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Abstract
Porous ceramics offer unique properties that can bring advances to many application areas. The freeze-casting process has a strong potential for fabricating
porous ceramics; however, the effects of process parameters on part porosity
must be well understood for scalable manufacturing via freeze casting. This
paper presents an experimental analysis of the freeze-casting process that correlates the freeze-casting parameters with pore characteristics. A full-factorial
design of experiments is conducted on a unidirectional freeze-casting testbed
using silica as the ceramic material and camphene as the solvent. The effects
of solid loading, particle size, cooling temperature, and the distance from the
cooling surface on porosity characteristics are evaluated. The fabricated samples
are cross-sectioned vertically and horizontally and imaged using scanning electron microscopy. Image processing is used to obtain the porosity characteristics of
areal porosity, pore size, pore shape, and pore orientation. The capability to steer
the pore orientation is also demonstrated through bidirectional freezing experiments supported by a finite-element model. As a result, a quantitative understanding of the effects of freeze-casting process parameters on porosity characteristics is gained for the silica–camphene system. These results and the presented
approach can be used for reproducible manufacture of porous ceramics with controlled porosity.
KEYWORDS
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INTRODUCTION

Porous ceramics offer a unique combination of advantageous properties, including a high surface-to-volume
ratio (i.e., surface density),1,2 high specific strength under
compression,3 directional permeability,4 and tailored thermal properties.5 As such, porous ceramics could become
ideal materials for a variety of applications such as

high capacity Li-ion batteries,6 thermal insulation,7 photonic devices,8 and electrochemical catalysis.9 Although
considerable research has been devoted to fabricating aerogels—low-density porous ceramics with less
than 3% solid content, commonly used for thermal
isolation10,11 —understanding of fabrication and scalable
manufacturing of higher density porous ceramics is still
lacking.
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Several methods have been developed to fabricate
porous parts. The gas-foaming process12,13 involves consecutive chemistry-driven foaming and polymerization steps.
Although this method has been used broadly for the
industrial fabrication of polymer foams, such as expanded
polystyrene (EPS), it poses challenges in creating directional open porosity necessary for certain applications.13
The inverse opal14 and template-assisted self-assembly15
methods are used to fabricate porous parts with highly
ordered uniform spherical pores. However, the need for
using monodispersed microsphere lattices (that form the
pores) and complex chemical processes (to remove the
sacrificial microspheres) limits the use of these processes
to only a few material systems. In addition, parts created
with these techniques may exhibit a high percentage of
closed pores, hindering their utilization for various important applications. The partial sintering process16 involves
using agglomerated fine powders, where compaction pressure is used to vary the pore size. However, the pore geometry depends on particle sizes, and the channel formation is
random. Although useful, the methods mentioned earlier
are limited in applicability to ceramic materials and controllability of pore geometries and connectivity.
An alternative fabrication process, freeze casting, has
a strong potential as a scalable manufacturing process
for fabricating porous ceramics with controlled porosity.
Also referred to as ice-templating,17 freeze casting has
gained popularity as a simple and low-cost fabrication
approach for porous parts with interconnected internal
porosity. The process utilizes highly anisotropic solidification characteristics of liquids to create structures with
controlled porosity from colloidal suspensions. First, a
slurry is made by dispersing a powdered form of a ceramic
material in a liquid solvent. Next, the slurry is filled in a
mold and frozen by carefully controlling the thermal gradients. During freezing, the formation of the solidified—
ice—structures is governed by the phase-change dynamics of the solvent and physical interaction between the
advancing freeze front and the suspended particles in
the slurry. For instance, when the solvent is water, the
ice structures assume lamellar forms, whereas dendritic
ice structures form when the solvent is camphene. As those
ice structures grow within the slurry, they repel and consolidate the solid particles. Subsequently, the frozen solvent is sublimated, and the remaining gpart is sintered
to create the porous ceramic part. The shape and distribution of the pores within the part are dictated primarily by the ice structures and secondarily by the sintering
profile.18
A volume of literature published on freeze casting over
the last two decades has demonstrated the basic capabilities of the technique for fabricating porous ceramics,19
metals,20 and polymers.21 The primary focus of those
works has been on new material systems, freeze-front pro-
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gression, and specific ice structures resulting from the
use of different solvents.22–25 However, research on manufacturing aspects of freeze-cast porous ceramics toward
their industrial application has been limited.26 The potential impacts of porous ceramics in many advanced applications make a scalable manufacturing of ceramic parts
with controllable and reproducible porosity critical. Specifically, comprehensive studies to quantify the relationship
between the process parameters and the porosity characteristics are needed to develop reproducible and scalable
manufacturing processes for porous ceramics.
This work presents an experimental analysis to determine the relationship between the freeze-casting process
parameters and the pore characteristics for the fabrication of porous ceramics. To this end, we used silica as the
powder material and camphene as the solvent. A unidirectional freeze-casting system with constant base temperature is constructed to perform the experimental analyses.
A full-factorial design of experiments (DOE) is completed
with two particle sizes, two cooling (base) temperatures,
and two slurry concentrations as process parameters. After
sublimating camphene, the samples were sintered to create cylindrical porous silica parts. The parts are then crosssectioned normal and parallel to the freeze front to analyze the pore characteristics, including areal porosity, pore
size, pore elongation, pore orientation, and their change
with the distance from the freezing surface. An analysis of
variance (ANOVA) study is performed to delineate processparameter relationships’ statistical characteristics. To evaluate the capability of controlling the pore orientation, a
bidirectional freeze-casting system is created, and the ability to “steer” the pore orientation is demonstrated. A simplified finite-elements (FEs) model of the freeze-casting
process is also developed to guide the experiments and
compare experimental and modeling results.

2

METHODS

A freeze-casting test bed was designed and constructed to
produce cylindrical samples of porous silica. Pore characteristics were analyzed by cross-sectioning the samples and
using scanning electron microscopy (SEM). A MATLABbased image processing algorithm was used to conduct statistical analyses of the pore characteristics from the SEM
images. The details of the experimental procedure and
characterization are given in the following sections.

2.1

Materials

Silica (SiO2 ) powders with median particle diameters (d50)
of 400 nm (US1133M, US Research Nanomaterials, Inc.,
TX) and 2 μm (S5631, Sigma-Aldrich, MO) were evaluated
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F I G U R E 1 The freeze-casting system and the process to fabricate porous silica samples: (A) processing steps of the unidirectional freeze
casting of camphene-based slurry. (B) The freeze-casting test bed developed in this work. The SEM images were collected from one vertical
and three horizontal cross sections per sample. The freeze front moves up in the vertical (Z) direction. SEM, scanning electron microscopy

in this study (see Figure S1). Camphene (C10 H16 , CAS7992-5, Sigma-Aldrich, MO) was used as the solvent during
the freeze-casting process. Camphene is a nonpolar solvent (in its liquid form) and has a melting temperature of
46–52◦ C. An anionic dispersant (Hypermer KD24, Croda,
Inc., NJ) was added at 2.5 wt.% of the solid content to lower
the slurry viscosity and produce a stable suspension by preventing an aggregation of the particles.27

