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Abstract

The processing of ceramic scaffolds using the ice-templating, or freeze casting, technique provides a relatively simple means to mimic
the hierarchical design of natural materials such as nacre. In the present study, we investigated the architecture of silicon carbide (SiC)
scaffolds produced by this technique over a range of cooling rates and suspension characteristics to demonstrate its versatility and effec-
tiveness for fabricating unidirectional porous bodies with controlled lamella thickness, porosity fraction and morphology. An array of
microstructures was generated specifically to examine the role of the suspension solid load and cooling rate on the pore morphology and
final ceramic fraction. With respect to the morphology of the pores, a transition from lamellar to dendritic structure was found to be
triggered by an increase in cooling rate or in suspension concentration. Similarly, the freezing condition and suspension characteristics
were seen to influence the transition between particle rejection and entrapment by the ice. Based on this study, the specific processing
parameters that result in distinct scaffold morphologies, namely lamellar, dendritic or isotropic morphology (the latter corresponding
to particle entrapment), are identified and presented in the form of a “morphology map” to establish the regions of the different archi-

tectures of freeze-cast SiC scaffolds.
Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Freeze casting was first developed to fabricate net-
shaped dense materials [1-3]; recently, however, this
technique has received most interest as a means to produce
porous scaffolds by using ice as a template for complex and
hierarchical architectures [4-9]. The phenomena exploited
in the fabrication of ice-templated porous materials are
the same ones occurring during freezing of salt solutions,
namely the phase separation and the ejection of the impu-
rities from the ice [10-15].
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Freeze casting can offer several advantages compared
to other templating techniques; it is a simple method,
adaptable for processing different materials [16], enabling
a fine control of porosity and wall thickness and manipu-
lation of the surface roughness [17,18]. When applied to
ceramic processing, this technique comprises the unidirec-
tional freezing of a slurry. While the liquid, either water
or an organic solvent, solidifies under the constraint
imposed by a thermal gradient, the ceramic particles are
ejected and entrapped in the space between the ice crys-
tals, leading to the formation of alternating lamellae of
ice and ceramic. After sublimation of the ice and sinter-
ing, a ceramic scaffold exhibiting unidirectional pores is
obtained that is the negative replica of the ice crystals.
The details of the process have been widely discussed in
literature, with several investigations describing the
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influence of such factors as the solvents, particle size, sus-
pension solid content, additives, cooling rate and freezing
temperature on the final microstructure of the scaffold
[19-24].

Unidirectional porous materials are needed for a broad
range of applications, such as filters, membranes, catalyst
supports and load-bearing structures. Moreover, unidirec-
tional porous and composite structures are common in nat-
ure, since their design enables the optimization of the
mechanical properties [25] according to their specific func-
tion. To this end, the architectures of natural materials
such as nacre, bone, wood, etc., have been considered as
models for the development of new synthetic materials
[26]. Deville et al. [8] first pointed out the similarities
between the freeze-cast scaffolds and the inorganic compo-
nent of nacre, thereby demonstrating the utility of this pro-
cessing technique for the biomimicry of natural structures
with multiple characteristic length-scales. Specifically, these
authors mimicked the hierarchical structure of nacre by
producing a scaffold made of parallel inorganic layers,
whose surface roughness and characteristic bridges
between lamellae resembled the features of the aragonite
platelets [8]. The result was alumina composites obtained
by infiltrating the ceramic scaffold with either a polymer
(epoxy) or a metal (Al-Si alloy); in this manner synthetic
nacre-like materials were processed with a lamellar struc-
ture and ceramic content up to ~45vol.% [8]. In subse-
quent studies [27], the processing was modified to yield
alumina/PMMA materials with up to 80 vol.% ceramic in
a more realistic nacre-like “brick-and-mortar” structure.
Using strong interfaces between the ceramic and polymeric
phases achieved through grafting techniques, these new
materials displayed unprecedented levels of toughness for
ceramics [27].

