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Many biologic structural materials have porous microstructures with a dis-
tribution and orientation of pores that are challenging to achieve using tra-
ditional methods of processing. In this investigation, numerical and
experimental methods of evaluation were used to understand effects from the
primary processing parameters on the temperature gradients during solidifi-
cation in freeze casting of ceramics. The location and orientation of the tem-
perature gradients were found to be highly dependent on the geometrical and
thermal properties of the mold material used in processing. Furthermore, it
was found that careful control of these processing variables can be used to
design bioinspired porous materials with graded orientations and distribu-
tions of pores.

INTRODUCTION

Among biologic structural materials, bone is
exceptional because of its ability to combine
strength, stiffness and toughness with rather lim-
ited weight.1 This is largely attributable to its
hierarchical microstructure.2 At the macroscale,
bone consist of porous structures with interconnec-
tivity, a specific aspect ratio, distribution and
varying orientations depending on the particular
structural requirements.3

In recent years, scientists have explored the
adoption of different manufacturing techniques for
developing synthetic materials with controlled
porosity.4–8 Among the candidates, freeze casting
is a relatively new technique for developing porous
materials, which allows control of the pore size and
shape through proper control of specific process
variables.8–12 The porosity of materials developed
by freeze casting has very characteristic microstruc-
tures, which can be qualitatively described as being
lamellar, dendritic, cellular, honeycomb and/or
columnar. Based on the unique qualities of struc-
tures available, this process is an excellent candi-
date for the manufacture of ‘‘bone-like’’ materials or
biomaterials with controlled porosity.

The freeze-casting process involves four basic steps:
(1) ceramic slurry preparation, (2) freezing of the
slurry, (3) sublimation and (4) sintering. Most

contributions in this area have argued that the most
important step for controlling pore morphology is
related to slurry preparation.13 The slurry consists of
particles suspended in a colloidal medium (fluid).
While ceramics are the most commonly used particles,
metallic and polymeric particles can also be employed
in the process.9 The choice of the medium and additives
largely determines the resulting pore morphology.

Water-based suspensions are the most commonly
studied in freeze casting, since there is a wide range
of porous structures that can be achieved. The
predominant pore structure obtained with water-
based slurries is lamellar, with distinct plate-like
morphologies. A change in suspension characteris-
tics through additives has been shown to modify the
morphology, substituting lamellar with dendritic or
cellular structures.14–16 The concentration of the
particles within the slurry also has an effect on the
final part. As expected, increasing concentrations
lead to denser materials17; a linear relationship
between the porosity and initial solid content of the
slurry has been reported.18,19 Another important
parameter is the particle size, with more detailed
structures obtained with smaller particles. During
freezing, the direction9 and rate12,20 of freezing are
important parameters to control pore morphology.

Once the freezing has been completed, the sam-
ples must be lyophilized to sublimate the frozen
liquid phase. As a result, the lyophilized sample has
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a porous structure with a replica of the crystal
shape formed during freezing. After sublimation,
the sample is in a ‘‘green’’ state, where it can hold
the form and shape. Nevertheless, it is not durable
enough in this state for mechanical loads. The
sublimation process takes place in a chamber with
temperature and pressure, which are particular to
each solvent. To the authors’ knowledge, no studies
have reported the effects of the lyophilization
process variables on the pore morphology. As a
final step, sintering of the cast ceramic is performed
in a furnace. Depending on the sintering tempera-
ture, the material structure can undergo densifica-
tion, which affects the pore morphology and
distribution.9 Thus, while the flexibility that is
achieved from the range in processing variables is
an advantage, it adds significant complexity to
understanding the principles that govern porosity-
process relationships.

