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Abstract: Freeze casting is a technique used to manufacture porous ceramics with aligned
microstructures. In conventional freeze casting, these microstructures are aligned along a single
direction of freezing. However, a caveat to these ceramics has been their ensuing lack of strength
and toughness due to their high porosity, especially in the direction orthogonal to the direction of
alignment. In this work, a novel freezing casting method referred to as “radial-concentric freeze
casting” is presented, which takes its inspiration from the radially and concentrically aligned
structure of the defensive spines of the porcupine fish. The method builds off the radial freeze
casting method, in which the microstructure is aligned radially, and imposes a concentric alignment.
Axial compression and Brazilian tests were performed to obtain axial compressive strengths, axial
compressive moduli, and splitting tensile strengths of freeze cast samples with and without epoxy
infiltration. Notably, radial-concentric freeze cast samples had the greatest improvements in axial
compressive modulus and splitting tensile strength with infiltration, when compared against the
changes in mechanical properties of conventional and radial freeze cast ceramics with infiltration.
These results provide further evidence for the importance of structure in multiphase materials and the
possibility of enhancing mechanical properties through the controlled alignment of microstructures.
Keywords: freeze casting; bioinspired materials; porous ceramics

1. Introduction
Freeze casting was introduced as early as the mid-20th century for technical applications requiring
the use of refractory materials. The method uses the directional freezing of a colloidal suspension
to produce a material with a controlled microstructure. As solvent crystals grow from one end of
a suspension to another, particles become packed in between individual crystal arms, as shown in
Figure 1. Then, the solvent is removed through lyophilizing (freeze-drying) so that a scaffold with a
porous, aligned microstructure remains.
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Its benefit as a “near-net-shape” processing method originally made it a candidate for the
Its benefit as a “near-net-shape” processing method originally made it a candidate for the
manufacturing of parts with complex curvatures such as turbine blades [1]. The flexibility of the
manufacturing of parts with complex curvatures such as turbine blades [1]. The flexibility of the
freeze casting method quickly expanded in research scope. To date, freeze casting has been used to
freeze casting method quickly expanded in research scope. To date, freeze casting has been used to
manufacture a variety of cellular materials, including metallic foams [2–5], nanowhisker scaffolds [6–9],
manufacture a variety of cellular materials, including metallic foams [2–5], nanowhisker scaffolds
graphene monoliths [10], and ceramic substrates for the aquaculture of coral [11]. In addition,
[6–9], graphene monoliths [10], and ceramic substrates for the aquaculture of coral [11]. In addition,
freeze casting has potential applications in solid oxide fuel cells [12] as well as biomaterials [13],
freeze casting has potential applications in solid oxide fuel cells [12] as well as biomaterials [13],
where interconnected channels can allow for the proliferation of cells, and one may choose to cast
where interconnected channels can allow for the proliferation of cells, and one may choose to cast
materials that are biocompatible or bioactive. Therefore, others have focused on the freeze casting of
materials that are biocompatible or bioactive. Therefore, others have focused on the freeze casting of
porous scaffolds using biomedical grade ceramics such as hydroxyapatite [14–18], alumina [19], and
porous scaffolds using biomedical grade ceramics such as hydroxyapatite [14–18], alumina [19], and
zirconia [20]. However, a continuing issue with these scaffolds is their ensuing lack of strength and
zirconia [20]. However, a continuing issue with these scaffolds is their ensuing lack of strength and
toughness due to their high porosity.
toughness due to their high porosity.
Some researchers have used bioinspiration to improve the mechanical properties of freeze cast
Some researchers have used bioinspiration to improve the mechanical properties of freeze cast
ceramics. A dense ceramic inspired by abalone nacre, using a slurry of alumina platelets mixed
ceramics. A dense ceramic inspired by abalone nacre, using a slurry of alumina platelets mixed with
with alumina nanoparticles to create a ceramic material with high strength, toughness, compressive
alumina nanoparticles to create a ceramic material with high strength, toughness, compressive
modulus, and thermal stability, was manufactured by Bouville et al. [21]. Inspired by the narwhal
modulus, and thermal stability, was manufactured by Bouville et al. [21]. Inspired by the narwhal
tusk, Porter et al. [22,23] used a rotating magnetic field to align magnetized ceramic particles during
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tusk, Porter et al. [22,23] used a rotating magnetic field to align magnetized ceramic particles during
freezing; the resulting spiraling ceramic scaffold showed greater strength and stiffness in the direction
of the magnetic field. Likewise, a magnetic field was used to align magnetized alumina particles
during freeze casting; the resulting microstructures mimicked the aligned pores of spongy bone [24].
The development of bioinspired materials also aids in the understanding of structures present
in natural materials that are not common in engineering designs. Since biological materials are often
complex composites that vary greatly in form and composition, even within the same specimen,
understanding the effects of a structural feature in a biological material on its various mechanical
properties, and therefore the design’s purpose, can be difficult. By creating bioinspired materials
in which different microstructures can be produced with the same composition, the effects of these
microstructures on mechanical properties can be properly compared.
1.1. Microstructural Control in Freeze Casting for Bioinspired Materials
In what is here considered “conventional” freeze casting, the freezing process begins when cooling
is applied to one end of a colloidal suspension of particles, called the slurry, and a planar freezing
front (the advancing interface between solidified solvent crystals and liquid suspension) forms, as in
Figure 1A. The term “conventional” is used to describe the most common and simple freeze casting
setup that results in directional porosity. As the freezing front progresses, particles in the suspension
can be rejected or engulfed by the solidifying solvent [25,26]. Whether or not particles are engulfed or
rejected depends on what configuration is favored by the interfacial free energy (between particle-solid,
particle-liquid, and liquid-solid) [25]. Instability in the planar freezing front instigates a transition to
dendritic growth of the solvent crystals, as in Figure 1B. Peppin et al. [27,28], showed through a linear
stability analysis and experiments that constitutional supercooling in the liquid suspension ahead
of the freezing front can cause such an instability. Then, freezing proceeds with the solvent crystals
aligning themselves parallel to the thermal gradient imposed in the suspension [29]. Particles are
rearranged and “packed” in between the solvent crystals, as in Figure 1C.
In conventional freeze casting setups (see Figure 1D), the slurry is contained in a non-conductive
cylindrical mold (usually polyvinyl chloride, or PVC) positioned on top of a copper rod. Cooling is
applied by immersing the bottom of the copper rod in liquid nitrogen. The top surface of the copper
rod, which is in contact with the slurry, acts as a “freezing surface.” This freezing surface imposes a
vertically aligned temperature gradient throughout the slurry so that growing solvent crystals are