As the alumina hybrid materials described above had
a relatively low strength (~200 MPa) [27], we describe
here our initial studies to make higher-strength “nacre-
like” materials using freeze casting to produce scaffolds
of silicon carbide, the choice of SiC being motivated by
its high hardness and low specific weight. Although many
ceramics have now been processed by this method, few
studies have focused on SiC [28,29], possibly because it
is more difficult to sinter and requires higher tempera-
tures and controlled atmospheres. Our aim here is to
investigate the architecture of freeze-cast SiC scaffolds
over a range of cooling rates and suspension characteris-
tics, to generate a morphology map to identify the most
suitable conditions for the development of unidirection-
ally porous silicon carbide structures. Although explana-
tions of the freeze casting process are well described in
the literature [17,18,20-24], it is quite difficult to find
comprehensive reviews able to account for the various
conditions used and the resulting morphologies observed.
What follows is an attempt to provide an overall
explanation for most of the phenomena while remaining
consistent with the experimental data.

2. Experimental procedures

Silicon carbide is one of the most promising materials
for high temperature structural components, due to its
excellent strength, hardness and oxidation resistance. These
properties, as well as its “sintering resistance”, result from
the covalent nature of the Si—-C bond and its low self-
diffusion coefficient [30]. Liquid-phase sintering has to be
carried out to induce effective densification in SiC bodies
at temperatures of 1750-2000 °C, lower than those usually
involved in solid-state sintering (~2100 °C) [31].

Two commercial silicon carbide powders, purchased
from ABCR GmbH & Co. KG, Karlsruhe, Germany, were
used: o-SiC (UF-15) and B-SiC (BF-17), respectively, with
mean particle sizes of 0.55 and 0.50 um and specific surface
areas of 15 and 17m? g, as reported by the supplier.
Alumina (Ceralox SPAO05, Ceralox Div., Condea Vista
Co., Tucson, AZ) and yttria (Grade C, ABCR GmbH &
Co. KG, Karlsruhe, Germany) were added as aids for the
liquid-phase sintering [32-36], with a Al,O3/Y,0O3; molar
ratio of 5/3 kept constant for all suspensions, correspond-
ing to the stoichiometric ratio of the YAG (Y3Als0,)
phase.

The suspensions were obtained by mixing SiC powders
and the sintering aids (10 wt.% total amount with respect
to SiC) in deionized water. A B-SiC/a-SiC weight ratio of
95/5 was chosen to promote  — o phase transformation,
yielding a microstructure with elongated grains [37,38],
which is known to promote toughening in SiC by crack
bridging and deflection [39].

Slurries were prepared with solid contents of 17, 23, 25
and 30 vol.%; these suspensions are hereafter referred to
as SiC17, SiC23, SiC25 and SiC30, respectively. The disper-
sion was performed by adding ammonium hydroxide
(NH4OH) to the slurries in order to adjust the pH at 10
[40], and by ball milling for 40 h. Polyethylene glycol
(PEG) was used as an organic binder, and added to the sus-
pensions before freeze casting.

To conduct the freeze casting, the slurry was poured into
a Teflon mold (diameter: 35 mm, height: 30 mm), which
was placed on the top of a cold finger and stabilized at
3°C. The cold finger was then cooled by liquid nitrogen
at a controlled rate between —1 and —15°C min~! (with
a precision of ~=+3 °C). The average freezing front velocity,
v, for each sample was defined as the time to complete the
solidification divided by the actual height of the sample.

For each suspension, a series of samples was produced
at different cooling rates. For example, for the SiC17 sus-
pension, samples were freeze-cast at —1, —5, —10 and
—15°C min~'; these were termed, respectively, SiC17-1,
SiC17-5, SiC17-10 and SiC17-15. The suspension composi-
tions and cooling rates applied to each sample are listed in
Table 1. Procedures and the specific equipment for the
freeze casting are described in detail elsewhere [17].

After freeze drying (Freeze Dryer 8, Labconco, Kansas
City, MI) for 24-48 h, the green bodies were treated at
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Table 1

Details of suspension compositions and cooling rates studied.