2.2

Freeze casting

Figure 1A shows the steps involved in the freeze-casting
process. The dendritic pore networks seen in the SEM
micrographs arise from the freezing properties of camphene. Figure 1B shows the freeze-casting system constructed to fabricate porous silica samples. The system
consists of a mold containing the slurry, fiberglass insula-

tion (5556K43, McMaster-Carr, NJ) that wraps around the
mold, a cylindrical stainless steel cooling reservoir, EPS
thermal insulation around the cooling reservoir, and a copper pole that functions as a cold finger, connecting the cooling bath to the mold. The cold finger has a diameter of
40 mm and a height of 30 cm. A band heater (MB-1, Omega
Engineering Inc., CT) is wrapped around the upper end
of the copper pole. A thermocouple (PID:3245, Adafruit
Industries, NY) inserted into a copper insert at the base of
the mold at 10 mm below the slurry, is used for closed-loop
control of the cold surface temperature using an Arduinobased PID controller (see Figure 1B). For the pore-steering
experiments, an additional fiberglass insulation material
or an aluminum housing was placed on the outer sidewalls of the mold to modify the heat transfer in the radial
direction.
The slurry preparation step (Figure 1A-i) involves premixing the dispersant and molten camphene using a
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magnetic stirrer on a hot plate at 60◦ C for 1 h. Silica powder, preheated to 60◦ C in a separate oven within a closed
container, was gradually added to the liquid medium to
ensure uniform coverage of the dispersant on the particle surfaces to avoid agglomeration and settling. The
mixture was kept mixing on the same hot plate with intermittent sonication (Q125, Qsonica, CT), 2 minutes every 6–
8 h, to obtain a stable and well-mixed colloidal suspension
within 24 h.
The prepared slurry was poured into a mold
(12-mm diameter, 40-mm height) that was created by
fitting a silicone–rubber tube (Dragon Skin, Smooth-On,
PA; 10-mm wall thickness) around a copper insert (25-mm
height), which blocks the bottom opening of the tube and
acts as the cooling surface of the mold (see Figure 1B). The
mold was placed on top of the copper pole (Figure 1A-ii).
A thermal paste (OT-201, Omega Engineering Inc., CT)
was applied between the bottom of the copper insert and
the top of the cold finger to realize a thermally conductive
interface. The cooling reservoir was filled with an ethanol–
dry ice mixture, which provides a cooling bath temperature of −40◦ C. Unidirectional freezing is realized by
setting a base temperature (at the copper insert) of either
−5 or 20◦ C.
After the process of directional freezing, the frozen samples were removed from the silicone molds and kept under
a fume hood for 24 h for the sublimation of camphene
(Figure 1A-iii). The complete removal of camphene was
confirmed by the weight measurements using a precision
scale (AS 60/220.R2, RADWAG USA, FL). After sublimation, the green sample was sintered in a furnace (1700
Rapid-Temp Series, CM Furnaces Inc., NJ) under an argon
atmosphere to fuse the individual particles to create porous
silica with increased strength and structural integrity
(Figure 1A-iv). The sintering profile included a heating rate
of 4◦ C/min to 800◦ C, followed by 1◦ C/min to 1275◦ C, and
a 3-h dwell period at this temperature. The slower heating
rate at higher temperatures is selected to prevent cracking
of the sample. The sample was then cooled down to room
temperature with a maximum cooling rate of 5◦ C/min
using an integrated chiller system to prevent cracks from
forming.

2.3

Characterization of porosity

Images from SEM were used to characterize the porosity
of the sintered samples. For the SEM imaging, the samples were cross-sectioned at predefined Z planes along the
height of the sample (see Figure 1B) using a low-speed diamond saw (IsoMet Low Speed, Buehler, IL, USA). Before
sawing, the samples were infiltrated with a low viscosity
epoxy (EpoHeat, Buehler, IL) to prevent potential damage

to the microstructure from sawing. After grinding and fine
polishing with 1μm and 0.3 μm alumina particles, samples
were sputtered with 2-nm platinum to avoid charging in
the SEM (TESCAN Mira3, Czechia).
We note that methods, such as mercury intrusion
porosimetry (MIP), can be used to measure the total pore
volume and acquire information about the distribution of
pore diameter in porous materials. A detailed comparison
between the porosity data obtained via MIP and physical cross-sectioning was made on freeze-cast ceramics by
Seuba et al.28 They concluded that the porosity predicted
by cross-sectioning correlates well with that measured by
MIP for ceramics fabricated by freeze casting except when
the fraction of closed pores is a large percentage of the total
porosity. Accordingly, we calculated the ratio of closedto-total porosity using two different methods. First, we
examined over 1000 SEM images of crosssections of freezecast silica in this work and counted the number of pores
without epoxy infiltration (which would indicate possible
closed pores). We found that only 11 pores out of 731 488
were without epoxy. The 95% confidence interval for this
fraction is (7.5 × 10−6 , 2.7 × 10−5 ). Note that this range represents the upper bound of the closed porosity as a few of
the unfilled pores may simply be due to the nonwetting of
epoxy in that area. Second, we employed the Archimedes
method to estimate the closed porosity.29 In this method,
samples were weighed, and their volume was calculated
using dimensional measurements. The total porosity of
each sample was calculated by comparing the measured
mass to that of fully dense silica of the same volume.
The samples were then submerged in deionized water of
known mass under vacuum to saturate the pores. The total
volume of open pores was obtained based on the volume
(or mass) of the absorbed water. The fraction of closed
porosity was found to be 0.0015, 0.0019, and 0.0042 on
three randomly chosen samples. The fraction of the closed
porosity is thus very low, indicating that the SEMs of the
cross sections of the freeze-cast ceramics provide a good
representation of the porosity in the samples.

2.4

Calculation of porosity parameters

Figure 2 shows the parameters that were used to characterize the porosity, namely, (1) areal porosity, the ratio of the
total white area to the overall SEM image area; (2) equivalent pore diameter, the diameter of a circle with the same
enclosed area as the pore; (3) maximum Feret diameter, the
maximum distance between two parallel planes tangent to
the boundary of a pore; (4) maximum Feret angle, the angle
of the maximum Feret diameter from the horizontal plane;
and (5) shape factor, the ratio of the maximum Feret diameter to the equivalent pore diameter.
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F I G U R E 2 Characterization of porosity: (A) the flowchart showing the steps of the MATLAB-based image processing algorithm; (B) and
(C) pore-geometry metrics, including the maximum Feret diameter, maximum Feret angle, and the equivalent pore diameter; (D) a set of
sample results from the image-based statistical analysis, indicating a Weibull distribution. Scale bars in (A-i) and (A-v) represent 100 μm; scale
bars in (A-ii) represent 30 μm; (A-iii) and (A-iv) have the same scaling as (A-ii)

To calculate the porosity parameters, the SEM micrographs were processed using a MATLAB (The MathWorks,
Inc., Natick, MA, USA) code, which digitized the image
data and calculated the porosity parameters and the associated statistics using the built-in Image Processing Toolbox. Figure 2A summarizes the image-processing steps.
Figure 2A-i shows the raw cross-sectional SEM image.
First, the image colors were inverted to redefine the pores
as (bright) objects (Figure 2A-ii). The image was then converted into a binary mask using an adaptive local median
filter for more accurate segmentation (Figure 2A-iii). Next,
impurities and SEM artifacts were eliminated from the
image by using consecutive erosion and morphing techniques (Figure 2A-iv). During this step, the scale bar of
each SEM image was used to calculate the pixel dimensions (𝜇m/pixel), which determines the dimensional accuracy of the extracted features, that is, smallest detectable
pore size. As the size of smaller pores in some of the
SEM images was comparable to that of these impurities,

an additional inspection to differentiate pores from impurities led to an improvement in detection accuracy. Note
that the detection and analysis of interparticle porosity,
which is not studied in this study, was hindered by this
thresholding method. In the last step, each pore was identified using the built-in edge detection function (MATLAB
function “bwboundaries”), and the boundaries were traced
with random colors (Figure 2A-v). The program then computed the quantitative data of interest using the definitions given in the previous paragraph and as defined in
Figure 2B,C. After the image processing, tabular statistical
data and histograms with appropriate continuous distribution fits were stored for each image, as shown in Figure 2D.
The number of bins for each histogram was calculated
by rounding up the square root of the number of elements in the corresponding data. A two-parameter Weibull
distribution was chosen to represent the statistical distribution of the porosity parameters. Weibull distribution
has been applied in the literature to describe particle size
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TA B L E 1

Parameters and levels used in the DOE

Design factor

Low

High

*Mid

SL (%)

20

40

30

PS (μm)
T(◦ C)
Z(mm)

2

–

−5

0.4

20

–

5

15

10

Additional mid-levels included for SL and height parameters to better capture
their effect.
Abbreviations: DOE, design of experiments; PS, particle size; SL, solid loading;
T, cooling temperature; Z, distance from cooling surface.

distributions.30 Additionally, the mean value of each data
distribution was calculated and utilized as an additional
metric.
All the samples were prepared using camphene-based
slurries. As shown in the literature, the pore morphology
is dominantly determined by the solidification characteristics of the slurry’s liquid component (solvent).7 The metrics
used to analyze the pore shapes in this paper are specifically chosen to explain the dendritic pore morphology
caused by camphene. Different metrics for pore geometry
and orientation may be needed for other material systems,
such as aqueous slurries.