aligned longitudinally. Once the sample is completely frozen, the solvent phase is removed through
freeze drying, and the resulting porous ceramic structure is typically held together by remaining
polymer binder. The sample can be processed further through sintering, infiltration with a polymer,
or sintering and subsequent polymer infiltration.
Through freeze casting, one may specify the pore shape, pore size, and microstructural alignment
of the ceramic by controlling the growth of solvent crystals during freezing. Microstructural control
of the freeze cast ceramic can be achieved through “intrinsic” and “extrinsic” methods [30]. Intrinsic
methods change the inherent freezing characteristics of the slurry and can include the choice of solvent,
additives to the slurry, and choice of particle. For example, freeze casting a slurry of alumina particles
in camphene results in a scaffold with rounded pores [26,31–34]. Meanwhile, freeze casting a slurry of
alumina particles in water results in a scaffold with lamellar pores [35–38]. Extrinsic methods impose
outside forces or parameters to affect the freezing process [30]. Examples of extrinsic methods of
control include the magnetic freeze casting procedure [22–24] and a double freeze casting procedure,
in which a freeze cast scaffold with one direction of alignment is infiltrated with slurry and freeze
cast a second time orthogonal to the first direction of alignment, that results in a scaffold with an
interpenetrating “grid-like” structure with two directions of alignment [31,39,40]. Another extrinsic
freeze casting method is “two-step freeze casting”, where slurry is poured around a conventionally
freeze cast scaffold that has not been lyophilized and the whole sample is freeze cast a second time;
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in this method, melting and refreezing of the first freeze cast scaffold was seen to create a blended
interface between it and the portion of freeze cast scaffold from the second step [41].
In this study, a novel bioinspired freeze casting method was developed, which builds off the
extrinsic method hereafter referred to as “radial freeze casting.” Moon et al. [12] first developed a
form of radial freeze casting using a metal cylindrical mold as the freezing surface so that resulting
scaffolds were radially aligned. Later, an altered conventional freeze casting setup (of the kind shown
in Figure 1) was developed by using a copper mold in lieu of a PVC mold [42]. Thus, the bottom
freezing surface imparted cooling to the copper mold so that the mold acted as a second freezing
surface. The microstructures of the resulting ceramic scaffolds were both longitudinally and radially
aligned. The method described in this paper, which will be referred to as “radial-concentric freeze
casting,” uses radial freeze casting to create longitudinally and radially aligned structures. In addition,
through a two-step process, it introduces concentric structures. First, a radial freeze cast is performed
similarly to what is done in [42], with the exception of a copper pin placed in the center of the copper
mold. Second, the copper pin is removed from the frozen solid, the void left by the pin is filled with
more slurry, and a second freeze cast is performed. This step in the radial-concentric freeze casting
method is similar to the two-step freeze casting method previously described [41]; however, it differs
from two-step freeze casting in that the temperatures of the freeze cast solid and additional slurry are
first equilibrated to prevent partial melting-recrystallization. The morphology of the layers arising
from each step and the interfaces between them are explored in this paper.
1.2. Bioinspiration from the Porcupine Fish Spine
This novel freeze casting method was inspired by the defensive spines of the porcupine
fish, members of the family Diodontidae, which are found throughout most oceans in temperate
environments [43]. Like the pufferfish, porcupine fish can inflate to approximately three times their
initial volume by filling their stomachs with water or air; it is hypothesized that they do so to become
too large for a predator to swallow [44]. However, porcupine fish also have an added layer of
defense—modified scales in the form of stiff, sharp spines covering the body that orient outward when
the fish inflates. One may infer that these spines must be strong enough to protect against a predator’s
bite. Meanwhile, the hundreds of spines covering the fish’s body [45] must be lightweight enough for
the fish to maintain neutral buoyancy.
In previous work, the defensive spines of the species Diodon holocanthus and Diodon hystrix were
characterized [45]. The porcupine fish spine is composed of a combination of hydroxyapatite and
collagen [45], similar to other fish scales [46]. It was shown that the hydroxyapatite and collagen
phases form a concentric and radial alignment, as shown in Figure 2 [45]. Mechanical tests showed
both transverse stiffness and strength many times greater than that of similarly composed biological
materials [45,46]. The authors of [45] posited that these mechanical property improvements arise from
the radial and concentric alignment of the hydroxyapatite and collagen phases. This hypothesis has
precedent from the literature, such as ceramics of alternating layers of dense and porous SiC [47] and
CeZrO2 /Al2 O3 [48] layered ceramics fabricated through slip casting.
Inspired by the defensive spines of Diodon holocanthus, the radial-concentric freeze casting
method was developed to align the ceramic scaffold’s microstructure both radially and concentrically.
Microstructures of the radial-concentric freeze cast ceramics were characterized using scanning electron
microscopy (SEM) and compared to those of both conventional and radial freeze cast ceramics. Finally,
axial (longitudinal direction parallel to the bottom freezing surface) compression and Brazilian tests
on conventional, radial, and radial-concentric freeze cast samples were performed to explore the
differences in mechanical properties between freeze cast ceramics with and without a bioinspired
radial-concentric structure.
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Figure 2. (A) Porcupine fish fully inflated, with defensive spines oriented outwards [49]. (B) Schematic
Figure 2. (A) Porcupine fish fully inflated, with defensive spines oriented outwards [49]. (B)
of ultrastructure and microstructure of the porcupine fish spine, adapted from [45].
Schematic of ultrastructure and microstructure of the porcupine fish spine, adapted from [45].
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was radially freeze cast using a copper mold and a 4.75 mm diameter copper pin placed in the center
of the mold. Thus, freezing originated from three surfaces: the base, the surface of the outer copper
mold, and the surface of the pin. Radially aligned ice crystals grew both inward from the mold and
outward from the pin. These ice crystals then met halfway between each other to form an interface.
In the second step, the pin was removed, slurry was poured into the resulting cavity of the freeze
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pin is removed and the remaining void is filled with liquid slurry, and then cooling is applied again.
and the remaining void is filled with liquid slurry, and then cooling is applied again.
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USA) at
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6 Pa.
Samples
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Samples were sintered in an open-air furnace for three hours at 1500 °C,
with heating and cooling
◦
Samples were sintered in an open-air furnace for three hours at 1500 C, with heating and cooling
rates of 2 °C/min. Samples were 14 mm in diameter (shrinkage of sample diameters was a result of
rates of 2 ◦ C/min. Samples were 14 mm in diameter (shrinkage of sample diameters was a result of
sintering). Approximately 1.5 cm of the bottom portions of samples were removed, and samples
sintering). Approximately 1.5 cm of the bottom portions of samples were removed, and samples were
were cut to ≈ 14 mm in length.