Suspension Solid content Additives Sample Cooling rate (°C min™!)
SiCl17 17 vol.% NH4OH, 5 wt.% PEG SiC17-1 -1
SiC17-5 =5
SiC17-10 —10
SiC17-15 —15
SiC23 23 vol.% NH4OH, 5 wt.% PEG SiC23-10 -10
SiC23-15 —15
SiC25 25 vol.% NH4OH, 5 wt.% PEG SiC25-1 -1
SiC25-5 =5
SiC25-10 —10
SiC30 30 vol.% NH4OH, 5 wt.% PEG SiC30-1 -1
SiC30-5 =5
SiC30-10 —10

450 °C for 4 h to burn out the organic additives, and then
sintered at 1800-1900 °C for 30 min to 4 h, in a graphite
furnace (Model 1000-4560-FP30, Thermal Technologies
Inc., Santa Rosa, CA), under an argon atmosphere.

Microstructures were investigated using scanning elec-
tron microscopy (SEM, S-4300SE/N, Hitachi, Pleasanton,
CA). Fig. 1 shows an example of a micrograph of a freeze-
cast scaffold consisting of parallel ceramic lamellae which
are connected by characteristic bridges (marked by red
arrows). To characterize the nature of the lamellar micro-
structures, the lamella thickness, J, the spacing (wave-
length) of the lamellae, A, (Fig. 1) and the ceramic
volume fraction were evaluated using image analysis on
scanning electron micrographs; a sufficient number of mea-
surements (>100) was performed to obtain a reasonably
small confidence interval for the mean values of § and /.
The morphology of the scaffolds was characterized in terms
of the number of ceramic bridges between adjacent lamel-
lae per unit area (bridge density, p;). As the bridge density
is invariably related to the lamella wavelength, A, a dimen-
sionless parameter m was defined as:

m=(1/p,)/ 7 (1)

This parameter comprises the inverse of the bridge den-
sity, 1/py (Which is the square of the spacing of the bridges),
divided by the square of the wavelength of the lamellae. It
fully describes the morphology of the scaffold and distin-
guishes between the various forms, namely lamellar,
dendritic or isotropic structures. We identified as lamellar
the structures with low p, and m > 5. For 1 <m <35, the
bridge spacing and the wavelength 1 were comparable
and the structures were considered as dendritic. For struc-
tures characterized by m <1, the spacing between the
numerous bridges was smaller than the wavelength. Those
scaffolds exhibited a mostly isotropic structure rather than
unidirectional. Details of these three scaffold morphologies
are described in the following sections.

Three-dimensional (3-D) architectures of the SiC25-1
and SiC25-5 scaffolds were characterized using X-ray

computed micro-tomography (X-ray pCT) at beamline
8.3.2 of the Advanced Light Source, Berkeley CA. The
samples were ground to a cross-sectional size of
I mm x I mm to fit into the camera’s field of view. The
samples were scanned at a resolution of 1.3 um per pixel
at X-ray energy of 27 keV and 3-D tomography data were
generated by reconstructing slices from 900 X-ray projec-
tions collected over a 180° sample rotation. The 3-D
datasets were visualized in Avizo 6.1 (Visualization
Sciences Group, Burlington, MA, USA) and quantitatively
analyzed for the 3-D lamella thickness and spacing in
ImageJ (Rasband, W.S., ImageJ, US National Institutes
of Health, Bethesda, Maryland, USA).

3. Results

3.1. Relationship between cooling rate and freezing front
velocity

The velocity of the freezing solid-liquid interface
depends on the imposed temperature gradient, which can
be modified by tuning the cooling rate, and the thermal
properties of the solidifying layer. In the present work,
linear cooling rates were used in the range of —1 to
—15°C min~"' to obtain more uniform lamellar structures.
The relationship between the cooling rate, measured at the
top of the cold finger, and the freezing front velocity,
obtained by dividing the time to freeze by the height of
the sample, is shown in Fig. 2. For all the slurries studied,
the freezing front velocity was found to be linearly related
to the cooling rate, with the slope of the relationship
depending on the specific composition and SiC
concentration.