2.5

Experimental design

To determine the effects of input parameters on the process outputs, a 4-factor, 2-level, 2-repetition full-factorial
DOE was carried out as shown in Table 1 (also see
Table S1 for the DOE design). To assess the individual and confounding effects of input parameters, an
ANOVA study was conducted. The input parameters
included solid loading (SL), particle size (PS), cooling temperature (T, measured by a thermocouple in the copper insert at the bottom of the slurry), and the distance/height (Z) from the cooling surface. The parameter selection was guided by the freeze-casting studies in
the literature.17,22,31,32 The output metrics of areal porosity, pore size, pore shape, and pore orientation were
analyzed.

ment, the connection of the housing with the copper insert
at the bottom forms the second cooling source to the mold.
An additional thermocouple was placed in the aluminum
housing to monitor the side-surface temperature. An FE
model of this setup was created to inform the experimental
approach. The maximum Feret angle was utilized to assess
pore orientation.

2.7

ANSYS Fluent 2020 R2 software (ANSYS, Inc., Pittsburgh,
PA) was used to construct an FE model for the slurry
solidification process to understand the thermal behavior
during freeze casting. The model predicts the shape and
the movement of a planar freeze-front that dictates the
pore elongation and orientation for given mold geometries and thermal boundary conditions. The model was
set up as a two-dimensional heat-transfer model considering the axisymmetric nature of the process. As the goal
was to create a simplified model, detailed physical aspects,
including the presence of particles and their interactions,
and the instabilities at the solid–liquid interface, were all
neglected. After mesh optimizations, an element (mesh)
size of 0.25 mm was chosen for the slurry and the neighboring mold and Cupiece regions. The averaged effect
of silica particles on the thermal properties of the slurry
was taken into account by using the Lewis–Nielsen model
for particulate composites.33–35 The Dirichlet (or the firstkind) thermodynamic boundary conditions were applied
for the constant-temperature cooling surface (the bottom of the mold). The “SIMPLE” scheme and first-order
implicit transient formulation were used for the solution.
To control the stability and convergence rate of the iterative
process, default under-relaxation factors were selected. A
fixed time step of size 0.4 s with 20 iterations per time step
was used for convergence during the calculations while
monitoring the residuals for energy and continuity. The
simulation results were post-processed using the CFD-Post
software.

3
2.6

Pore steering experiments

To demonstrate “pore steering,” that is, controlling the
direction of porosity, the experimental setup was modified to enable bidirectional cooling. An axisymmetric,
thermally conductive housing was prepared by combining an aluminum pipe with 1-mm wall thickness with an
aluminum foil and copper tape. Then, the housing was
tightly fitted around the silicone mold. In this arrange-

Finite-elements model development

RESULTS AND DISCUSSION

This section presents the results of the DOE study on freeze
casting of porous silica. ANOVA analyses are used, and the
effects of the factors with statistically significant contributions are determined by comparing the p-values with the
significance level (𝛼). For the individual and combined factors, 𝛼 = .05 and 𝛼∕𝑛 were specified, respectively, as the
upper limit for p-values to determine the statistical significance. In addition to providing the p-values for all the statistically significant factors, we give % contribution of each
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F I G U R E 3 The effects of SL and Z (height) on porosity for unidirectional freeze casting with constant temperature cooling. (A) and (B)
SEM images for SL = 20% and SL = 40% for horizontal (A) and vertical (B) cross sections, respectively (PS = 2 μm and T = 20◦ C). Scale bars in
(A) and (B) represent 100 𝜇𝑚. Pores are shown as darker regions; (C)–(F) the areal porosity data obtained from both horizontal and vertical
cross-sectional images for (C) T = −5◦ C and PS = 0.4 𝜇𝑚, (D) T = −5◦ C and PS = 2 𝜇𝑚, (E) T = 20◦ C and PS = 0.4 𝜇𝑚, and (F) T = 20◦ C and
PS = 2 𝜇𝑚. The horizontal data is represented by orange (SL = 20%) and purple (SL = 40%) “−” markers, whereas the vertical data is plotted
using blue (SL = 20%) and yellow (SL = 40%) “ ”׀markers. PS, particle size; SEM, scanning electron microscopy; SL, solid loading; Z, distance
from cooling surface; T, cooling temperature

factor, calculated as the ratio of the factor’s sum of squares
to the total sum of squares.

3.1

Areal porosity

This section evaluates the effects of solid loading (SL),
particle size (PS), cooling temperature (T), and distance
(height, Z) from the freezing surface on the areal porosity.
Figure 3A,B gives sample images of horizontal and vertical cross sections, respectively, at two solid loading levels

and three heights (for PS = 2 μm and T = 20◦ C). A qualitative analysis of the horizontal cross sections indicates
that solid loading significantly affects pore sizes and areal
porosity: higher solid loading results in lower areal porosity and pores with decreased sizes as indicated by smaller
darker areas. A similar trend is also observed in the vertical
cross sections.
Figure 3C–F presents the areal porosity data obtained
from the cross-sectional images using the MATLAB
code. In each horizontal cross section, aside from the
sample’s boundaries (i.e., more than ∼100 μm away from
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the sample boundaries), the pore sizes and distributions
were seen to remain unchanged. Accordingly, porosity
data were obtained from 12 SEM images captured at arbitrary angular and radial coordinates.
In this study, we observed a dense shell with 100 ±
50-μm thickness at the sample boundaries. The porosity in
these regions was too small to measure at the magnification levels used in our work, indicating that pore sizes were
at a submicron level. Similar observations were reported
in the literature for alumina35 and hydroxyapatite.36 Yoon
et al.36 reported that the formation of a dense surrounding shell in freeze casting is due to the additional nucleation of solidification crystals on the mold surface immediately after the slurry is poured into the mold. The growth
of these crystals slowly pushes the ceramic particles, which
are already repelled in the opposite direction by the solidification dendrites nucleated on the cold bottom surface of
the mold, toward the center of the slurry. This unique interaction between two opposing forces creates a dense layer
of ceramic particles surrounding the sample. Compared
to the diameter and the height of our samples, the thickness of this dense shell is small. Figure S2 shows sample
shell formations in horizontal and vertical cross sections of
the freeze-cast silica samples. Although the impact of the
dense shell on the final mechanical properties of freezecast materials can be significant,36 the main focus of our
analyses is the porous core.
In the literature, the areal porosity is commonly
obtained from the cross sections perpendicular to the cooling direction, corresponding to the horizontal cross sections for the unidirectional freeze casting in our work.
However, obtaining a large number of horizontal cross
sections poses practical challenges. Interestingly, the data
in Figure 3C–F show a strong correlation between the
areal porosity of the horizontal and vertical cross sections.
For the axisymmetric geometry of our samples, a single
vertical cross section through the mid-plane provides a
complete image of a sample along the Z-direction (see
Figure S3). Thus, the continuous vertical areal porosity
data from the vertical cross sections can be used to evaluate the areal porosity of the samples.
The significant effect of solid loading on areal porosity
can be observed in Figure 3C–F. SL of 20% produces an
areal porosity of 55%–60% for any temperature and particle size. When the solid loading increases to 40%, the areal
porosity reduces to 35%–40%. A mild effect of height (Z) is
also discernable.
Considering the stochastic nature of porosity, a statistical analysis of the data could provide further insights into
the effects of different parameters on areal porosity. To this
end, we performed a 4-factor ANOVA analysis on areal
porosity using the data from the horizontal cross sections.
The resulting statistically significant main and interaction
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T A B L E 2 The ANOVA contribution results for the areal
porosity (α = .05)
Factor