cut to ≈14 mm in length.
Additionally, a separate set of samples were infiltrated with epoxy (EpoxiCure 2 Epoxy System,
Buehler, Lake Bluff, IL, USA). Samples were immersed completely in epoxy and degassed for 30 min.
Samples were then removed from the epoxy and allowed to cure overnight.
2.2. Microstructural Characterization
Microstructures of radial and radial-concentric samples were imaged using an environmental
SEM (FEI/Philips XL-30, FEI, Hillsboro, OR, USA). To prepare samples for SEM, the finished ceramic
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sample (of 14 mm in height) was cut using a rotary saw so that approximately 4 mm from the top and
bottom ends were removed. Then, cut surfaces were polished using 90 grit and 600 grit sandpaper.
Samples were fixed to a sample stub using carbon tape and carbon paint and sputter coated with
iridium (Emitech K575X, Quorum Technologies Ltd., East Sussex, UK) for 15 s at 85 mA. Samples
were imaged under 10 kV accelerating voltage. Full axial cross sections of conventional, radial, and
radial-concentric freeze cast samples were made by stitching together individual SEM images to create
a composite image.
Porosity of scaffolds (φ) was calculated using the bulk density of alumina (ρbulk = 3.95 g/cm3 )
and the relative density (ρrel ) of mechanical testing scaffolds, which is calculated from measured mass
(m) and volume (V). This calculation is shown in Equation (1):

φ=

m/V
1−
ρbulk



× 100 = (1 − ρrel ) × 100,

(1)