As in freeze casting the pore characteristics are
the result of fluid solidification, the driver of the
crystal nucleation and growth during freezing is the
temperature distribution within the medium. Alto-
gether, freeze casting offers a tremendous opportu-
nity to create synthetic materials that could lead to
the development of novel structures for a wide
range of applications.21,22 Although abundant liter-
ature is available on the freeze-casting process,
knowledge of the fundamental aspects of ice nucle-
ation and growth, which are the result of atomistic
events driven by thermal fluctuations, is far from
complete.23,24

Although the freeze-casting process is customiz-
able based on setting specific process variables,
controlling the development of the pore structure
during processing can be challenging.25–27 Effects of
mold design with varying contact areas within the
heat sink have been studied to modify the pore
structure.28 Highly porous SiC ceramics have also
been obtained by using several freezing conditions
combined with finite element analysis.29 The use of
numerical simulations to predict the structures and
morphologies of freeze-cast materials have been also
applied to produce porous scaffolds from collagen 30

and chitosan-alginate scaffolds.31 Thus, computer
simulation is a promising route for creating complex
designs with ceramic materials.

The aim of the current study is to test the
following hypothesis: the porous morphologies of
materials obtained by the freeze-casting process can
be predicted by the temperature gradients during
freezing. The objective of this work is to evaluate, by
means of numerical modeling and experimentation,
the effect of cooling patterns on the porous mor-
phology of freeze-cast ceramics. Understanding how
these cooling patterns can be used to control the
ceramic microstructure in freeze casting will facil-
itate the manufacture of advanced porous bioin-
spired structures.

MATERIALS AND METHODS

Materials

The ceramic slurry used in this investigation was
prepared using distilled water as the aqueous
medium. Alumina powder (Al2O3 ‡ 99.999%) was
used as the ceramic material with average particle
size of 500 nm (MSESUPPLIES) at 30 wt%. Poly-
vinyl alcohol (341584 Aldrich, Mw 89,000–98,000)
was used as an organic deflocculant at 1.4 wt.% of
the alumina powder. Poly(vinyl) alcohol works as a
binder, increasing the strength of the green part.24

The zeta potential of the alumina slurry was
measured as a function of pH. The pH of the
samples was adjusted to different values from 2 up
to 12. The zeta potential measurements were per-
formed using Malvern Zetasize equipment at room
temperature (293.15 K).

Colloidal interactions govern whether the parti-
cles in the fluid aggregate or remain separated.32

The zeta potential characterizes the surface prop-
erties of the particles in suspension. The magnitude
of this parameter is often used as a measure of the
strength of the repulsive interactions between par-
ticles. Chemical and physical properties of the
particle’s surface and medium are affected by its
adsorption of polyelectrolytes,33 with higher
adsorbed concentrations favoring stability and low
adsorbed concentrations promoting flocculation.
The isoelectric point, where the slurry is unstable,
and the zeta potential is zero, was located at pH 2.4.
Therefore, to have particles in suspension before the
freezing process, the alumina slurry was kept at pH
6.0, with a zeta potential of � 20 mV.

Experimental Methods

Several ceramic materials were manufactured by
freeze casting to study their porous morphology. All
samples were manufactured using cylindrical molds
with 40 mm inner diameter, 50 mm height and
5 mm thickness of the container mold (Fig. 1). To
have extremes in thermal conduction and evaluate
the effect of thermal properties of the mold on the
cooling patterns of the frozen ceramic slurry, two
molds were manufactured, one each using rubber
(k = 1 W/m K�1) and aluminum (k = 167 W/m K�1).
Both were prepared with the same surface finish. In
all the cases the base of the mold in contact with the
freezing medium was made of aluminum with a
thickness of 5 mm (k = 167 W/m K�1).

Approximately 40 mm of each mold was filled
with the alumina slurry. The base of the molds was
kept at constant temperatures of T1 = 203.15 K,
T2 = 143.15 K or T3 = 93.15 K to evaluate the effect
of the freezing rate on the pore morphology.

After freezing, the samples were subjected to
freeze drying for 12 h to allow sublimation of the ice
(VirTis BenchTop 4 K, 16 mTorr at 193 K), accord-
ing to.34 Finally, sintering was performed at
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1773.15 K in a convective furnace (Nabertherm
LHT 04/17).