Contribution (%)

p-Value

SL

89.89

3.27 × 10−19

Z

3.91

.00001

SL × T

1.39

.00319

Abbreviations: ANOVA, analysis of variance; SL, solid loading; T, cooling temperature; Z, distance from cooling surface.

effects are listed in Table 2, and the corresponding ANOVA
plots are given in Figure S4. In parallel to observations from
Figure 3A–F, ANOVA results indicate that solid loading
has the most significant effect (∼90%) on areal porosity in
freeze casting of silica. This strong effect of solid loading
is expected as it dictates the volumetric porosity. Similar
observations were presented in the literature for the freeze
casting of alumina.33,35 Furthermore, our areal porosity
data for silica at 20% SL overlaps with the corresponding
data reported by Koh et al.35 for the freeze casting of alumina: This may indicate that, for small particle sizes and
lower solid loading, the material has little effect on areal
porosity.
To further explore how the areal porosity changes with
solid loading, we performed an additional experiment with
30% solid loading (PS = 2 μm and T = 20◦ C). The combined data for this case is plotted in Figure S5a, along with
a fitted surface. This graph indicates that the effect of solid
loading is nonlinear, where a higher increase in porosity is
observed when solid loading is reduced from 30% to 20%
than from 40% to 30%.
The distance from the cooling surface (Z) is also statistically significant for areal porosity, although its effect is
small (∼4%). We believe that this relatively small reduction
in areal porosity with increased height is caused by the longitudinal (in the Z-direction) repulsion of ceramic particles
by the advancing freeze front. The interactions of particles
with the primary dendrite tips and the resultant cumulative motion of laterally expelled particles are the potential
causes of the particle repulsion in the Z-direction. Neighboring dendrites repel ceramic particles toward each other,
and as the volume between these dendrites is limited,
the particles accumulate in the Z-direction. As a result,
the areal porosity decreases with height in unidirectional
freeze casting.
The interaction effect of solid loading and cooling temperature (T) is another statically significant factor on
areal porosity as seen in Tables 2 and S2; however, this
effect is minimal (∼1.4%). Reduced cooling temperature
causes a slight increase in porosity at lower solid loadings,
whereas this trend is reversed at higher solid loadings as
shown in Figure S4. This effect may arise from the slurry’s
temperature-dependent thermal properties.
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F I G U R E 4 Pore size results for unidirectional freeze casting with constant temperature cooling on horizontal cross sections. (A)
Histogram plots for 𝑍 = 10 mm, PS = 2 μm, and T = 20◦ C for three different SLs to show the effect of SL on pore size distribution with
corresponding Weibull distribution fits. (B) Histogram plots for SL = 30%, PS = 2 μm, and T = 20◦ C at three different Z cross sections to
show the effect of Z on pore size distributions with the corresponding Weibull distribution fits. (C) The error bar plots for the average pore
size (μ) for SL = 20% (blue) and SL = 40% (orange) obtained at horizontal cross sections at given Z heights. (D) The error bar plots for spread
in pore size (λ) for SL = 20% (blue) and SL = 40% (orange) obtained at horizontal cross sections at given Z heights. The other input
parameters for the plots in (C) and (D) from left to right: T = −5◦ C and PS = 0.4 𝜇𝑚, T = −5◦ C and PS = 2 𝜇𝑚, T = 20◦ C and PS = 0.4 𝜇𝑚,
and T = 20◦ C and PS = 2 𝜇𝑚. PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from cooling surface

3.2

Pore size

Pore size is a critical parameter for the applications of
porous ceramics. In this analysis, we evaluate the effect of
freeze-casting parameters and height on pore size and its
statistical distribution in the direction of the freeze front
(from the horizontal cross-sectional images). The images
in Figure 3A indicate that both solid loading and height (Z)
affect pore size. As the pores have noncircular shapes, the
pore-size analysis uses an equivalent pore diameter, calculated as the diameter of a circle with the same enclosed area
as the pore.
Figure 4A,B shows sample histograms of pore-size
distributions using the equivalent pore diameter. The

distributions for all SL and Z levels are given in Figure
S5b–e. The histograms indicate that a Weibull distribution,
𝑓 (𝑑; 𝜆, 𝑘) =

𝑘
𝜆

( )𝑘−1
𝑘
𝑑
e(𝑑∕𝜆) ,
𝜆

can represent the distribution for domain 𝑑 ≥ 0, where 𝑘
is the shape parameter, and 𝜆 is the scale parameter. The
Weibull fits for every case produced a 𝑘 value between 2
and 3.5. A shape parameter of 𝑘 = 3 indicates a distribution that resembles the normal distribution, and lower
k values cause a right-skewness (a tail toward the larger
pore size). The scale parameter represents the spread of
the data, where a distribution with larger 𝜆 exhibits a more
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extensive spread. We also calculated the arithmetic mean 𝜇
of the equivalent pore diameter data. The mean value indicates the pore size with the highest probability of occurrence, and the spread represents the level of uniformity of
the pore-size distribution.
As observed in Figure 3A, the average pore size is
strongly affected by the solid loading and secondarily by
the distance from the cooling surface. Increased solid
loading causes the solid boundaries between the pores
to become thicker, resulting in reduced pore size. Thus,
increased solid loading isolates the pores further and
reduces the chance of combining them into larger pores.
Pore size was also observed to increase with height, Z.
Figure 4C,D presents the mean pore size and pore-size
spread (scale parameter) for each cooling temperatureparticle size pair used in this study. Note that these figures
represent an analysis of thousands of pores that were captured from the 12 SEM images at each horizontal cross
section. Several important observations can be made from
Figure 4C,D. First, solid loading (SL) profoundly affects
average pore size and pore-size spread. The reduction in
SL from 40% to 20% increased the pore size by two folds
or more in every case. The reduced SL also causes an
increase in the spread of pore sizes. These results can be
explained by considering the mobility of particles within
the slurry during the freezing process. With increased SL,
the available volume for pore formation within the sample
is reduced, and the mobility of solid particles is diminished.
The particles are pushed away from the advancing freeze
front through a liquid film at the interfacial boundary
during the freeze-casting process. They are redistributed
within the remaining slurry.17,37 The thickness of this liquid film is inversely proportional to the freeze front velocity, and the crowding of particles also disrupts the flow
within the film. Thus, for higher SL, the pore enlargement
is limited by the repulsion of particles from the interface,
leading to smaller pore sizes with tighter pore size distribution. However, for lower SL, increased pore merger and
lateral pore growth result in larger pores with a broader
distribution of pore sizes.
Second, the pore size generally changes with height
(Z). At a lower solid loading (SL), the samples exhibit
increased pore size average and spread with increasing
height for every case. However, the average pore size and
pore-size spread do not vary or change minimally with
height at higher SL. During solidification, the formation
of solidified dendrites starts at multiple locations, and as
the freeze front advances, these dendrites grow and form
side braches. Hence, the boundary effects exerted from the
bottom or top surfaces of the sample affect the size of the
pores.17 For the Dirichlet boundary condition, as the front
moves away from the cooling surface (increasing Z), the
thermal driving force for primary dendrite growth dimin-
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T A B L E 3 The ANOVA contribution results for the average
pore size on horizontal cross sections (α = .05)
Factor

Contribution (%)

p-Value

SL

81.54

2.26 × 10−18

Z

6.37

.000001

PS

6.32

.000003

T

0.85

.021197

Abbreviations: ANOVA, analysis of variance; PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from cooling surface.

