1 wt% (of the
solids) of polyethylene glycol binder (Union Carbide Inc.,
Danbury, CT) was incorporated into the slurry. The ratio of
LSM to YSZ was kept at a constant 40:60 vol%, respectively,
as this has been shown to be an effective ratio for achieving
optimal electrical performance for SOFC cathodes.22,23

(2) Rheological Testing
The rheological properties of the various slurries were evalu-
ated using a Haake VT550 Rotational Viscometer (Thermo
Fisher Scientific, Inc., Waltham, MA) with an SV-2P type
sensor and concentric cylinder (SVP) geometry. The viscosi-
ties were measured at ambient temperature using a controlled
stepwise shear rate from 20 to 200 s!1 to best reveal the
non-Newtonian nature of the slurries.

(3) Freeze Casting and Solidification Velocity
Slurries were frozen using a copper cooling rod attached to a
liquid nitrogen reservoir. The freezing temperature was moni-
tored and controlled using a PID Controller (CN7800;
Omega, Stamford, CT) with a heating sleeve and thermocou-
ple placed around the copper cooling rod near the freezing
surface. Dynamic freezing profiles, using linearly decreasing
freezing temperatures, were used to promote constant-sized
ice lamellae and ceramic walls along the lengths of the
freeze-casts.12,14,17 The decreasing freezing temperature coun-
ters the effect of the increasing thermal buffer imposed by
the growing ice front, ensuring constant solidification veloc-
ity at the freezing front and yielding a highly predictable,
anisotropically porous structure.

Before freezing, slurries were placed in a vacuum desicca-
tor to remove any dissolved air. Slurries were then poured
into cylindrical acrylic molds approximately 17 mm in diam-
eter and 25 mm tall that had been attached with vacuum
grease to the copper cooling finger. Liquid nitrogen was used
to linearly decrease the temperature of the copper rod at con-
trolled rates of 1°C/min, 3°C/min, and 5°C/min while the top
of the mold remained open to ambient conditions. Cooling
from room temperature ensured homogenous and aligned
nucleation and growth.11,24 After complete solidification, the
castings were freeze-dried (FreeZone 1L; Labconco, Kansas
City, MO) for a minimum of 12 h. The green bodies were
carefully removed from their molds and then partially sin-
tered by heating to 450°C at 2°C/min, holding for 30 min
and then to 1200°C at 5°C/min with a 2 h dwell time (CM
Rapid TEMP Furnace; Bloomfield, NJ). This sintering tem-
perature was chosen as it gives a good compromise between
strength and residual porosity. Sintering temperature was

kept constant for all the samples in this study to isolate the
effects of freezing rate, viscosity, and solid loading on the
microstructure.

An image of the solidification front was taken each minute
during freeze-casting using a digital single-lens reflex camera
with a macro lense and a timed-automatic shutter release
(Fig. 1). By measuring the solidification position as a func-
tion of time, the instantaneous solidification velocity at any
point in time was estimated. Using this information we were
able to correlate the experimental variables of freezing rate,
amount of dispersant, and solid loading with freezing veloc-
ity and the resultant microstructure.

(4) Processing Parameter Matrix
As described in Sections II(1) and (3), the effect of control-
lable processing variables on the resultant microstructure was
evaluated. The controlled parameters and their levels are
summarized in Table I.

(5) Microstructural Characterization
Total, open, and closed porosities of the produced freeze-cast
composites were derived from their apparent densities which
were measured using Archimedes Method. Replicates from
each experimental treatment were then infiltrated with a low-
viscosity resin (Buehler GmbH; EpoHeat, Irvine, CA) to pro-
vide strength during sectioning and polishing, and contrast
for the imaging process. Samples were cross-sectioned at
2 mm intervals along the freezing direction, polished, and
imaged with a high-resolution optical microscope (BX-51;
Olympus-America Inc., Central Valley, PA) at 20x magnifica-
tion. Macropore and ceramic wall sizes were each measured
separately (~30 measurements each per cross-section resulting
in a total of over 500 measurements for samples subjected to
the same treatment) to determine their individual dependen-

Fig. 1. Solidification of a 23 wt% solids slurry freezing at 5°C/min.
This image was taken 10 min. into the solidification process. The
darker region below the arrow on the lower third of the sample is
the frozen slurry.