3.2. Influence of the freezing front velocity on the lamella
thickness and wavelength

For all the series of scaffolds examined, the lamella
thickness and wavelength, which were evaluated by image
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Fig. 1. SEM micrograph of a SiC scaffold obtained by freezing a
suspension with 17 vol.% solid load at —10 °C min~", sintered at 1900 °C
for 1h, showing the parallel lamellac connected by the characteristic
bridges (arrows). The lamella thickness and the wavelength, respectively,
are defined by ¢ and 4, as depicted.

analysis on SEM micrographs, were found to decrease with
increasing freezing front velocity. The dependence of the
lamella thickness and wavelength on the average freezing
front velocity for SiC17 scaffolds, obtained from the sus-
pensions with 17 vol.% solid load, are shown in Fig. 3a
and b. Results show that the lamella thickness 6 can be
reduced by half, from ~6 to 3 pm, when the freezing front
velocity is increased from 15 to 45 ums ' (cooling rate
increased from —1° to —15°Cmin~'). A similar trend
was observed for the wavelength; the relationship between
4 and the average freezing front velocity v can be approx-
imated by the following power law: 1= Av~". For the
SiC17 samples, the exponent n was ~0.85, which is close
to the values reported in literature for suspensions of
ceramic particles with similar size [20,41].

SEM images, shown in Fig. 4 for SiC17 samples, reveal
that increasing cooling rates (and hence freezing front
velocities) cause structural refinement in the form of
thinner scaffold walls, consistent with the data in Fig. 2.
As the freezing front velocities increase, the pore morphol-
ogy changes from that of lamellar pores at ~5-25 ym s~
(Fig. 4a and b) to dendritic pores, with smaller aspect ratios
and a higher density of bridges between the ceramic walls
at ~30-45 pm s~ ! (Fig. 4c and d).

SiC25-1 and SiC25-5 scaffolds, obtained from suspen-
sions with solid loads of 25 vol.%, frozen respectively at
—1° and —5°C min~', were characterized by X-ray pCT.
The 3-D tomography images and the respective two-dimen-
sional (2-D) slices (cross-sections perpendicular to the
direction of freezing) for these two samples are shown in
Fig. 5a and b. The SiC25-1 sample, frozen at a lower
cooling rate than the SiC25-5 scaffold, exhibits a coarser
and lamellar structure, whereas the SiC25-5 scaffold has a
finer dendritic morphology. In both the samples, the
ceramic lamellae are continuous along the scaffolds,
parallel to the direction of ice growth.

Quantitative analyses on the 3-D tomography images
were performed for the evaluation of the lamella thickness
and pore size; results are visualized in Fig. 6. The data for

the lamella thickness (Fig. 6a and c) are consistent with the
values obtained by image analysis on SEM micrographs of
the same samples. Indeed, mean lamella thicknesses of 19
and 9 um were measured on the SEM micrographs of the
SiC25-1 and SiC25-5 scaffolds, respectively. Furthermore,
the analyses of the 3-D tomography images are of particu-
lar interest as they reveal the homogeneity of the freeze-cast
microstructures across all the samples. The lamella thick-
ness and the pore size are constant along the direction of
solidification, demonstrating that the cooling conditions
were even during the freezing process.

3.3. Influence of solid load on the lamella thickness and
wavelength

Fig. 7a and b shows the measurements of lamella thick-
ness ¢ and spacing A for scaffolds prepared from suspen-
sions with solid loads in the range of 17-30 vol.%, all
frozen at the same cooling rate of —1° min~—'. Both ¢ and
A are seen to be linearly proportional to the solid content,
with the lamella thickness varying between 6 and 23 um
and the wavelength between 25 and 50 um.

SEM images of the samples freeze-cast from suspensions
with different SiC concentrations and obtained over a
range of cooling conditions indicate that only samples fro-
zen at —1 °C min~! exhibit pure lamellar structures regard-
less of the solid content in the slurry. For higher cooling
rates, the pore morphology depends on the starting solid
content, as depicted by SEM micrographs of samples fro-
zen at —5°Cmin~' (Fig. 8). For that particular cooling
rate, only the SiC17-5 scaffold displayed a lamellar struc-
ture, whereas SiC25-5 and SiC30-5 scaffolds show a more
dendritic pattern, with increasing disorder.

The SiC25-10 and SiC30-10 scaffolds did not display a
unidirectional microstructure, as the combination of
cooling rate and solid content promoted the entrapment
of particles in the ice rather than their ejection.