To study the pore morphology and distribution
within the samples, optical microscopy (Zeiss, Dis-
covery V8) was performed in reflection mode to
measure the effects of variations in the process
parameters on pore morphology. Sintered samples
were cut in half along the longitudinal direction
using a diamond slicing disc. Pore density (k),
defined as the number of pores counted over a
1 mm distance, was measured for the manufactured
samples using the magnifications necessary to
easily differentiate neighbor pores (i.e., 60 9). Mea-
surements were performed at consistent and speci-
fic positions in all samples, corresponding to 0.3 l
and 0.7 l of the mold height as shown in Fig. 1. A
microscopic computed tomography (micro-CT) sys-
tem (North Star Imaging X5000) was used to
determine porous patterning at macro-levels,
enabling a quantitative evaluation of distribution
at the micro and macro levels. The CT parameters
used for all the scans were voltage = 80 kV, cur-
rent = 600 lA, geometric zoom = 9 8.21, resolu-
tion = � 35.2 lm, number of projections = 1200,
frame average = 2 and frame rate = 1 fps. A phan-
tom-like reference material was not used for cali-
bration. The beam distortion was corrected by an
offset and three gain maps of the detector in air.

Numerical Methods

Numerical modeling was performed to analyze
the temperature distribution within the experimen-
tal domain corresponding to the mold and ceramic
slurry. The modeling consisted of solving the heat
equations with given boundary conditions. The
freezing device was simplified as a cooling surface
on which the mold containing the colloidal suspen-
sion was placed. A full description of the numerical
model used and its validation can be found in the
Electronic Supplementary Material.

The heat transfer problem for simulating freezing
within the experimental cylindrical mold (Fig. 1)

can be simplified as an axisymmetric problem with
three domains corresponding to: (1) the cooling
plate, (2) the mold material and (3) the colloidal
suspension. Each domain has its own thermal
properties. The boundary conditions (BCs) of the
model were defined as 35: Dirichlet boundary condi-
tions, referring to a situation where the tempera-
ture at any surface is controlled directly. In our
domain, the bottom of the experiment, which is in
direct contact with the cooling elements, was set to
maintain a fixed constant temperature with this
BC. On the other hand, Neumann boundary condi-
tions equal to zero model a situation where the heat
flow rate is controlled. In our experiments, this
condition was applied to the axisymmetric axis since
the heat cannot enter or leave through that bound-
ary. Finally, Robin boundary conditions were
applied as a convective boundary condition. In our
experiment, it was used to represent the movement
of the air around the experiment.

The temperature evolution within the experiment
is a time-dependent process, and the final gradient
direction was obtained in short periods of time,
obtaining the same results if the analysis was
carried out after the steady state was reached.
Therefore, after analysis of the final effect of the
transient time-dependent part of the process on the
pore formation and orientations, it was found that
there were no considerable effects.

The heat equation of this problem is a parabolic
partial differential equation and can be written as:

@T

@t
� ar2T ¼ 0; ð1Þ

where T is the temperature, t the time and a the
thermal diffusivity, defined as:

a ¼ k

Cpq
; ð2Þ

with k representing the thermal conductivity, Cp

the specific heat capacity and q the mass density of
the material. The thermal properties of the ceramic
slurry depend on various parameters, including the
thermal conductivity of the base fluid and particles,
volume fraction of particles, surface area, shape of
the particles and temperature of the system, among
others. There are no theoretical approaches avail-
able to predict the thermal properties for the
ceramic slurry.36 Nonetheless, there are some
semi-empirical correlations that can be used to
estimate the thermal conductivity. The classic
Maxwell model predicts the thermal conductivity
of solid-liquid mixtures (K) based on the thermal
conductivity of the base fluid (km), particles
(kp)—assuming they are spherical—and volume
fraction of ø particles according to:37

K

km
¼ 1 þ 3/

kpþ2km
kp�km

� �
� /

: ð3Þ

Fig. 1. Schematic diagram showing the experimental setup and
boundary conditions used in the finite element modeling. The points
shown in the slurry at 0.3 L and 0.7 L represent positions selected for
analysis close to the axis of the slurry (C) and to the mold (M).

Control of Porosity in Freeze Casting 1479



Furthermore, the parameter Cpq in Eq. 2 for
the ceramic slurry was estimated using the
approach proposed by Xuan and Roetzel 38 following
the rule of mixtures. Table I summarizes the ther-
mal properties of the materials used in the
calculations.