Table I. Experimental Parameters

Solid
loading
(vol%)

Amount
of dispersant

(wt%)

Freezing
rate

(°C/min)

I Effect of freezing rate 23 2.0 1, 3, 5
II Effect of slurry

viscosity
23 1.6, 2.0, 2.4 5

III Effect of solid
loading

17, 23, 27 2.0 5
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cies on freezing rate, dispersant, and solid loading. The mea-
surements of wall and macropore size from each cross-sec-
tion were averaged and then added together to determine the
overall average k.

(6) Elemental Mapping
To confirm the dispersion of both LSM and YSZ powders in
the porous composites, elemental mapping was performed on
representative samples from each experimental treatment.
Mapping was done using a scanning electron microscope
(SEM, JSM-7000F; JEOL-USA, Inc., Peabody, MA) coupled
with electron dispersive X-ray spectroscopy.

III. Results

The produced LSM-YSZ freeze-cast composites were robust
and displayed two distinct levels of porosity (Fig. 2): mac-
ropores that result from the sublimation of the aligned ice
crystals and microporosity in the walls of the macropores.

(1) Effect of Processing Variables
The different experimental variables of freezing rate, amount
of dispersant (viscosity), and solid loading were initially
tested to determine if they provided distinguishable and
statistically adequate datasets. Experimental and nominal

(a)

(b)

Fig. 2. (a) Scanning electron microscope image of LSM-YSZ
macroporosity created by ice lamellae. Freezing direction is normal
to the page and (b) magnified image of a freeze cast wall showing
microporosity left by partial sintering. Sample is 23 vol% solids,
contains 2.0 wt% dispersant and was frozen at 5°C/min.

Fig. 3. Plot of experimental and nominal temperatures profiles for
the copper freezing finger versus time for the 1°C/min, 3°C/min, and
5°C/min freezing rates. Error bars represent three to seven
measurements.

Fig. 4. Viscosity curves for 23 vol% solid slurries with various
amounts of dispersant. The curves showed that there was a
significant change in viscosity when dispersant levels were changed.

Fig. 5. Viscosity curves for various solid loadings using 2.0 wt%
dispersant. Notice that the effect of solid loading is less significant
than altering the ratio of dispersant to powder (Fig. 4).
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temperature profiles for the three different freezing rates are
shown in Fig. 3.

Temperature profile data show that the experimental pro-
files fit the nominal profiles of 1°C/min, 3°C/min, and 5°C/
min within "1.1°C, 0.5°C, and 1.0°C, respectively, indicating
that our experimental setup is capable of following a preset
profile with accuracy and precision.

All tested slurries exhibited a clear shear-thinning behavior
with viscosity decreasing with increasing shear rate. Rheolog-
ical testing also shows that there is a significant decrease in
viscosity when the level of dispersant is increased from 1.6 to
2.4 wt% (Fig. 4).

At high shear rates, the 1.6 wt% dispersant slurry was six
times more viscous than the 2.0 wt% dispersant slurry and
more than ten times as viscous as the 2.4 wt% dispersant
slurry. At low shear rates the 1.6 wt% dispersant slurry was
eight times more viscous than the 2.0 wt% slurry and more
than 29 times as viscous as the 2.4 wt% slurry. Rheological
testing was also conducted on the slurries with varying levels
of solids (Fig. 5).

It was found that solid loading had a less profound effect
on slurry viscosity than the amount of dispersant. At high
shear rates the 27 vol% slurry was only 3.5 times more
viscous than the least viscous (17 vol%) slurry. As solid
loading had little influence on slurry viscosity for this solid
loading range we were able to assume that the amount of
dispersant and solid loading would act as independent vari-
ables and their contributions to the resultant freeze-cast
properties would be distinguishable from one another.

It was determined that solid loading was the only variable
that had a measurable effect on porosity levels (Fig. 6).