2.3. Mechanical Testing
The cylindrical freeze cast samples were tested in axial compression and analyzed according to the
American Society for Testing and Materials (ASTM) standard C39/C39M-15A [50]. Axial compressive
strength was calculated based on the maximum nominal stress. Axial compressive modulus was
calculated through the slope of the initial linear portion of plots of the nominal stress versus nominal
strain. Uninfiltrated and infiltrated samples were loaded at a crosshead strain rate of 10−3 /s until
failure. Uninfiltrated samples were tested using an Instron 3342 testing machine with a 500 N load
cell (Instron, Norwood, MA, USA), while infiltrated samples were tested using an Instron 3367 testing
machine (Instron, Norwood, MA, USA) with a 30 kN load cell.
Previously, porcupine fish spines were tested to tensile failure in bending [45]. However,
the dimensions of the samples that can be produced through freeze casting make it difficult to test in
three-point bending since a suitable length to diameter ratio according to ASTM standard cannot be
achieved. In [42], Tang et al. showed that the radial alignment of radial freeze casts improves their
radial compressive loads. The test setup used in their paper is equivalent to a Brazilian test, which,
according to ASTM standard D3967-08 [51], is used to find the splitting tensile strength of samples.
While it is unknown whether porcupine fish spines undergo radial compressive loads, the results
of Brazilian tests may shed light on other potential loading conditions for which the spine may be
optimized. The relationship between the splitting tensile strength (σt ) and failure load and sample
dimensions is given by:
2P
σt =
,
(2)
πLD
where P is the failure load, L is the height of the cylindrical sample, and D is the diameter [50].
Samples were loaded in the transverse direction at a crosshead strain rate of 10−3 /s. Both
infiltrated and uninfiltrated samples were tested using an Instron 3367 testing machine (Instron,
Norwood, MA, USA) with a 30 kN load cell.
For statistical analysis of mechanical test results, ANOVA with a general linear model was
used. Sources of variance included structure (conventional, radial, or radial-concentric), infiltration
(uninfiltrated or infiltrated with epoxy), and the interaction between structure and infiltration.
A general linear model was used to determine whether the means of a particular mechanical property
of two sample groups differed significantly. If p < 0.05, a source of variance was considered to have
a significant impact on that mechanical property. Multi-factor, post hoc Tukey tests were used to
determine whether samples with different structure were statistically the same or different based on
their mechanical test results.
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In radial and radial-concentric freeze casts, there is a decrease in wall thicknesses when traveling
from the outer surface of the sample to the center, which was also observed in previous radial freeze
cast samples [42]. At the very center of both radial and radial-concentric freeze cast samples, it can
be seen that lamellae become significantly smaller and more tightly spaced together (Figure 5). This
spacing may be due to either an increase in the freezing front velocity (lamellae spacing is related to the
freezing front velocity by a power law [35]) or the forces the ice crystals impose on each other as their
growth converges towards the center. It is interesting to note that the center layers of radial-concentric
samples not only have thinner wall sizes, but the walls also seem to meld together into superstructures
where striations of the individual lamellae are still visible.
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Table 1. Wall thicknesses of lamellae in uninfiltrated scaffolds, where Nm is the number of
Table 1. Wall thicknesses of lamellae in uninfiltrated scaffolds, where Nm is the number of
measurements taken and SD is the standard deviation. Measurements were taken using ImageJ
measurements taken and SD is the standard deviation. Measurements were taken using ImageJ
software. Porosity was calculated as described in the methods section with N = 8, 6, and 12 for
software. Porosity was calculated as described in the methods section with N = 8, 6, and 12 for
conventional, radial, and radial-concentric, respectively.
conventional, radial, and radial-concentric, respectively.
Freeze Cast Type
Freeze Cast Type
Conventional
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Thickness ± SD (µm)
Thickness ±SD (µm)
46 ± 15
46 ± 15
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14 ± 4
8±2
8±2
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19 ± 6
17 ± 3
17 ± 3
21 ± 6
21 ± 6
12 ± 5
12 ± 5

Porosity ± SD (%)
Porosity ±SD (%)
52.6% ± 0.9%
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56.2% ± 2.9%
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to porosities of conventional and radial scaffolds with p-values of p = 0.004 and p = 0.008,
respectively. Although slurries with the same volume percentage of alumina particles were used in
each method, the porosities from each freeze casting method may differ since slurries were not

porosities for both conventional and radial 30 vol.% scaffolds are higher than those reported in Tang
et al. [42], where porosity for conventional scaffolds and radial scaffolds was found to be 38% and
42%, respectively. The discrepancy is likely due to the different experimental setups of this paper
and that by Tang et al. [42], such as different freezing rates. With respect to other water-based freeze
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Figure 6. Longitudinal cross section of radial freeze cast sample. (A) Schematic diagram of
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lamellae growing longitudinally from the bottom freezing surface and lamellae growing radially from
the longitudinal section in boxed area in (A) with yellow dotted line delineating the meeting of
the cylindrical copper mold. (C) Zoomed-in view of boxed area in (B).
lamellae growing longitudinally from the bottom freezing surface and lamellae growing radially
from the cylindrical copper mold. (C) Zoomed-in view of boxed area in (B).

Through X-ray in-situ radiography and tomography, Deville et al. [52] observed the morphology
of longitudinal cross sections of a slurry during conventional freeze casting. Two stages of freeze
Through X-ray in-situ radiography and tomography, Deville et al. [52] observed the
casting were noted: the “initial instants” of solidification, where the orientation of ice crystal growth
morphology of longitudinal cross sections of a slurry during conventional freeze casting. Two stages
proceeded randomly without long-range order, and a transition into a “steady state” growth, in which
of freeze casting were noted: the “initial instants” of solidification, where the orientation of ice
lamellar ice crystals grew parallel to the temperature gradients imposed in the slurry.
crystal growth proceeded randomly without long-range order, and a transition into a “steady state”
In the representative radial freeze cast shown in Figure 6, its equivalent initial instants of freezing
growth, in which lamellar ice crystals grew parallel to the temperature gradients imposed in the
encompass approximately the first centimeter of the sample, as measured from the bottom freezing
slurry.
surface. The length is similar to that previously reported in [53]. However, there are some differences
In the representative radial freeze cast shown in Figure 6, its equivalent initial instants of
between the longitudinal cross sections.
freezing encompass approximately the first centimeter of the sample, as measured from the bottom
In [52], it was observed that in the initial instants of conventional freeze casting, there is a mix
freezing surface. The length is similar to that previously reported in [53]. However, there are some
of two kinds of ice dendrites: ones whose primary axis of growth is longitudinally in the direction
differences between the longitudinal cross sections.
parallel to the thermal gradient and another whose growth axis is perpendicular to the thermal gradient
In [52], it was observed that in the initial instants of conventional freeze casting, there is a mix of
(secondary dendrites), which arises from instabilities on the primary dendrites. The combination of the
two kinds of ice dendrites: ones whose primary axis of growth is longitudinally in the direction
anisotropy of the ice crystals and the thermal gradient within the slurry cause the continued growth
parallel to the thermal gradient and another whose growth axis is perpendicular to the thermal
of these ice crystals to transition to being oriented parallel to the temperature gradient; this stage is
gradient (secondary dendrites), which arises from instabilities on the primary dendrites. The
the steady-state growth. In contrast, all initial crystal growth in the radial freeze cast (Figure 6B) is
combination of the anisotropy of the ice crystals and the thermal gradient within the slurry cause the
primarily parallel to the thermal gradient imposed by the bottom freezing surface. In addition, crystals
continued growth of these ice crystals to transition to being oriented parallel to the temperature
grew radially inward from the copper mold; exposed radially oriented lamellae are shown in the
gradient; this stage is the steady-state growth. In contrast, all initial crystal growth in the radial
region above the yellow dashed line in Figure 6B).
Furthermore, in radial freeze casting, the transition from the relatively turbulent initial instants to
a steady-state is different from that observed in conventional freeze casting. In conventional freeze
casting, this transition occurs gradually at approximately 1.5 cm through the longitudinal length of the
sample [52]. In radial freeze casting, the transition from the initial instants to steady-state growth is
well-defined. As shown in Figure 6B, crystals growing radially from the copper cylindrical mold meet