T A B L E 4 The ANOVA contribution results for the spread in
pore size on horizontal cross sections (α = .05)
Factor

Contribution (%)

p-Value

SL

79.88

8.28 × 10−18

Z

6.18

.000007

PS

4.48

.000015

T

3.60

.000059

Abbreviations: ANOVA, analysis of variance; PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from cooling surface.

ishes, and the velocity of the freeze front reduces. In addition, the liquid film separating the silica particles from the
solidified camphene dendrites becomes thicker due to the
slower freeze front at increasing height. This slower solidification can enable a longer redistribution process of silica
particles, enabling dendrites to grow laterally and increasing pore mergers, resulting in larger pores. However, the
interlocking and crowding of particles may disrupt these
processes at higher SL.
Third, the cooling temperature and particle size also
affected the pore size and spread. We observe a general
trend, for instance, that increased particle size increases
both the average pore size and the spread. However, those
effects are difficult to delineate from the graphs.
We performed ANOVA analyses to quantify the effects
of freeze-casting parameters on pore size statistically.
Considering the nature of pore-size distribution, where
the k values do not change appreciably, ANOVA analyses
were conducted only for the average pore size (μ) and the
pore-size spread (𝜆). Tables 3 and 4 list the statistically
significant factors for the average pore size and spread,
respectively (also see Tables S3 and S4). The corresponding
ANOVA plots are given in Figure S6. Only the main effects
of sold loading, height, particle size, and cooling temperature were statistically significant, and none of the confounding effects. This simplifies controlling the pore size
by changing one parameter at a time without changing the
impact of other parameters. In agreement with the observations from Figure 4A–D, the ANOVA results indicate
that solid loading has the most significant effect (∼80%) on
both the average pore size and pore-size spread. Increased
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solid loading sharply reduces the average pore size and
pore-size spread. The distance from the cooling surface has
approximately 6% effect on both the average pore size and
the spread of distribution: The pores become larger, and
distribution spreads wider farther from the cooling surface.
Particle size (PS) also affects the average pore size (∼6%)
and the pore-size spread (∼4%). Increased PS slightly
reduces the average pore size and expands the pore-size
spread. The change in PS directly impacts the mobility
of particles and their redistribution of particles by the
interfacial liquid film during the progression of the freeze
front. Deville et al.17 identified a critical freeze-front velocity, above which the liquid film thickness is insufficient
to enable particle redistribution, resulting in the engulfment of particles by the freeze front. The critical velocity
is inversely proportional to the PS,38,39 and the likelihood
of particle engulfment increases at larger PSs.33,40 Not only
the interactions between the liquid film and the particles
but also the interactions among these particles depend on
the PS. The propagation of the interfacial liquid film is
also affected by these interactions among particles, which
directly influence the properties of the slurry, such as viscosity. As the freeze-front advances, the solidified camphene crystals grow by bringing more camphene from the
slurry (i.e., the cryosuction force). This flux also attracts
particles with the liquid increasing the solid concentration
that restricts the ability of interfacial liquid film to redistribute particles. The details of these interactions are discussed in Ref. [33]. Notably, PS is one of the parameters that
control the dynamics of this process. Overall, larger particles limit the dendrites’ ability to grow and combine freely,
resulting in smaller pore sizes. The broader spread at larger
PSs may be caused by the wider particle-size distribution
at larger PSs. The effect of PS on porosity is presented in
Figure S7 for all the parameters used in this study.
A single sintering profile was used throughout this
experimental study. The literature shows that the sintering process causes shrinkage in porous materials, and
the particle-to-particle porosity in the denser regions (i.e.,
the densification of walls) can be controlled by changing the sintering profile.27,33 Similarly, a correlation was
observed between the particle size and the sintering temperature, and its effect on wall densification and smoothness of pore surfaces was observed previously.41 However, the effect of sintering temperature on porosity is
not studied in this paper. The magnification level of the
SEM images, which determines the dimensional accuracy of our characterization approach, is not appropriate to analyze the particle-to-particle porosity precisely.
Hence, a lower boundary for pore-size analysis was set
to exclude any potential effects of this finer porosity during image processing (as it is not caused by freeze casting), with a focus on the dendritic pores, which are
due to the solidification of camphene. As can be seen
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in Table 2, the particle size did not have a significant
contribution to the areal porosity but affected the pore
size.
Lastly, the cooling temperature has a minor effect on the
average pore size (∼1%) and the pore-size spread (∼3%).
Lower cooling temperatures result in smaller pores and a
tighter pore-size distribution. This effect may arise from
the redistribution of particles during solidification and the
“quenching” phenomenon.17 The thermal gradient is a
critical factor in porosity formation and evolution during
the freeze-casting process.42 When the driving force for the
freeze front is high due to a lower cooling temperature,
spontaneously nucleated freeze fronts proliferate along the
temperature gradient resulting in a planar freeze front.33
Encapsulation of solid particles by the planar freeze front
can be observed due to the shortened time for particles
to redistribute when the freeze front is advancing rapidly.
Hence, lower cooling temperature results in smaller pore
sizes. The effect of cooling temperature on porosity is presented in Figure S8.

3.3

Pore shape

Pore shape is another critical aspect for describing the
microstructure of porous ceramics. In this work, we consider the shape of the pores in the horizontal plane
(normal to the freeze front). Frozen camphene assumes
a three-dimensional dendritic—a branching tree-like—
form. Horizontal cross-sectioning of the voids left by the
dendritic structures commonly results in noncircular pore
shapes. Figure 3A provides examples of the pore shapes.
To quantify the shape of the pores, we use a shape factor, defined as the ratio of maximum Feret diameter to
the equivalent pore diameter. The shape factor is always
greater than 1, except for a perfectly circular hole, where it
becomes equal to 1.
SEM images from each of the horizontal cross sections
are used to characterize the statistical distribution of shape
factors. The chi-square test for normality on this data
revealed that the corresponding shape factors follow a normal distribution. Thus, the mean and standard deviation
(𝜎) can represent the pore shape distributions.
Figure S9 gives the change in shape factor on horizontal
cross sections for all the studied parameter sets. Overall,
the average shape factor remains nearly constant (∼1.4 on
average) for any parameter sets and slightly changes with
height. The standard deviations are relatively high (∼0.22
on average), but they do not vary significantly with freezecasting parameters.
Two separate ANOVA analyses were performed to reveal
the statistically significant factors on average and standard
deviation of the shape factor. Tables 5 and 6 tabulate the
contributions of the statistically significant factors (also see
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T A B L E 5 The ANOVA contribution results for the average
shape factor on the horizontal cross sections using the mean of
corresponding normal distributions (α = .05)
Factor

Contribution (%)

p-Value

Z

45.77

1.99 × 10−11

SL

14.47

2.02 × 10−7

PS

9.74

4.45 × 10−6

T

2.75

.00455

Z × PS

9.51

.00003

Abbreviations: ANOVA, analysis of variance; PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from cooling surface.

T A B L E 6 The ANOVA contribution results for the variations
in shape factor on the horizontal cross sections using the standard
deviation of the corresponding normal distributions (α = .05)
Factor

Contribution (%)

p-Value

Z

36.04

1.03 × 10−25

SL

11.21

1.50 × 10−8

PS

5.37

.00311

T

8.02

.00051

Z × PS

4.87

.01643

Abbreviations: ANOVA, analysis of variance; PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from cooling surface.

Tables S5–S8). The corresponding ANOVA plots are given
in Figure S10. The ANOVA results indicate that the main
effects of height, solid loading, particle size, cooling temperature, and the two-way effect of height and particle size
are statistically significant for the average and standard
deviation of shape factor.
The most significant factor (∼45% for the average and
∼36% for the standard deviation) is the distance from
the cooling surface. The increased distance increased the
shape factor and the standard deviation. Constitutional
supercooling (Mullins–Sekerka instabilities) destabilizes
the initially planar solidification interface, resulting in the
nucleation, growth, and side-branching of dendrites as the
interface advances.7 Side-branching of dendrites, or secondary dendrite arm growth, causes in-plane pore growth,
which is not parallel to the cooling direction and creates
pore anisotropy and increases the shape factor in the horizontal cross sections as the distance from the cooling surface increases. The observed results for pore shape are
caused by secondary dendrite arm growth (similar to side
branches of a tree).1 This geometric anisotropy increases
the mean and the standard deviation of the shape factor in
the horizontal cross sections, as shown in Figure S10. Furthermore, the chance of dendrite merging also increases
as the distance from the cooling surface increases. Such a
merger causes shape distortions from circular to elongated.