Porosity levels of partially sintered freeze-casts varied
approximately linearly with initial solid loading for all sam-
ples regardless of freezing rate or viscosity, verifying that the
total porosity of LSM-YSZ freeze casts is independent of
microstructure and is only a reflection of initial solid loading
in the slurry, a conclusion which is supported by a number
of other studies using different material systems.6,7,11,12 The
level of closed porosity remains constant at approximately
7.5% " 0.1% for all samples sintered under the same condi-
tions. This result is consistent with previously reported
studies.25,26

(2) Solidification Velocity and Microstructural Wavelength
The independent effects of freezing rate, dispersant amount,
and solid loading were investigated on solidification velocity
and k. The solidification images taken during freeze casting
were used to calculate the instantaneous solidification veloci-
ties for each sample during the entire freeze-casting

Fig. 6. Average total porosity and open porosity as a function of
initial solid loading. Error bars were not added to the graph because
they were smaller than the symbols.

(a) (b) (c)

(d) (e) (f)

Fig. 7. Plots of average constant solidification velocity as functions of (a) freezing rate; (b) amount of dispersant; and (c) solid loading. Error
bars represent the range from a minimum of 18 measurements. Only freezing rate had a significant effect on solidification velocity indicating that
viscosity and solid loading have little effect on freezing kinetics. Average k size as a function of (d) freezing rate; (e) amount of dispersant; and
(f) solid loading. Error bars represent the range for a minimum of 500 measurements.
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experiment. Using the velocities it was possible to determine
the region in which solidification occurs at a constant veloc-
ity. Our freeze-casting setup produced samples with nearly
constant-sized k from ~6 to 14 mm along the freezing direc-
tion. The freezing velocities measured from the constant
solidification regions were averaged and compared across
each experimental treatment to see which factors, if any,
affected the average solidification velocity of composite
LSM-YSZ freeze-casts (Fig. 7). Average k values as a func-
tion of each experimental variable have been plotted directly
below the solidification velocity plots to better understand
the interrelationships between experimental processing, freez-
ing velocity, and resultant microstructure.

From the freezing velocity plots [Figs. 7(a)–(c)] it was
found that the only variable that had a significant effect on
the freezing velocity was freezing rate. Increasing the freezing
rate from 1°C/min to 5°C/min increased the average solidifi-
cation velocity from 12 to 23 lm/s which corresponded to a
decrease in average k from 82 to 31 lm [Fig. 7(d)]. Altering
solid loading and viscosity had no significant effect on the
freezing velocity indicating that solidification velocity is
mainly dictated by the thermal profile and the solvent being
used.11

The effect of the amount of dispersant (slurry viscosity)
on k is complex. It appears that at intermediate levels of
dispersant (2.0 wt%) the average microstructural wavelength
of a freeze-cast will be approximately 10 " 2 lm smaller
than those of freeze-casts made with either low or high
levels of dispersant [Fig. 7(e)]. It is believed that the behav-
ior exhibited by these samples could be attributed to the
competing effects of supercooling and particle mobility.
Increased levels of dispersant will decrease slurry viscosity
(Fig. 5) and enhance the effect of freezing point depression
and supercooling of the slurry before it freezes, altering the
nucleation regime and subsequent growth27; while decreasing
dispersant levels (increasing viscosity) hinders ice growth by
introducing resistances to particle mobility.28 It is however
unknown what the exact extent of these competing factors
is for the LSM-YSZ system. More investigations need to be
conducted to determine the effects of viscosity on micro-
structure.

Interestingly, although solidification velocity did not
change with different solid loadings, average k increased
from 28 to 36 lm with an increase in solid loading from 17
to 27 vol% [Fig. 7(f)], with the most noticeable effect occur-
ring at the highest solid loading. It can be assumed from this

(a)

(c)

(b)

Fig. 8. Elemental map of (a) Zirconia (Blue - Online, Dark Grey - In Print); (b) Lanthanum (White); and (c) the composite elemental distribution
within a single wall of a freeze-cast (1.6 wt% dispersant and 23 vol% solids). Freezing direction is normal to the page for all images. Micron bars
equal 2 lm.
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observation that an increase in wall thickness (from increased
solid loading) does not lead to an equivalent decrease in
macropore size and vice versa. There is clearly an additional
contribution to k apart from solidification velocity. Both
from the effect of dispersant and solid loading, it is clear that
k is not solely determined by the solidification velocity.

(3) LSM-YSZ Dispersion
Elemental mapping revealed that the LSM and YSZ phases
are well distributed after processing for each of the five dif-
ferent slurries including those with different levels of disper-
sant. A representative map is shown in Fig. 8.