Furthermore, in radial freeze casting, the transition from the relatively turbulent initial instants
to a steady-state is different from that observed in conventional freeze casting. In conventional
freeze casting, this transition occurs gradually at approximately 1.5 cm through the longitudinal
length of the sample [52]. In radial freeze casting, the transition from the initial instants to
steady-state
is well-defined. As shown in Figure 6B, crystals growing radially from
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copper cylindrical mold meet crystals growing longitudinally from the bottom freezing surface at an
interface oriented at ~45° with respect to the bottom surface.
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bottom freezing surface and the radial freezing surface, or by physical forces. These forces can arise
not
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curved
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were
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the
dual
temperature
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created
by
the
due to the growth of the radially oriented crystals impeding the growth of longitudinally growing
bottom
crystals.freezing surface and the radial freezing surface, or by physical forces. These forces can arise due
to the growth of the radially oriented crystals impeding the growth of longitudinally growing crystals.
3.3. Radial Concentric Freeze Casts: Outer Interface
3.3. Radial Concentric Freeze Casts: Outer Interface
In Figure 7, representative close-up images of the outer and inner interfaces of the same
In Figure 7, representative close-up images of the outer and inner interfaces of the same radialradial-concentric freeze cast in Figure 4C are shown. Figure 7A is the same composite SEM image
concentric freeze cast in Figure 4C are shown. Figure 7A is the same composite SEM image from
from Figure 4C but with different annotations. A representative close-up image of the interface of
Figure 4C but with different annotations. A representative close-up image of the interface of the outer
the outer interface of a radial-concentric freeze cast is shown in Figure 7B. This interface was formed
interface of a radial-concentric freeze cast is shown in Figure 7B. This interface was formed in the first
in the first step of our radial-concentric freeze casting method, in which freezing fronts propagating
step of our radial-concentric freeze casting method, in which freezing fronts propagating from the
from the inner copper pin and the outer copper mold met.
inner copper pin and the outer copper mold met.
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The phenomenon used here, the meeting of two freezing fronts, should have been present in the
The phenomenon used here, the meeting of two freezing fronts, should have been present in the
double-sided (top and bottom solidification plates) cooling setup previously reported [37]. However,
double-sided (top and bottom solidification plates) cooling setup previously reported [37].
it is not clear if the authors of this study observed an interface at the meeting of two freezing fronts.
However, it is not clear if the authors of this study observed an interface at the meeting of two
Similarly, the double-sided cooling method was previously explored to create more consistent lamellae
freezing fronts. Similarly, the double-sided cooling method was previously explored to create more
spacing [53]. Yet, it is not clear from either the description of results or the images presented if the
consistent lamellae spacing [53]. Yet, it is not clear from either the description of results or the
authors observed an interface. To date, it does not seem that anyone in the literature has commented
images presented if the authors observed an interface. To date, it does not seem that anyone in the
on this particular facet of freeze casting. Considering that the use of multiple freezing surfaces may be
literature has commented on this particular facet of freeze casting. Considering that the use of
investigated as a way to scale up freeze casting, it would be helpful to understand the properties at
such an interface.
An explanation for the morphology of this outer interface may be found by considering the
interactions of the tips of the ice crystals as they reach each other. Similar to conventional freeze
casting, ice crystal growth first begins at the freezing surfaces (Figure 8A). Then, the tips of ice crystals
growing from two opposite freezing fronts (Figure 8B) approach each other, and particles are pushed
ahead until they become packed at that interface (Figure 8C). The tips of ice crystals growing inward
from opposite directions may either merge or be stopped due to the packed particles, resulting in