Solid loading has the next most significant contribution
to the changes in shape factor (∼14% for the average and
∼11% for the standard deviation). Both the average and
the standard deviation of the shape factor decrease slightly
when the solid loading increases from 20% to 40%. The
effect of solid loading likely arises from the increased concentration of the particles, limiting longitudinal and lateral
pore growth, and thus the branching and merging of the
dendrites.
Particle size has a minor effect on the changes in shape
factor (∼10% for the average, and ∼5% for the standard
deviation). Increased particle size reduces the average
shape factor and increases the standard deviation. Larger
particles restrict the liquid film flow that causes particle
engulfment by the freeze front. Hence, the enlargement of
the solidification dendrites, especially the secondary dendrite arms, is interrupted, resulting in a lower shape factor. However, as the solid particles are polydisperse and
larger particles have higher dispersity, the standard deviation increases with increased particle size.
The cooling temperature is also statistically significant:
Its effect is negligible for the average shape factor (<3%)
but somewhat more significant for the standard deviation
(∼8%). We also observe that the two-way interaction effect
of the height and particle size also affects the shape factor (∼9.5% for the average and ∼5% for the standard deviation). In particular, for larger particle sizes, the shape factor varies with height up to about the middle of the sample
and remains constant for the rest.

3.4

Pore orientation

Almost all the pores of the samples fabricated through
freeze casting of camphene-based slurry are open pores.
However, the connectivity of the pores is directional, predominantly in the freezing (Z) direction. Thus, the Zdirection may be considered the main flow direction for
gas or liquid flow. Therefore, we analyzed the pore orientation within vertical cross sections.
As the dendritic structures grow mainly perpendicular
to the freeze front for camphene-based slurries, we expect
elongated and directional pores in the vertical cross sections. An examination of Figures 3B and S3 confirms that
this is the case. In addition, we calculated the elongation of
the pores in the vertical cross sections utilizing the corresponding shape factor data. As seen in Figure S11, the average shape factor of the pores is approximately 3 for any of
the experimental parameters, and there is a slight decrease
in shape factor with increased height.
This directionality arises from unidirectional freezing
and the pore formation dynamics. Thermal boundary conditions determine the overall geometry of the
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F I G U R E 5 Pore orientation results using the corresponding normal distribution parameters on vertical cross sections for unidirectional
freeze casting with constant temperature cooling. Blue (SL = 20%) and orange (SL = 40%) markers represent 𝜇avg and error bars cover
[−2𝜎avg ,+2𝜎avg ] range at given Z heights. (𝜇avg : average of the corresponding normal distribution means; 𝜎avg : average of the corresponding
standard deviations.) The other input parameters for the plots from left to right: T = −5◦ C and PS = 0.4 𝜇𝑚, T = −5◦ C and PS = 2 𝜇𝑚,
T = 20◦ C and PS = 0.4 𝜇𝑚, and T = 20◦ C and PS = 2 𝜇𝑚. PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from cooling
surface

T A B L E 7 The ANOVA contribution results for the variations
in pore orientation on the vertical cross sections using the standard
deviation of corresponding normal distributions (α = .05)
Factor

Contribution (%)

p-Value

Z

59.82

2.55 × 10−45

SL

14.88

4.70 × 10−22

Z × SL

6.43

1.12 × 10−12

Abbreviations: ANOVA, analysis of variance; SL, solid loading; Z, distance
from cooling surface.

microstructure in freeze casting. The thermal gradients
are aligned mainly perpendicular to the cooling direction
for unidirectional freezing. As camphene’s primary crystallographic solidification direction is perpendicular to
the thermal gradients, highly anisotropic dendrites with
the primary axis in Z-direction are formed.
We calculated the maximum Feret angle from the vertical cross sections to evaluate the pore alignment quantitatively. As seen in Figure 5, the average of the maximum
Feret angle is approximately 90 degrees for any parameter set, indicating the dominance of the primary pore
growth. However, the side-branching of the dendrites deviates the orientations away from 90 degrees. Statistical analysis showed that the maximum Feret angles follow normal distribution at any height. This symmetric distribution
also supports the assumption that the pore distribution is
axisymmetric.
Two separate ANOVA analyses were conducted to analyze the effect of freezing parameters on the average and
standard deviation of pore orientation. For the average
pore orientation, none of the input parameters was statistically significant, indicating that the variations in average
pore orientation were negligible. For the standard deviation of the pore orientation, as shown in Table 7, height
(Z), solid loading (SL), and their two-way interaction were

statistically significant (also see Tables S9–S12). The corresponding ANOVA plots are given in Figure S12. The
height has the most significant effect (∼60%) on the standard deviation, which increases from 9 to 13 degrees as
the height changes from 2 to 25 mm. As the distance from
the cooling surface increases, the freeze front slows down
significantly,33 especially for constant temperature cooling. This reduced driving force for freezing thickens the
interfacial liquid film and encourages the growth of side
branches (secondary dendrite arms) with increased horizontal inclination.
Solid loading is also statistically significant (∼14%) for
the standard deviations of pore orientation, although
its effect is small, inducing a change of fewer than 2
degrees. As discussed earlier, the crowding of particles
due to increased solid loading limits the primary and secondary pore growth mechanisms. This limitation slightly
decreases the variability of pore orientation results, lowering the standard deviation (𝜎) 1 degree on average.
Lastly, the interaction effect of height and solid loading
is also a statically significant factor in the standard deviation of pore orientation. A slightly higher standard deviation in the pore orientation is observed for lower solid loading at lower heights. As the height increases, this effect of
solid-loading diminishes. As a result, these trends for different levels of solid loadings converge and become dominated by the effect of the height.

3.5

Steering of porosity

In a range of porous ceramics applications, controlling
the directionality of the pores, that is, the orientation of
pores along a direction, within a part may provide critical
advantages. For instance, a meandered pore orientation
significantly increases the tortuosity to enhance the
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F I G U R E 6 Experimental and FE results for pore steering for (A)–(C) unidirectional freeze casting and (D)–(F) bidirectional freeze
casting. (A) and (D) The FE results representing the thermal gradients during simulations at an arbitrary time step. Arrows indicate the
expected pore elongation and pore orientation. (B) and (E) The experimental results are given: the average results from three individual
samples with the same input parameters (SL equals 20%, PS = 2 μm, and T = −5◦ C). (C) and (F) Changes in pore orientation plot with height
(Z) at three different radial positions (R = 0.3 mm, R = 0.9 mm, and R = 1.5 mm); experimental data is given with scatter plots, whereas the
modeling results are plotted using lines. FE, finite element; PS, particle size; SL, solid loading; T, cooling temperature; Z, distance from
cooling surface

performance of chemical or electrochemical processes.
Unidirectional freeze casting of camphene-based slurries
naturally produces pores and channels oriented normal (in
the Z-direction) to the freeze front. We hypothesized that
modifying the thermal boundary conditions could enable
“steering” the pores to control the pore orientation within
porous ceramic parts.
To guide the selection of boundary conditions for pore
steering, we devised a simplified FE-model of the freezecasting process that simulates the progression of freeze