A finite element modeling software (Freefem++;
v3.57) was employed to simulate the effects of the
experimental parameters on the cooling patterns in
the ceramic slurry. The simulations were validated
using an analytical model for special cases (see
Electronic Supporting Information and Figures S1
and S2 for details). The parameters specified in the
model include the convective coefficient, thermal
conductivity of the materials, diameter and thick-
ness of the mold, and temperature at the base of the
mold in contact with the cooling plate (e.g., freezing
temperature). To compare the effects of varying the
control parameters, a pair of points was chosen at
two different radial distances from the axis of
symmetry, which were located at 0.3 L and 0.7 L
of the total height of the ceramic slurry (Fig. 1). One
set of points was positioned 5 mm from the axis of
symmetry (e.g., 0.3 C and 0.7 C), and the second
was 5 mm away from the mold (e.g., 0.3 M and
0.7 M). The difference in temperature between the
two points (i.e., TM � TC) was calculated to evaluate
temperature differences at critical zones in the
sample domain. A difference in temperature
between the points close to zero shows that there
were no temperature differences between the center
and mold. Alternatively, there were positive or
negative differences in temperature.

RESULTS AND DISCUSSION

Figure 2a shows the microstructural pattern
resulting from the freezing process for a sample
that was revealed by micro-CT evaluation. In
addition, at higher magnification Fig. 2b shows the
lamellar distribution of the pores obtained. A com-
parison of the samples produced by freezing within
the two different mold materials is shown in Fig. 3.
Specifically, the samples developed in the aluminum
mold are shown in Fig. 3a–c for the mold base

temperatures of 203 K, 143 K and 103 K, respec-
tively. Similarly, the samples developed in the
rubber mold at these three temperatures are shown
in Fig. 3d–f, respectively. This general comparison
shows that each sample displayed a unique freezing
pattern that depended on the cooling temperature
and mold material. Nevertheless, the mold material
played a substantial role in the freezing patterns as
evident from comparing Fig. 3a–c with d–f.

Well-defined lamellar macro-pores were observed
in all of the samples developed (see Fig. 2b). How-
ever, they exhibited different particle-frozen front
interactions throughout the sample as a conse-
quence of the different freezing temperatures, lead-
ing to particular pore morphologies and
orientations.

Figure 4 shows the variation in the number of
pores per millimeter as a function of freezing
temperature and position within the samples.
Results for the samples fabricated using the alu-
minum and rubber molds are shown in Fig. 4a and
b, respectively. Interestingly, for samples prepared
using the aluminum mold there were no significant
differences in pore distribution when comparing the
two slurry positions (e.g., 0.3 L and 0.7 L), as shown
in Fig. 4a. However, the cooling temperature does
have an important effect on pore density; smaller
pores resulted when the mold temperature driving
the freezing process was reduced. On the other
hand, for samples prepared using the rubber mold,
there were significant differences in the pore den-
sity as a function of distance from the cooling plate
and in terms of the freezing temperature, as shown
in Fig. 4b.

Figure 5 shows the effect of varying mold geome-
tries on the FEA results. For instance, as shown in
Fig. 5a, increasing the mold wall thickness from
4 mm to 45 mm results in a reduction of the
temperature difference in the slurry domain
between the center and mold region at the two
points of evaluation (0.3 L and 0.7 L). Furthermore,
there is a mold thickness value (15 mm) that causes
a remarkable change in the slope of the curve. From
that point on, increasing the mold wall thickness

Table I. Thermal properties of the ceramic slurry with 30% solid content, aluminum mold and rubber

Thermal conductivity (K) (W/
(m K))

Specific heat capacity (Cp) (J/
(g �C))

Mass density (q)
(g/cc)

Aluminum 210 0.9 2.69
Rubber 0.15 0.44 0.95
Ceramic slurry (30% solid
content)

1.856 * 3.945**

Aluminum oxide 26 0.9 3.8
Water 0.6 4.17 1

*Calculated using Eq. 3**Calculated using Xuan & Roetzel’s 31 model

Gil-Duran, Arola and Ossa1480



does not cause a substantial change in temperature
difference. Moreover, as shown in Fig. 5b, the mold
can also be tuned to control the slurry temperature
differences through adjustment of the mold diame-
ter. As the diameter of the mold is reduced from

approximately 60 mm, a more even cooling distri-
bution is obtained as shown in Fig. 5b. In general,
the mold design can be tuned to achieve a particular
cooling pattern and microstructural texture.