0 & SiC30
E " = sic2s
2 L A sic @
2 40l e sic17
§ 40 A
(0] | |
> -
£ 30 o '
i L @
> ,,..
“ 10 # M R T
0 5 10 15

Cooling Rate (°C/min)

Fig. 2. Relationship between the cooling rate and the average freezing
front velocity for various freeze-cast suspensions of SiC. The key to labels
for the suspensions is given in Table 1.
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3.4. Influence of solid load and freezing front velocity on
ceramic content

Data on the ceramic content of the freeze-cast scaffolds,
assessed using image analysis of the SEM micrographs, are
shown in Fig. 9. The final ceramic content of the scaffolds
depends on both the concentration of the starting suspen-
sions and the freezing conditions. As expected for similar
cooling rates, more concentrated suspensions lead to higher
ceramic contents, e.g., at —1°C min~!, scaffolds with cera-
mic fractions of ~50, 57 and 67 vol.% were respectively
obtained from suspensions with 17, 25 and 30 vol.% solid
load. For samples with the same starting composition,
the faster the freezing front velocity resulting from a faster
cooling rate, the higher the final ceramic content.

3.5. Quantitative characterization of scaffold morphologies

The qualitative differences between lamellar, dendritic
and isotropic morphologies were highlighted in the previ-
ous sections. The shape of the pores and frequency of cera-
mic bridges between the main lamellae were seen to change
depending on the cooling rate and the suspension concen-
tration. The morphologies of scaffolds from suspensions
with 17-30 vol.% solid load, frozen at cooling rates in the
range —1° to —15°C min~!, were characterized in terms
of bridge density, p,. The results (Fig. 10) revealed that
pp increased exponentially with the freezing front velocity
for all the samples. However, the bridge density is not suf-
ficient to compare scaffolds obtained from suspensions with
different solid loads or to discern between lamellar, den-
dritic and isotropic morphologies. Indeed the processing
parameters also affect the structural wavelength, as the
increase in cooling rate induces a structural refinement
and more concentrated slurries yield coarser microstruc-
tures. Both the bridge density and lamellar wavelength
are accounted for by the dimensionless parameter m,
defined in Eq. (1); calculated values are plotted in
Fig. 11. The SiC17-1, SiC17-5, SiC25-1 and SiC30-1 scaf-
folds exhibited m > 5. For these samples, which were
obtained from suspensions with 17, 25 or 30 vol.% solid
loads and frozen at —1 °C min~', or from the slurry with
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17 vol.% frozen at —5°C min~', the bridge spacing was
large compared to the lamella wavelength. The microstruc-
ture of these samples was considered to be lamellar, since
few ceramic bridges connected the main lamellae and the
pores were extensively elongated. For the SiC17-10,
SiC17-15, SiC23-10, SiC23-15 and SiC25-5 scaffolds, m
was between 1 and 5, indicating that the bridge spacing
approached the lamella wavelength as the cooling rates
were increased or more concentrated suspensions were pro-
cessed. Under these processing conditions, due to the
numerous bridges between the main lamellae, tortuous
pores with smaller aspect ratio were observed and the scaf-
folds exhibited a dendritic structure. For the SiC30-5 scaf-
fold, which was generated from a suspension with 30 vol.%
solid load frozen at —5° min~', a value of m < 1 was calcu-
lated. The microstructure of this sample was very intricate,
at the limit between dendritic and isotropic. The parameter
m was not obtained for SiC25-10 and SiC30-10 samples, as
the microstructures of these samples did not exhibit a clear
unidirectional arrangement. For suspensions with 25 and
30 vol.% solid load frozen at —10 °C min ', the directional
growth of ice lamellae was hindered by particle entrapment
in the ice.

4. Discussion

4.1. Relationship between cooling rate and freezing front
velocity

The velocity of the freezing front depends on the tem-
perature gradient between the solidifying layer and the cop-
per plate, as well as on the thermal properties of the
medium through which the enthalpy of solidification is
conducted away [42]. Several studies [41,43,44] have shown
the disadvantage of a constant temperature applied to the
base of the mold, as compared to a linear or parabolic cool-
ing rate. Indeed, a constant temperature at the copper plate
reduces the solidification velocity during the freezing pro-
cess, causing an increasing lamella spacing along the sam-
ple length. Conversely, when a linear cooling rate is
applied, the decrease in heat conduction caused by the
growing ice layer is partially compensated for, with the