An explanation for the morphology of this outer interface may be found by considering the
interactions of the tips of the ice crystals as they reach each other. Similar to conventional freeze
casting, ice crystal growth first begins at the freezing surfaces (Figure 8A). Then, the tips of ice
crystals growing from two opposite freezing fronts (Figure 8B) approach each other, and particles
are pushed ahead until they become packed at that interface (Figure 8C). The tips of ice crystals
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growing inward from opposite directions may either merge or be stopped due to the packed
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3.4. Radial Concentric Freeze Casts: Inner Interface
3.4. Radial Concentric Freeze Casts: Inner Interface
The interface of the inner interface of the radial-concentric freeze cast is clearly defined, as shown
The interface of the inner interface of the radial-concentric freeze cast is clearly defined, as
in Figure 7C. While some bridging between the two layers is visible (Figure 5E), the inner interface
shown in Figure 7C. While some bridging between the two layers is visible (Figure 5E), the inner
appears to have less bridging compared to the outer interface shown in Figure 7B. This lack of bridging
interface appears to have less bridging compared to the outer interface shown in Figure 7B. This lack
appears to result in a weak interface and is discussed in the mechanical test results. The inner ring was
of bridging appears to result in a weak interface and is discussed in the mechanical test results. The
formed by pouring more liquid slurry into the hollow center of an already freeze cast solid and then
inner ring was formed by pouring more liquid slurry into the hollow center of an already freeze cast
freezing a second time. This freezing step was performed after equilibrating the temperatures of both
solid and then freezing a second time. This freezing step was performed after equilibrating the
the additional liquid slurry and the freeze cast solid to prevent melting and re-freezing of the freeze
temperatures of both the additional liquid slurry and the freeze cast solid to prevent melting and
cast solid. The effects of this temperature equilibration on the morphology of the inner interface can be
re-freezing of the freeze cast solid. The effects of this temperature equilibration on the morphology
understood by comparing the sample shown in Figure 7B (equilibrated) against the sample shown in
of the inner interface can be understood by comparing the sample shown in Figure 7B (equilibrated)
Figure S1 (not equilibrated) and against the samples produced through the two-step freeze casting
against the sample shown in Figure S1 (not equilibrated) and against the samples produced through
method previously reported [41]. The latter two cases have blended interfaces due to the melting of
the two-step freeze casting method previously reported [41]. The latter two cases have blended
the freeze cast solid as it comes into contact with the higher temperature liquid slurry and re-freezing
interfaces due to the melting of the freeze cast solid as it comes into contact with the higher
upon freeze casting.
temperature liquid slurry and re-freezing upon freeze casting.
3.5. Mechanical Test Results
Figure 9 shows the mechanical testing results for uninfiltrated samples in the left column and
infiltrated samples in the right column. Statistical similarities between results were analyzed using the
Tukey test comparing structure; results that were significantly different are indicated by the brackets
(labeled with asterisks) in Figure 9. Generally, structure has no effect on axial compressive strength
for both uninfiltrated and infiltrated samples. However, structure affects both axial compressive
modulus and splitting tensile strength, and the ways that structure affects these two properties change
depending on whether the samples are uninfiltrated or infiltrated.
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Figure 9. Results from mechanical testing, where brackets labeled with asterisks (*) indicate results
that were found to be significantly different under Tukey pairwise comparisons for structure. Axial
compressive strength in (A) uninfiltrated and (B) infiltrated samples from axial compression tests.
Axial compressive modulus of (C) uninfiltrated and (D) infiltrated samples measured from axial
compression tests. Splitting tensile strength of (E) uninfiltrated and (F) infiltrated samples measured
from Brazilian tests.

A general linear model was used to analyze sources of variance between samples; p-values
from this analysis are summarized in Table S4 in the Supplementary Materials. This analysis shows
that infiltration, but not structure, significantly influences axial compressive strength. Structure and
infiltration both contribute to variances in axial compressive modulus; however, the combined effect
of structure and infiltration contribute greater variance than the sum of their individual contributions,
1
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meaning that the interaction between the factors has a significant impact on axial compressive
modulus. Similarly, structure and infiltration interact to have a greater combined effect on splitting
tensile strength. Therefore, while infiltration affects axial compressive strength, axial compressive
modulus, and splitting tensile strength, structure only affects axial compressive modulus and splitting
tensile strength.
Axial compressive strength values for uninfiltrated conventional, radial, and radial-concentric
samples are 6.5 ± 1.6 MPa, 6.7 ± 1.3 MPa, and 7 ± 2 MPa, respectively, and values for infiltrated
conventional, radial, and radial-concentric samples were 180 ± 20 MPa, 200 ± 40 MPa, and 200 ±
30 MPa, respectively (Figure 9A). Infiltrated samples all have statistically similar axial compressive
strengths. Therefore, structure does not affect the axial compressive strengths of the freeze cast
samples while infiltration does. These results are likely due to all scaffold types having vertically
aligned microstructures.
Axial compressive modulus values (shown in Figure 9C) for uninfiltrated conventional, radial, and
radial-concentric samples are 290 ± 140 MPa, 400 ± 200 MPa, and 110 ± 40 MPa, respectively. Axial
compressive modulus values for infiltrated conventional, radial, and radial-concentric samples are
3000 ± 400 MPa, 4000 ± 800 MPa, and 4600 ± 500 MPa, respectively. Uninfiltrated radial freeze casts
have a significantly higher compressive modulus than uninfiltrated radial-concentric freeze casts and
a similar compressive modulus to uninfiltrated conventional freeze casts. Infiltrated radial freeze casts
have a modulus similar to that of infiltrated radial-concentric freeze casts, while infiltrated conventional
freeze casts are less stiff. The differences between uninfiltrated and infiltrated samples highlight the
importance of structure in multi-phase materials. Without infiltration, radial-concentric samples have
the lowest axial compressive modulus amongst the three sample types; however, after infiltration, they
have the highest axial compressive modulus. Oftentimes, hierarchical arrangements of stiff and soft
phases of materials are the sources of remarkable mechanical properties that cannot be predicted by a
simple “rule of mixtures” [54,55]. These results show that the radial and concentric structure of the
ceramic and collagen phases in the porcupine fish spine may be the source of similar improvements.
Finally, splitting tensile strengths (Brazilian tests) for uninfiltrated conventional, radial, and radialconcentric samples are 0.19 ± 0.08 MPa, 0.9 ± 0.3 MPa, and 0.21 ± 0.06 MPa, respectively (Figure 9E).
Splitting tensile strengths for infiltrated conventional, radial, and radial-concentric samples are 15.4 ±
1.5 MPa, 10.8 ± 1.9 MPa, and 17 ± 2 MPa, respectively. Without infiltration, radial freeze casts have the
highest splitting tensile strength out of the three freeze cast types. After infiltration, conventional and
radial-concentric freeze cast samples have significantly higher splitting tensile strengths than radial
freeze cast samples. These differences in the relative values of splitting tensile strengths in uninfiltrated
and infiltrated samples might be attributed to the differences in what can be considered the weak
phases in the microstructures of the samples. In all uninfiltrated samples, the porosity guided the crack
formation. Similar behavior is seen in many biological materials, including the porcupine fish spine
and bone [56]. Cracks travel through porous regions, forming patterns mirroring the alignment of
the microstructures formed by lamellae. Figure 10A–C show crack patterns formed in representative
uninfiltrated samples after Brazilian tests, which corroborate the results described above. For the
conventional freeze cast sample (Figure 10A), the crack formed jagged surfaces due to the random
orientation of the microstructure, and a crack was deflected when it encounters a region with lamellae
aligned in a direction different from its original direction of travel. Radial samples (Figure 10B) tended
to have relatively straight cracks, which followed along the radially aligned pores of the microstructure.
Since there is relatively little bridging in the radial samples, the crack progressed through the whole
sample easily. Finally, cracks in radial-concentric freeze cast samples (Figure 10C) followed the radially
aligned pores, traveling through the outer interface, before diverting into the apparently weak interface
of the inner interface. There was a clear crack deflection at every interface between the different layers.
This difference in crack propagation between the two rings in radial-concentric samples may be
caused by their different microstructures. The outer interface is more enmeshed than the relatively
well-defined inner interface. However, the crack propagation along the inner ring may also be due to