Fig. 2. Freeze-cast sample manufactured using the aluminum mold at cooling temperature of 203 K. (a) Micro-CT image; the scale bar
represents 10 mm. (b) Optical microscopy image showing the lamellar pore morphology; the scale bar represents 500 lm.

Fig. 3. Micro-CT images of the freeze-cast samples manufactured using the aluminum mold at cooling temperatures of: (a) 203 K, (b) 143 K and
(c) 103 K. Corresponding freeze-cast samples manufactured using the rubber mold are shown for cooling temperatures of: (d) 203 K, (e) 143 K
and (f) 103 K. The blue dashed lines show aligned porosity orientations. The scale bar in each figure represents 10 mm. Both aluminum and
rubber mold dimensions are 40 mm inner diameter, 50 mm height and 5 mm wall thickness.
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Figure 6 shows the effects of the thermal param-
eters on the temperature differences at the points of
interest based on the FEM. Specifically, the impor-
tance of the freezing temperature, convective coef-
ficient and thermal conductivity is shown in
Fig. 6a–c, respectively. As shown in Fig. 6a, the
freezing temperature is shown to have a linear
effect on the temperature difference between the
points of interest, and as the freezing temperature
increases more uniform cooling patterns are
obtained. External variables can also have an effect
on the cooling patterns. For instance, the air speed
around the mold, which is represented by the
convective coefficient, has an important effect on
temperature differences as shown in Fig. 6b. A
higher convective coefficient promotes larger differ-
ences in temperature (Fig. 6b). This parameter is
easy to adjust in the manufacturing process to
control the morphology of pores in the sample. On

the other hand, Fig. 6c shows the effect of the mold
thermal conductivity between 1 W/m K�1 (i.e., rub-
ber) and 167 W/m K�1 (i.e., aluminum) on the
temperature difference between the points of inter-
est. As shown by the response, the thermal conduc-
tivity of the mold material directly influences the
cooling patterns obtained. That is also apparent
from the solidification patterns in Fig. 3. Molds with
higher thermal conductivities promote faster freez-
ing of the slurry near the mold wall than at the
center (Fig. 3a–c). Furthermore, for a thermal con-
ductivity of approximately 5 W/m K�1, the differ-
ence in temperature between the two points is a
minimum, which results in an even cooling pattern
and leads to a horizontal temperature gradient.

Figure 7 shows the temperature distributions in
the mold as a function of the freezing temperature
using both rubber and aluminum molds. Results for
the aluminum mold and the rubber mold are shown

Fig. 4. Measured variation of pore density (pores/mm) as a function of freezing temperature for different positions within the freeze-cast
samples. (a) Aluminum mold; (b) rubber mold.

Fig. 5. Effect of mold geometry on temperature differences calculated using the FEA. (a) Mold thickness; b) mold internal diameter.
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at three different temperatures (203 K, 143 K and
93 K) in Fig. 7a–c and d–f, respectively. There are
clear differences in the cooling patterns within the
experimental domains for each mold material. For a
given mold material, the cooling gradients have the
same orientation with respect to the freezing

direction. Nevertheless, the differences in the tem-
perature range with freezing temperatures are
significant.