(=2
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15 f—
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10 20 30 40 50
Freezing Front Velocity (um/s)

Wavelength, A (um)
1
—@—

Fig. 3. (a) Lamella wall thickness, ¢, and (b) wavelength, A, as a function of the average freezing front velocity, v, for SiC17 suspensions (17 vol.% solid
load), showing that increasing the freezing front velocity induces structural refinement.
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Fig. 4. SEM micrographs of scaffolds from SiC17 suspension (17 vol.% solid load) processed at increasing freezing rates of —1 to —15 °C min~

!, showing

that an increase in cooling rate induces both structural refinement and a morphological transition. Samples (a) SiC17-1 and (b) SiC17-5, frozen at —1 and
—5°C min~!, respectively, exhibit lamellar structures. Higher cooling rates, namely (c) —10 °C min~! for the SiC17-10 and (d) —15°C min~! for the
SiC17-15 sample, lead to finer dendritic structures. All samples were sintered at 1850 °C for 1 h.

Fig. 5. 3-D X-ray micro-tomography images and 2-D reconstructed slices
of (a) SiC25-1 and (b) SiC25-5 scaffolds. The scaffolds were obtained from
suspensions at the same concentration (25 vol.%) frozen at (a) —1 and (b)
—5°C min~!, respectively.

lamellar

pore size
thickness (um) (um) 500 pum
30

SiC25-5

Fig. 6. Evaluation of structural parameters from the 3-D tomographic
images of (a, b) SiC25-1 and (c, d) SiC25-5 scaffolds. The false colors
represent (a, c) the lamella thickness and (b, d) the pore size. These
parameters are constant along the samples, demonstrating the homoge-
neity of the scaffolds.
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Fig. 8. SEM micrographs of (a) SiC17-5, (b) SiC25-5 and (c) SiC30-5 scaffolds, from suspensions with 17, 25 and 30 vol.% solid load, respectively, frozen
at —5°Cmin~'. The increase in suspension concentration induces a coarsening of the structure and a transition from (a) lamellar to (b, c) dendritic
morphology. (c) The SiC30-5 scaffold exhibits the most intricate and disordered structure. The difference in the grain size for the samples is due to different
sintering condition: SiC17-5 was sintered at 1850 °C for 30 min, SiC25-5 at 1850 °C for 1 h and SiC30-5 at 1900 °C for 1 h. The different temperature did
not affect the scaffold architectures, but only the grain size; indeed no residual porosity was observed in the ceramic wall for the three samples.
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Fig. 9. Final ceramic content vs. freezing front velocity for SiC17, SiC23,
SiC25 and SiC30 scaffolds obtained, respectively, from suspensions with
17, 23, 25 and 30vol.% solid load. The ceramic content is clearly
influenced by the suspension concentration and the cooling rate. Indeed
for suspensions of same concentration, the samples frozen at faster cooling
rate exhibit higher density.

result that the reduction in solidification velocity is mini-
mized. By applying a linear cooling rate, the velocity of
the freezing interface is higher at the beginning of the
process, before stabilizing after a transition time to a
constant value corresponding to a steady-state regime
[45]. In this study, average freezing front velocities were
calculated by dividing the freezing time by the height of
each sample, although as the initial transition interval

was not considered, this may somewhat overestimate, by
roughly 10% or so, the actual freezing velocities during
the steady-state solidification.

4.2. Influence of freezing front velocity on lamella thickness
and wavelength

The porosity pattern in a freeze-cast scaffold depends
directly on the ice morphology developed during freezing.
Consequently, the freezing parameters play a crucial role
for the optimization of the structural properties of the scaf-
fold. Measurements of the thickness ¢ and spacing 4 of the
lamellae (Fig. 3) support the general, and intuitive, trend
that smaller ice crystals result from faster cooling rates
and freezing front velocities.