There are no excessively large clusters of LSM or YSZ
visible in any of the compositional maps although the struc-
ture does seem to be characterized by the presence of small
agglomerates possibly due to the nonideal dispersion made
necessary by the two-particle materials system. The good dis-
tribution of the two phases will allow for percolation of elec-
tronic and ionic conducting particles throughout the
cathode.8,20 For a fuel cell electrode, however, percolation
along the macropores, where gaseous species flow, are espe-
cially important. Any deficiencies in LSM along the ceramic
wall boundaries would be particularly detrimental to perfor-
mance. Mapping of an entire wall, from macropore to mac-
ropore, showed even distribution of the two phases across
the entire ceramic wall (Fig. 9).

IV. Discussion

(1) Aqueous Dispersion of LSM-YSZ
The first challenge to creating anisotropic freeze-casts of
LSM and YSZ required a stable aqueous dispersion with an
adequate degree of fluidity for freeze-casting.6 The LSM and
YSZ particles that were used have significantly different size
distributions, d50 = 0.8 and 0.3 lm, respectively. The differ-
ent sizes and densities of the particles lead to differing drag
forces for LSM and YSZ. Preliminary tests showed that for
slurries with low viscosities the YSZ and LSM would sepa-
rate from one another. The lighter, smaller YSZ would tend
to segregate from the large, heavy LSM, resulting in a non-
homogenous distribution of particles. It was found that by
increasing the viscosity of the slurry by decreasing the
amounts of dispersant, one could create a stable dispersion
while still maintaining the workability necessary to make a
freeze casting. It is believed that the increased viscosity pre-
vented slurry destabilization by decreasing particle mobil-
ity.29 Solidification velocity testing [Fig. 7(b)] confirms that
freezing kinetics were unaffected by the increased viscosity.

The dispersant levels chosen for this experiment were
found to be the limits of what the LSM-YSZ slurry could
support. At low levels of dispersant (high viscosities), the
slurries were so viscous that they were unable to properly
settle in their molds, the resultant structures contained many
voids, cracks, and defects that rendered them extremely
weak. On the other end of the spectrum, high levels of

(a)

(d)

(b) (c)

Fig. 9. (a) Scanning electron microscope image of an entire freeze-cast ceramic wall (1.6 wt% dispersant and 23 vol% solids); (b) zirconia map
(blue - online, dark grey - in print); (c) lanthanum map (white); and (d) composite elemental distribution from macropore to macropore.
Freezing direction is normal to the page for all images. Micron bars equal 10 lm.
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dispersant led to slurry destabilization which resulted in a
heterogeneous distribution of LSM and YSZ in the final
ceramic.

(2) Microstructural Control
As reported by Deville et al.,6,11 microstructural wavelength
is empirically dictated by a power-law:

k ¼ Av!n (1)

where n represents the effect of solidification velocity (m) on
microstructural wavelength (k) and the prefactor (A) repre-
sents the contributions from the initial slurry, i.e., solid load-
ing, viscosity, etc. By plotting average k as a function of
solidification velocity on a log scale (Fig. 10), we find that
the experimentally derived average k values for the LSM-
YSZ system is also well approximated by this expression
where A is 4034 and n is 1.5. The n-value derived from these
experiments is larger than those found for alumina (n = 0.8–
1.3)11,17 indicating that k, for LSM-YSZ freeze-casts, shows

a stronger dependence on solidification velocity which is
actually advantageous for microstructural tailoring. The
n-value has been shown to be dependent on particle size11,27

therefore, our large n-value could be partially attributed to
the relatively large particle sizes (d50LSM = 0.8 lm,
d50YSZ = 0.3 lm) being used. Using Eq. (1), average k for
freezing velocities in the proximity of those investigated here
can be predicted, making this a powerful tool for tailored
LSM-YSZ microstructures.

When solid loading is altered, both m and the n-value
remain constant; however, there is still a positive trend for
average k with solid loading [Fig. 7(f)]. Using Eq. (1) with
constant m and n, an expression for A with respect to solid
loading was found and plotted in Fig. 11. It was determined
that A can be approximated as a linear function where x is
the solid loading fraction (vol%) of the slurry. As both m
and n remained constant for this experiment, it is the change
in A as a function of the solid loading that is responsible for
the increase in average k. To identify any specific changes on
the microstructural level, the thickness of the ceramic walls
and macropores were separated and individually plotted
(Fig. 12).