Ceramics 2019, 2 FOR PEER REVIEW

15

through the outer interface, before diverting into the apparently weak interface of the inner
interface. There was a clear crack deflection at every interface between the different layers. This
difference in crack propagation between the two rings in radial-concentric samples may be caused
Ceramics 2019, 2, 15
175 of 179
by their different microstructures. The outer interface is more enmeshed than the
relatively
well-defined inner interface. However, the crack propagation along the inner ring may also be due
to the difference
in theofradius
of curvature;
theradius
smaller
radius of of
curvature
themay
inner
ringitmay
the difference
in the radius
curvature;
the smaller
of curvature
the innerofring
make
make
it
more
favorable
for
the
crack
to
follow
along
that
interface
rather
than
break
through
more favorable for the crack to follow along that interface rather than break through the interface, as it the
interface,
as it interface.
did with the outer interface.
did with
the outer

Figure
10. Crack
patterns
in representative
samples
after after
Brazilian
testing.
(A) Uninfiltrated
Figure
10. Crack
patterns
in representative
samples
Brazilian
testing.
(A) Uninfiltrated
conventional.
(B) Uninfiltrated
radial. (C)radial.
Uninfiltrated
radial-concentric.
(D) Infiltrated conventional.
conventional.
(B) Uninfiltrated
(C) Uninfiltrated
radial-concentric.
(D) Infiltrated
(E) Infiltrated
radial.
(F)
Infiltrated
radial-concentric.
conventional. (E) Infiltrated radial. (F) Infiltrated radial-concentric.