As noted above, the pore morphology evolves from
lamellar to dendritic with increasing cooling rate
(Fig. 4). These observations are consistent with Harrison
and Tiller’s study [10] of the ice morphology and texture
developed during the freezing of aqueous solutions, where
the elongated cells of ice were reported to transform to a
dendritic morphology as the degree of constitutional
supercooling was increased. These authors argued that
faster solid-liquid interface velocities led to steeper solute
concentration gradients and larger constitutional superco-
oling; more rapid cooling thus promotes dendritic ice
morphologies.
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Fig. 11. Morphological parameter m vs. freezing front velocity for
samples obtained from SiCl17, SiC23, SiC25 and SiC30 suspensions,
respectively, 17, 23, 25 and 30vol.% solid load. The dimensionless
parameter m, defined in Eq. (1) as m = (1/p,)/4>, compares the bridge
spacing and the lamella wavelength. In terms of the various freeze-cast
morphologies, m>5 for lamellar structures, 1 <m <5 for dendritic
structures and m < 1 for isotropic structures.

4.3. Influence of solid load on lamella thickness and
wavelength

Results for the lamella thickness 6 and wavelength 4,
plotted in Fig. 7 as a function of the solid load in the sus-
pension, indicate that slurries with higher solid concentra-
tion lead to coarser scaffolds. We also observed that
increases in solid load and cooling rate have a similar effect
on the final morphology. The freezing velocity correspond-
ing to the transition from lamellar to dendritic ice depends
on the solid load in the suspension, and is inversely propor-
tional to the slurry concentration. The transitions in the ice
crystal morphology from planar to lamellar and from
lamellar to isotropic are also sensitive to solid content, as
reported by Waschkies et al. [41]. The dependence of the

ice crystal morphology on the suspension concentration
can be related to the relationship between solid load, solid-
ification temperature depression and constitutional
supercooling. With increasing solid loads, the critical
supercooling that triggers the transition in morphologies
from planar to lamellar, or from lamellar to dendritic, is
reached at a lower freezing velocity.

Similar conclusions can be made for the critical velocity,
v., the velocity of the freezing front, above which the cera-
mic particles are entrapped into the ice; we observed that v,
decreases as the suspension concentration is raised. The
critical velocity of the freezing front for particle entrap-
ment can be expressed by the following expression [20,42]:

ve = (Aad/3nR) x (a,/d)’ (2)

where Ao is the free energy of the particle, a, is the average
intermolecular distance in the liquid film between the par-
ticle and the solid front, d is the overall thickness of this
film, # is the solution viscosity, R is the particle radius
and z is an exponent that can vary from 1 to 5. As v, is in-
versely proportional to the particle radius and the viscosity
(which depends on the solid content [46]), the critical veloc-
ity would clearly be expected to be reduced with higher
slurry concentrations.

4.4. Influence of solid load and freezing front velocity on
ceramic content

From the results in Fig. 9, the ceramic content in the
scaffolds can be seen to depend either on the suspension
concentration or on the cooling rate. For samples from
the same suspensions, the final ceramic content depends
on the cooling rate.

Deville and Bernard-Granger [47] examined the effect of
several parameters on the densification of ice-templated
green bodies to clarify the role of the solvent. They com-
pared the results reported in literature for freeze-cast sam-
ples obtained from aqueous or organic solvent-based
suspensions, with emphasis on the influence of the surface
tension, osmotic pressure, pores size and radius of curva-
ture. Scaffolds obtained from camphene-based suspensions
were less porous than the ones from aqueous slurries with
equal solid content. Moreover the former samples exhib-
ited highly dendritic and smaller pores, due to the different
morphology of the camphene vs. water crystals. They con-
cluded that the difference in the total porosity of aqueous
and organic solvent-based systems was caused by two main
factors: the variation of the solvent surface tension, which
affects the particle packing, and the difference in the radius
of curvature of the pores formed by the ice. Indeed, the
final ceramic content is the result of the densification of
the green scaffolds, which is controlled by the local radius
of curvature of the pores. Mass transport phenomena asso-
ciated with densification are promoted by a small radius of
the curvature of the solid—vapor interface, i.e., by the cur-
vature of the pores. In our samples, we observed a transi-
tion from lamellar to dendritic pore morphology, driven
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by the cooling rate (Fig. 4). The dendritic pores (Fig. 4¢
and d), characterized by an intricate shape, have a smaller
radius of curvature than the lamellar pores, which are lar-
ger and flat (Fig. 4a and b). Consequently, samples
obtained at higher cooling rates, which exhibit dendritic
rather than lamellar pores, experience a larger
densification.