It was found that the rate of ceramic wall growth does not
equal the rate of macropore size decrease. For increasing
solid contents, average wall size increased more than twice as
fast as the decrease in average macropore size. It is this
unequal wall-to-pore size change which accounts for the
increasing average k with solid loading [Fig. 7(f)].

Using the empirical relationship from Eq. (1), it can be
seen that k is exponentially dependent, and therefore highly
sensitive, to changes in m and only linearly dependent on the
A-value. For a given set of experimental conditions, there
will be an equilibrium solidification speed m* and an equilib-
rium ice crystal. The size of this equilibrium crystal is pre-
dominantly related to m*, as the thickness of an ice crystal is
directly proportional to the speed at which it freezes.11 The
thickness of the ceramic walls is a function of the space
available between the growing ice crystals. Increasing the
solid loading (Fig. 12) will result in increased wall size to
account for the increased solid fraction, however, because
solidification velocity remains unchanged [Fig. 7(c)], the ice
crystals will be biased towards remaining their equilibrium
size at m*. It is for this reason that average k increases
[Fig. 7(f)] even though solidification velocity remained consis-
tent [Fig. 7(c)]. This allows for the ratio of wall-to-pore size

Fig. 10. Average k as a function of solidification velocity (for the
1°C/min–5°C/min samples). Dispersant and solid loading are held
constant at 2.0 wt% and 23 vol%, respectively. The data have been
plotted on a log scale and fit with a power law (R-value > 0.99) to
be used as a predictive relationship.

Fig. 11. A as a function of solid loading. All data were taken at a
freezing rate of 5°C/min, and the values for m and n were 23 lm/s
and 1.5, respectively (R-value > 0.92).

Fig. 12. Plot of average microstructural size as a function of solid
loading (vol%). Open circles represent macropores while black
squares represent wall sizes. Using a linear trendline it was
determined that the wall size (R-value > 0.93) increased faster than
the macropore size decreased (R-value > 0.97).

Anisotropic Porosity LSM-YSZ Composites 7



to be tuned while holding pore size approximately constant
(Fig. 13).

The suppressed effect of solid loading on macropore size is
only the case for a limited range of solid loadings. At high
solid loadings (>80 wt%)11 particle–particle interactions
begin to have a significant impact on the impinging freezing
front,28,30 additionally, particle redistribution during solidifi-
cation becomes difficult and the ice crystals will engulf the
ceramic particles rather than pushing them aside. The result
is an isotropic, dense structure.

V. Conclusions

Anisotropic, hierarchically porous microstructures with
uniaxially aligned pores for SOFC cathodes were controlla-
bly fabricated by directionally freeze casting aqueous disper-
sions of LSM and YSZ powders. The resultant composites
show good dispersion of the electronic and ionic conducting
particles, they are robust and display excellent control
of porosity (52–66 " 0.34 vol%), and average k (31–82 "
6.3 lm). Average k can be precisely controlled by controlling
the freezing rate and is well approximated by a simple
power-law providing a method for the design and prediction
of microstructures. In addition, the ratio of wall-to-pore size
can be tuned using the solid loading.

Freezing rate was found to be the only significant factor
affecting freezing velocity indicating that the freezing process
is primarily a function of the freezing kinetics of the solvent
and the thermal conditions of the system. Total and open

porosity were found to be independent of microstructure and
only affected by the initial solid loading of the slurry. Viscos-
ity was found to have no significant effect on freezing veloc-
ity and only a minor although complex effect on
microstructural characteristics, although its effect on
dispersion of particles and creating workable slurries was
critical.

The prefactor, A, in Eq. (1) is proportional to the micro-
structural wavelength, k. The A-value was found to linearly
depend on the solid loading. An additional effect of solid
loading was on the total porosity. Finally, the micro-poros-
ity appears to depend on the sintering conditions. Thus, this
investigation has shown that it is possible to independently
control the microstructural wavelength, total porosity, and
the relative amount of micro- and macro-porosity.
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