front with different thermal boundary conditions. Specifically, we ran simulations for unidirectional (perfectly insulated side surface with cooling only in the Z-direction)
and bidirectional (additional cooling on the side surfaces)
cooling. The latter includes cooling from the periphery of
the cylinder and the bottom surface. The FE simulation
results (thermal gradients) are given in Figure 6A,D. The
color map represents the temperature distribution, and the
freeze front is indicated with the red lines within the sample at the selected instant. A set of vectors normal to the
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freeze front are also shown, where the size of each arrow
is inversely proportional to the freeze-front velocity at that
location. The elongation (maximum Feret diameter) of the
pores is expected to be inversely proportional to the freezefront velocity. Thus, the orientation and size of the arrows
are expected to follow those of the pores.
Figure 6B,E shows the corresponding experimental
results, where the arrows indicate the orientation and
the size (maximum Feret diameter) of the pores. Larger
images of the corresponding microstructures are also given
in Figure S13. The presented results are the averages
from three sample parts. The cross sections, consisting of
stitched consecutive SEM images, are analyzed using a 24
(vertical) × 3 (radial) grid approach to prioritize the local
information during the calculation of average pore elongation (i.e., arrow length) and orientation.
A comparison of FE results and experimentation indicates that the simple FE model is sufficient to estimate the
pore orientation and size for both unidirectional and bidirectional cooling. For a quantitative comparison, the pore
orientations from the model and experiments are plotted in
Figure 6C,F. Overall, the FE model results closely follow
the experimental trends. The model does not include the
nonuniform heat transfer through the top surface and the
dynamic conditions from the evaporation of camphene,
both of which affect pore formation close to the top surface. Thus, the results were compared only for Z < 25 mm.
In unidirectional freezing, the freeze front is expected
to move upward, primarily in the vertical direction. As
the preferred dendrite growth direction is along the
thermal gradients, the final part is expected to have a
porosity mainly oriented in the Z-direction, as indicated by
the vertical arrows in Figure 6A,B. Furthermore, the pore
elongation does not vary with the radial position (the R
coordinate) in unidirectional freezing. On the other hand,
in bidirectional freezing, the pore orientation is dependent
on the radial position. At the center of the sample, the
pores are oriented nearly vertically, similar to the case of
unidirectional freezing. For heights greater than ∼7 mm,
the pores are inclined toward the center at radial positions
away from the center, where the inclination increases with
increased radius. The additional cooling along the side surface of the mold induces a concave freeze front, causing an
increasing inclination in pore orientation.
The thickness of the interfacial liquid film between the
freeze front and the ceramic particles is inversely proportional to the freeze front velocity.33 As the velocity
decreases with height, especially for constant temperature cooling, the resultant thicker liquid film can transport more particles and clear the dendrite growth paths,
enabling pores with increased elongation. However, an
extensive investigation is needed to quantify this relation-
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ship between the freeze front velocity and the elongation
of pores along the cooling direction.

4

CONCLUSIONS

This paper presented an experimental study on the
fabrication of porous ceramics using the freeze-casting
process. A freeze-casting test bed is constructed for the
experiments, where silica is used as the ceramic material
and camphene is used as the solvent. A full-factorial DOE
was followed, and the ANOVA approach was used to identify statistically significant parameters and their relative
importance. Fabricated axisymmetric, cylindrical porous
ceramic parts were cross-sectioned vertically and horizontally, and SEM and image processing were used to quantify
the pore characteristics. Using this approach, the effects
of process parameters (ceramic particle size, solid loading,
cooling temperature) and the distance from the cooling
surface on porosity metrics (areal porosity, pore size, pore
shape/elongation, and pore orientation) were evaluated for
unidirectional freeze casting. To demonstrate the capability of controlling the pore orientation, a set of bidirectional
freeze-casting experiments were conducted. The selection
of the thermal boundary conditions for these “pore steering” experiments was guided by a simplified FEs model of
the process. We concluded that
(i) The areal porosity, that is, the porosity of the cross
sections perpendicular to the freezing direction, is
primarily a function of the solid loading. Increased
solid loading reduces the porosity, and the reduction
is nonlinear, with a higher rate at lower solid loading
amounts. The distance from the cooling surface also
has a small but statistically significant effect on areal
porosity, where reduced areal porosity is observed at
higher heights. Another important observation is that
the areal porosity measured from the vertical (parallel to the freezing direction) and horizontal cross
sections match closely. This enables obtaining areal
porosity data for the entire height of the sample from
a single vertical cross section, considerably simplifying the analyses.
(ii) The assessment of pore size, performed using an
equivalent pore diameter, calculated as the diameter
of a circle with the same enclosed area as the measured pore area, showed that it follows the Weibull
distribution. Average pore sizes ranged from 10 to
80 μm. As in the case of areal porosity, solid loading is the most dominant factor determining the pore
size, where increased solid loading reduces the average pore size and the spread of data considerably. The
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distance from the cooling surface has a small effect
on the pore size. The average pore size and its spread
increase with increased heights at lower solid loadings. However, this effect is either more minor or negligible at high solid loadings. Increased particle size
slightly reduces the average pore size while increasing the spread.
(iii) Pore shape, as analyzed using a shape factor, defined
as the ratio of the maximum Feret diameter to the
equivalent pore diameter, followed a normal distribution for all cases. The distance from the cooling
surface has the most prominent effect on pore shape,
where a higher shape factor (i.e., out of roundness) is
seen as the height increases. Solid loading also affects
the pore shape. Increased solid loading decreases
the shape factor and its standard deviation. Also,
increased particle size reduces the average shape factor while increasing its standard deviation. Furthermore, the two-way interaction effect of height and
particle size also affects the pore shape.
(iv) Pore orientation refers to the general direction of the
pores when the sample is sectioned vertically. For the
unidirectional cooling, the average pore orientation
remains close to 90 degrees, and none of the process
parameters affects this orientation statistically significantly. The standard deviation of the pore orientation increases with increased distance from the cooling surface and slightly decreases with increased solid
loading.
(v) Freeze-casting process has the capability of steering
the pore orientation via modification of the thermal
boundary conditions. A secondary cooling boundary
(from the periphery of the cylindrical mold) caused a
significant change in pore orientation, inclining the
pores toward the axis of the sample. The pore orientation from the simplified FE model closely matched
that from the experiments, indicating that such a
model can be used toward obtaining the desired pore
orientation.
Overall, the experimental results presented in this study
will enable the reproducible fabrication of porous ceramics with the desired porosity characteristics. Further,
the results point to the possibility of optimizing process
parameters toward scalable and low-cost manufacturing of
porous ceramics that can bring exciting advances to many
applications.
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Supporting Tables
Table S1: The 4-factor, 2-level, 2-repetition full-factorial Design of Experiments (DOE) used in
this research.

Test
Solid
Particle
Cooling
#
Loading
Size
Temperature

Z1 / Z2 / Z3

1
2
3
4
5
6
7
8

Low
Low
Low
Low
High
High
High
High

Low
Low
High
High
Low
Low
High
High

Low
High
Low
High
Low
High
Low
High

Table S2: The ANOVA results for the areal porosity % calculated from the SEM images.
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

333.343
7658.554
35.717
11.143
23.060
0.709
1.087
1.702
118.727
0.163
4.129
2.082
10.725
44.778
8.239
265.508
8519.665

0.039
0.899
0.004
0.001
0.003
0.000
0.000
0.000
0.014
0.000
0.000
0.000
0.001
0.005
0.001
0.031

2

P-VALUE
0.0000121
3.27E-19
0.2199111
0.3255782
0.3680941
0.9685156
0.9521673
0.6983329
0.0031936
0.9044705
0.8309684
0.9105333
0.6217598
0.0555900
0.6930006

Table S3: The ANOVA results for the spread in pore size using the scale parameter of the
corresponding Weibull distributions (α=0.05)
FACTOR

SUM SQ. ETA SQ. P-VALUE

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

2.90
37.55
2.10
1.69
0.47
0.17
0.00
0.01
0.02
0.07
0.04
0.05
0.09
0.02
0.08
1.72
47.00

6.18
79.89
4.48
3.60
1.00
0.37
0.01
0.03
0.04
0.16
0.10
0.10
0.18
0.04
0.18
3.66
100

0.000007
8.28E-18
0.000015
0.000059
0.055262
0.316243
0.969834
0.681802
0.628722
0.323298
0.733746
0.732250
0.557555
0.607947
0.562292

Table S4: The ANOVA results for the average pore size using the mean of the equivalent pore
diameter data (α=0.05)
FACTOR

SUM SQ. ETA SQ. P-VALUE

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

2.97
38.32
0.40
3.00
0.47
0.07
0.01
0.02
0.03
0.01
0.02
0.06
0.03
0.01
0.02
1.57
47.00

6.32
81.54
0.85
6.38
1.00
0.15
0.02
0.05
0.06
0.01
0.04
0.13
0.07
0.01
0.03
3.34
100.00