4.5. Morphology map

Based on this study, we can summarize our results on
the form and morphology of silicon carbide scaffolds
freeze-cast from aqueous suspensions in the form of a
“morphology map”, which defines the relationships
between the processing conditions and resulting structures.
The diagram, presented in Fig. 12, can be divided into three
regimes of processing conditions: those leading to lamellar
structures, those to dendritic morphologies and finally the
conditions for particle entrapment (forming isotropic mor-
phologies). The suspension solid load and the cooling rate
play a similar role in the development of the scaffold mor-
phology; they affect the transition from planar to lamellar
and from lamellar to dendritic morphologies. The interface
velocity associated with these morphological transitions
and the critical velocity, v., depend on the suspension con-
centration. The lamellar structure can be obtained with
either low cooling rates or dilute suspensions. For interme-
diate combinations of the two parameters, a dendritic mor-
phology is likely to be developed. High solid loads or fast
cooling rates lead to particle entrapment in the ice, such
that the unidirectional structure cannot be obtained.

30 Isotropic

m<1

Dendritic
2 1<m<5

Solid load (%)

20

Cooling Rate (°C/min)

Fig. 12. Morphology map for freeze-cast SiC scaffolds. The diagram
illustrates the structural evolution induced by varying the cooling rate and
the suspension solid load. The microstructures, obtained under a broad
range of processing conditions, differ in terms of lamella wavelength and
density of bridges between the main lamellae. These differences are
represented by the morphological parameter m, which compares the
bridge spacing and the lamella wavelength. The three regimes of
processing variables correspond to the conditions yielding lamellar
(m>5), dendritic (1 <m <5) or isotropic (m < 1) structures.

From the perspective of mimicking natural materials
such as nacre, such ceramic scaffolds have to be infiltrated
with a small volume fraction of a compliant phase, such as
a polymer, e.g., polymethyl methacrylate (PMMA) [27], or
metal, e.g., Al-Si [48]. Although outside the scope of this
paper, based on preliminary mechanical tests on the SiC
scaffolds infiltrated with PMMA, the lamellar samples
appeared the most suitable to mimic the mechanical behav-
ior of nacre, providing the best compromise between
strength (from the presence of the SiC lamellae) and tough-
ness (from limited plastic deformation in the polymeric lay-
ers), which enabled limited pull-out and crack bridging.
The dendritic samples, conversely, exhibited higher
strength but lower toughness, the presence of many bridges
between the lamellae hindered their sliding and limited the
energy dissipation necessary for crack propagation resis-
tance. A full mechanical characterization of the behavior
of such polymer-infiltrated SiC scaffolds is currently in pro-
gress. However, we believe that the morphology map devel-
oped in this work for freeze-cast SiC scaffolds provides a
crucial first step for the future development of these high-
toughness biomimetic ceramics.

5. Conclusions

We have investigated the various morphologies of cera-
mic structures produced by the freeze casting of silicon car-
bide with the objective of generating scaffolds for the
fabrication of nacre-like SiC composites. Such morpholo-
gies are of paramount importance for the creation of struc-
tural architectures with optimal mechanical performance,
with lamellar scaffolds showing the most promise. The
array of microstructures produced demonstrates the versa-
tility and effectiveness of the ice-templating technique for
the fabrication of SiC scaffolds with a wide range of lamella
thicknesses, porosities and microstructures.

Based on this study, the following specific conclusions
can be made:

1. The transition from a lamellar to a dendritic morphol-
ogy in the freeze-cast SiC scaffolds, as well as the limit
between particle rejection and entrapment, depends crit-
ically on the thermal conditions, the particle fraction in
the suspension and the interface velocity, all factors
which affect the degree of constitutional supercooling.

2. An increase in the cooling rate and/or the slurry concen-
tration also triggers the transition from lamellar to den-
dritic morphology.

3. Since each processing parameter simultaneously affects
many characteristics of the ceramic scaffolds, a mor-
phology map was developed to define the regimes where
the various morphologies of freeze-cast SiC-based scaf-
folds are formed as a function of these processing vari-
ables, specifically cooling rate and suspension solid
content. Such maps provide essential guidance for the
fabrication of biomimetic ceramic structures with
various functional properties.
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