In the
samples,
the weak
regions
werewere
the brittle
lamellae
encased
within
the epoxy
Ininfiltrated
the infiltrated
samples,
the weak
regions
the brittle
lamellae
encased
within
the epoxy
phase.
Figure
10D-F
show
crack
patterns
formed
in
representative
infiltrated
samples
after
having
phase. Figure 10D-F show crack patterns formed in representative infiltrated samples after
having
undergone
Brazilian
tests.
For
conventional
freeze
cast
samples,
the
random
orientation
of
the
lamellae
undergone Brazilian tests. For conventional freeze cast samples, the random orientation of the
meant
that there
wasthat
no specific
path
weakness
crack tofor
travel;
thus, the
samplethus,
splitthe
down
lamellae
meant
there was
noofspecific
pathforofthe
weakness
the crack
to travel;
sample
the center,
wherethe
thecenter,
stress was
highest
for thewas
Brazilian
testfor
configuration
[57,58].
In infiltrated radial
split down
where
the stress
highest
the Brazilian
test configuration
[57,58]. In
freeze
cast samples,
the
radialcast
alignment
of the
the radial
relatively
weak lamellae
created a line
down
the center
infiltrated
radial
freeze
samples,
alignment
of the relatively
weak
lamellae
created a
of the
sample.
The
samples
split
in
half
along
this
line
at
a
force
lower
than
that
needed
to split
line down the center of the sample. The samples split in half along this line at a force lower
thana that
conventional
sample. Infreeze
the radial-concentric
cast sample (Figure
crack did
needed tofreeze
split acast
conventional
cast sample. In freeze
the radial-concentric
freeze10F),
cast asample
(Figure
not form
along
the
inner
interface
as
it
did
in
the
uninfiltrated
sample
(Figure
10C)
since
this
inner10C)
10F), a crack did not form along the inner interface as it did in the uninfiltrated sample (Figure
interface
the epoxy
phase,with
which
tougher
thanwhich
the brittle
ceramic
phase.
The crack,
sincewas
thisfilled
innerwith
interface
was filled
theisepoxy
phase,
is tougher
than
the brittle
ceramic
which
travels
along
one
of
the
brittle
lamellae,
was
surrounded
on
both
sides
by
epoxy
phases.
Thus,
phase. The crack, which travels along one of the brittle lamellae, was surrounded on both sides by
onceepoxy
the crack
reached
theonce
inner
it was the
forced
to travel
through
innerto
interface.
These the
phases.
Thus,
theinterface,
crack reached
inner
interface,
it wasthe
forced
travel through
results
indicate
that the
microstructure
of the
porcupine
fish spine may
be useful
for resisting
radial
inner
interface.
These
results indicate
that
the microstructure
of the
porcupine
fish spine
may be
compressive
loads.
useful for resisting radial compressive loads.
The differing
average
porosities
of the freeze
castfreeze
types explored
in this
study should
considered
The differing
average
porosities
of the
cast types
explored
in this be
study
should be
whenconsidered
interpreting
the
mechanical
test
results
shown
here.
As
previously
stated,
the
radial-concentric
when interpreting the mechanical test results shown here. As previously stated, the
freeze
casts tested havefreeze
a higher
porosity
radial
or conventional
casts;
this difference,
radial-concentric
casts
tested than
haveeither
a higher
porosity
than eitherfreeze
radial
or conventional
freeze
though
not
large,
was
enough
to
be
statistically
significant.
For
uninfiltrated
freeze
casts; this difference, though not large, was enough to be statistically significant.cast
For samples,
uninfiltrated
increased
may decrease
theporosity
strengthmay
of the
material.
to beHowever,
little effectthere
freezeporosity
cast samples,
increased
decrease
theHowever,
strength there
of theseems
material.
fromseems
porosity
on
axial
strength,
since
it
is
expected
that
the
strengths
would
be
similar
due
to
the same
to be little effect from porosity on axial strength, since it is expected that the strengths
would
axialbe
alignment
in alltostructure
addition,inthere
is no statistically
similar due
the sametypes.
axial In
alignment
all structure
types. Insignificant
addition, difference
there is nobetween
statistically
axialsignificant
compressive
modulusbetween
and splitting
strengthmodulus
between and
conventional
radial-concentric
difference
axialtensile
compressive
splitting and
tensile
strength between
scaffolds.
For
infiltrated
freeze
cast
samples,
increased
porosity
may
cause
the
composite
to takeporosity
on
conventional and radial-concentric scaffolds. For infiltrated freeze cast samples, increased
more of the epoxy’s mechanical properties, and the increased amount of epoxy infiltrated into the
scaffolds may serve to toughen the otherwise brittle scaffold.

Ceramics 2019, 2, 15

176 of 179

Splitting tensile strengths of conventional and radial freeze cast samples from Tang et al. [42] were
calculated based on the sample geometries and failure force values (failure force values were taken
directly from data points given in the plots). At approximately 58 and 56% porosity for the conventional
and radial freeze cast samples, respectively, the splitting tensile strengths were approximately 0.4 MPa
and 0.7 MPa, respectively. The splitting tensile strength values for conventional freeze cast samples
in the present work were much lower than those calculated from the results given in [42], despite
the porosities of the samples in the former being lower than those in the latter. The differences may
be attributed to differences in particle size, freezing, sintering procedures, and test sample geometry.
Despite the differences between these results and previous results, both sets of results show similar
trends of conventional freeze cast samples having lower splitting tensile strengths than radial freeze
cast samples for uninfiltrated samples.
4. Conclusions
A novel radial-concentric freeze casting method inspired by the radial and concentric structure of
the porcupine fish spine was successfully developed. Radial-concentric freeze cast porous ceramics
were compared with samples freeze cast through radial and conventional freeze cast methods. It was
found that:

•

•

•

•

Radial-concentric freeze cast samples from our two-step freeze casting process had three layers.
The outer two layers resulted from the first step in the process, in which two freezing fronts met
to form an interface. The inner core layer resulted from the second step in the process, where
another interface could be seen between this core layer and the layer formed in the first step of
the freeze cast method.
When infiltrated with epoxy, radial-concentric freeze cast ceramics had improved axial
compressive modulus over uninfiltrated radial-concentric freeze casts, especially when compared
against the effects of infiltration in conventional or radial freeze cast ceramics.
Amongst uninfiltrated samples, radial-concentric freeze cast ceramics had one of the lowest
splitting tensile strengths. With infiltration, radial-concentric freeze casts improved significantly
to having the highest splitting tensile strength.
In comparison, uninfiltrated radial freeze casts initially had the highest splitting tensile strength.
Upon infiltration, the splitting tensile strength of radial freeze casts only improved moderately.

These findings suggest that the radial-concentric samples can be considered to have optimal
improvements in all three mechanical properties once infiltrated and that the radial-concentric design
of the porcupine fish spine may be optimized for radial compressive loads. Moreover, our results
highlight the importance of structure in multi-phase materials. Mechanical properties between single
phase and multi-phase materials with the same structure can differ significantly. These differences in
mechanical behavior can be utilized for further understanding of how and why biological materials
are optimal in certain loading conditions and for the design of improved engineering materials.
Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6131/2/1/15/s1,
Figure S1: SEM image of radial-concentric sample, Table S1: Axial compressive strength of infiltrated and
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