3

0.000003
2.25E-18
0.021197
0.000001
0.043304
0.592039
0.938108
0.560033
0.506733
0.749144
0.879640
0.626854
0.768312
0.753766
0.889957

Table S5: The ANOVA results for the average shape factor on the horizontal cross-sections
using the mean of corresponding normal distributions. (α=0.05)
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

21.51
6.80
4.58
1.29
0.62
4.47
1.08
0.11
0.16
0.22
0.90
0.93
0.30
0.64
0.21
3.17
47

45.77
14.47
9.74
2.75
1.33
9.51
2.29
0.24
0.34
0.47
1.92
1.98
0.63
1.37
0.44
6.74
100

P-VALUE
1.99E-11
2.02E-07
4.45E-06
0.00455
0.11554
0.00003
0.02992
0.36643
0.28025
0.20975
0.04952
0.04517
0.34052
0.03694
0.46611

Table S6: The ANOVA results for the variations in shape factor on the horizontal cross-sections
using the standard deviation of the corresponding normal distribution. (α=0.05)
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

16.94
5.27
2.52
3.77
1.04
2.29
1.23
1.12
0.50
0.50
2.29
0.30
0.11
1.53
1.98
5.61
119

36.04
11.21
5.37
8.02
2.22
4.87
2.62
2.39
1.06
1.06
4.87
0.63
0.23
3.25
4.21
11.94
100
4

P-VALUE
1.03E-25
1.50E-08
0.00311
0.00051
0.12897
0.01643
0.09248
0.03841
0.15710
0.15610
0.01743
0.53946
0.79367
0.01734
0.02662

Table S7: The ANOVA results for the average shape factor on the vertical cross-sections using
the mean of corresponding normal distribution. (α=0.05)
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

55.806
0.103
0.001
2.206
0.425
0.390
0.455
0.116
0.214
0.087
1.381
0.575
0.185
0.400
0.005
33.009
119

46.896
0.087
0.001
1.854
0.357
0.328
0.382
0.097
0.179
0.073
1.161
0.484
0.155
0.336
0.004
27.738
100

P-VALUE
4.35E-24
0.57010
0.95232
0.00966
0.25000
0.27036
0.23406
0.54730
0.41389
0.60076
0.03940
0.18108
0.44703
0.26439
0.90237

Table S8: The ANOVA results for the variations in shape factor on the vertical cross-sections
using the standard deviation of the corresponding normal distribution. (α=0.05)
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

53.750
10.320
0.188
0.347
1.265
0.995
0.631
0.066
0.005
0.005
0.099
0.015
1.332
0.001
0.078
28.437
119

45.168
8.672
0.158
0.292
1.063
0.836
0.530
0.056
0.004
0.004
0.083
0.013
1.119
0.001
0.065
23.897
100
5

P-VALUE
1.03E-25
1.50E-08
0.40940
0.26232
0.03382
0.05919
0.13171
0.62324
0.89404
0.88943
0.54919
0.81426
0.02951
0.95395
0.59552

Table S9: The ANOVA results for the average pore orientation on the vertical cross-sections
using the mean of the corresponding normal distribution. (α=0.05)
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

4.58
3.71
1.76
0.00
2.71
0.93
0.55
3.01
0.00
2.83
1.86
0.02
2.63
0.03
4.13
82.03
119.00

3.853
3.120
1.483
0.001
2.280
0.783
0.460
2.532
0.003
2.382
1.564
0.018
2.212
0.028
3.468
68.936

P-VALUE
0.06298
0.08354
0.11844
0.96056
0.05360
0.25518
0.38257
0.04214
0.94094
0.04861
0.10895
0.86367
0.05721
0.82962
0.01781

Table S10: The ANOVA results for the variations in the pore orientation on the vertical crosssections using the standard deviation of the corresponding normal distribution. (α=0.05)
FACTOR

SUM SQ. ETA SQ.

Z
SL
PS
T
Z*SL
Z*PS
Z*T
SL*PS
SL*T
PS*T
Z*SL*PS
Z*SL*T
Z*PS*T
SL*PS*T
Z*SL*PS*T
ERROR
TOTAL

71.18
17.71
0.25
0.35
7.65
0.32
0.01
0.66
0.67
0.02
0.07
0.04
0.05
0.17
0.35
12.13
119.00

59.816
14.881
0.211
0.292
6.428
0.265
0.005
0.557
0.563
0.019
0.061
0.034
0.042
0.143
0.292
10.191

6

P-VALUE
2.55E-45
4.70E-22
0.14568
0.08750
1.12E-12
0.10296
0.82851
0.01890
0.01827
0.66230
0.43201
0.55672
0.51262
0.22910
0.08753

Supporting Figures
Fig. S1: SEM images showing the morphology of the silica powders with 𝑑50 = 400 nm. Scale
bar indicates 2 µm.

7

Fig. S2: SEM images show the porous core surrounded by dense shells. (a) The cross-section
in the horizontal plane (perpendicular to the cooling direction); (b) Cross-section in the vertical
plane (parallel to the cooling direction.) Input parameters are given on each figure. For the SEM
images of the vertical cross-sections, the Z axis denotes the vertical coordinate on the center of the
image. Scale bar in (a) represents 500 µm; Scale bar in (b) represents 250 µm.

8

Fig. S3. Complete vertical cross-sectional image of the sample with SL=20%, PS=0.4µm, T=-5℃
along the axisymmetric Z-axis. Scale bars represent 500µm.
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Fig. S4: ANOVA plots for the significant factors on areal porosity on the horizontal cross-sections

10

Fig. S5: Results for the distance from the cooling surface (Z) and solid loading percentage (SL) on porosity for Z and SL values.
(a) 3D scatter plot of combined porosity data obtained from horizontal and vertical cross-sections along with fitted surfaces (R-Squared:
0.925) for different T levels. (b-e) Histogram plots with corresponding Weibull distribution fits were used for data representation.
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Fig. S6: ANOVA plots for the significant factors on pore size on the horizontal cross-sections

12

Fig. S7: Results for the effects of particle size (PS) on porosity and pore characteristics. Comparative box plots are used for the
effects of PS on porosity, equivalent pore diameter and max feret diameter.

13

Fig. S8: Results for the effects of cooling temperature (T) on porosity and pore characteristics. Comparative box plots are used for
the effects of PS on porosity, equivalent pore diameter and max feret diameter.
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Fig. S9: Pore shape results using the distributions of shape factor on horizontal cross-sections for unidirectional freeze casting
with constant temperature cooling. Blue (SL=20%) and orange (SL=40%) markers represent μavg and error bars cover [2σavg ,+2σavg ] range at given Z heights. (μavg : average of the corresponding normal distribution means; σavg : average of the
corresponding standard deviations) The other input parameters for the plots from left to right: T=-5℃ & PS=0.4μm, T=-5℃ & PS=2μm,
T=20℃ & PS=0.4μm, and T=20℃ & PS=2μm.
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Fig. S10: ANOVA plots for the significant factors on shape factor parameters 𝛍 𝐚𝐧𝐝 𝛔 on the horizontal cross-sections
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Fig. S11: Pore shape results using the distributions of shape factor on vertical cross-sections for unidirectional freeze casting
with constant temperature cooling. Blue (SL=20%) and orange (SL=40%) markers represent μavg and error bars cover [2σavg ,+2σavg ] range at given Z heights. (μavg : average of the corresponding normal distribution means; σavg : average of the
corresponding standard deviations) The other input parameters for the plots from left to right: T=-5℃ & PS=0.4μm, T=-5℃ & PS=2μm,
T=20℃ & PS=0.4μm, and T=20℃ & PS=2μm.
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Fig. S12: ANOVA plots for the significant factors on pore orientation results on the vertical cross-sections.
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Fig. S13: Stitched SEM images of the vertical cross-sections given in Figure 6. (a) Unidirectional freeze casting, (b) Bidirectional
freeze casting. Input parameters: SL=20%, PS = 2µm and T= -5℃. Scale bars represent 500 µ𝑚.

19