Solidification is a critical stage in the freeze-
casting process since the crystal morphology deter-
mines the resulting pore characteristics. While
there are different crystal structures that can be
formed with water-based slurries,39 hexagonal ice
crystals are the most common.9 During the phase
transition of liquid water to ice, the disordered
liquid molecules become organized via hydrogen
bonding on a process that can be divided into
nucleation and crystal growth, both having an
impact on the crystals formed.40 During nucleation,
water molecules are initially organized to form the
solid that will undergo growth to form the crystals.
The nucleation process is primarily stochastic and
cannot be completely controlled.41,42 Once it has
occurred, the newly formed nuclei undergo a process
called secondary nucleation, which leads to the
development of new crystals.43,44 After this initial
nucleation, the remaining liquid undergoes crystal
growth.45

There are two preferential axes of crystal growth,
including the a and c axes, with the c-axis growing
10�2–10�3 slower than the a-axis.39 The a-axis is
parallel to the temperature gradient, establishing
the orientation of the main crystals in such direc-
tions, while the c-axis crystal growth is perpendic-
ular to the temperature gradients, promoting
interconnectivity between crystals and resulting in
pore interconnectivity in the final cast material
(Fig. 8).

The mechanisms driving crystal growth explain
why there are no significant differences in pore
density as a function of position in the freeze
castings produced using the aluminum mold. With
this mold the temperature tends to be homogenized
close to the walls because of its high thermal
conductivity. On the other hand, higher tempera-
ture gradients were found at 0.3 L and 0.7 L with
the rubber mold because of its thermal insulating
nature. Therefore, if there is a large mismatch
between the thermal properties of the ceramic
slurry and mold, horizontal temperature gradients
will develop, affecting the growth kinetics of the
crystals and the pore characteristics of the material
obtained. Thus, the temperature gradients and
their orientation can be chosen to develop a desired
pore structure. Figure 8 shows the influence of
temperature gradients on the pore orientation. Note
that the freeze casting shows pore orientations that
depend on the specific thermal properties of the
mold material and the position analyzed. The
orientation of the pores is governed by–and aligned
with—the temperature gradients as indicated by
the arrows in the figure. Thus, when a complex pore
morphology is to be produced by freeze casting, the
temperature gradients have to be considered in the
mold design.

Fig. 6. Effect of thermal variables on temperature differences as
calculated using the FEA. (a) Freezing temperature; (b) convective
coefficient; (c) thermal conductivity.
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The variables affecting the cooling patterns
within freeze castings have been described, as well
as how specific mold and thermal variables affect
the cooling patterns within the slurry domain, and
their effect on the pore morphology has been shown.
Alumina was used in this study as a material with
known properties and characteristics. Different
parameters such as the zeta potential, thermal
properties, sedimentation, particle size and mor-
phology must be considered if a different material is
going to be used. However, if these parameters are
correctly controlled in the slurry and the numerical
model includes the main thermal parameters and
dimensional conditions of the mold used, it is
expected that the temperature gradients can be
correctly predicted and hence the final pore mor-
phology of the part fabricated. Results of the current
work can help to guide the mold design and the
thermal conditions necessary to achieve a desired
pore morphology. It is worth noting that if more
details are required for prediction, a more elaborate
multiphasic model including the dynamics of crystal
growth and changes in volume has to be developed.
Nonetheless, a simple model like the one presented

here can lead to a realistic control of the porosity
orientation in freeze-cast materials and can be used
to manufacture bioinspired porous materials.

CONCLUSION

A combined experimental and numerical study
was conducted to characterize the cooling patterns
obtained during solidification in freeze casting and
contributions from the primary process parameters.
It was found that the freezing pattern and cast
microstructure are strongly dependent on the mold
design and temperature gradient, which affect the
pore morphology of the cast material. Temperature
gradients within the mold domain are controlled by
the sample volume, shape, freezing rate, convective
coefficient, and mold material and geometry. Finite
element modeling served as a tool to understand the
temperature gradients quantitatively and their
contribution to the pore morphology. A porous
structure with the required morphology can be
obtained via tuning of the temperature gradients
during freezing of the slurry through careful control
of the dimensional and thermal properties of the
mold.

Fig. 7. Calculated temperature differences with varying molds and freezing temperatures. Aluminum mold: (a) 203 K; (b) 143 K; (c) 93 K.
Rubber mold: (d) 203 K; (e) 143 K; (f) 93 K.
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Fig. 8. Relation between temperature gradients and pore orientation for (a) aluminum mold with freezing temperature of 93 K. (b) Rubber mold
with freezing temperature of 143 K. The arrows show the direction of the temperature gradient and a-axis of crystal growth. The scale bar
represents 1 mm.
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