PROGRESS REPORT

ADVANCED
MATERIALS

Freeze Casting

www.advmat.de

Freeze Casting for Assembling Bioinspired

Structural Materials

Qunfeng Cheng, Chuanjin Huang, and Antoni P. Tomsia*

Nature is very successful in designing strong and tough, lightweight mate-
rials. Examples include seashells, bone, teeth, fish scales, wood, bamboo,
silk, and many others. A distinctive feature of all these materials is that their
properties are far superior to those of their constituent phases. Many of these
natural materials are lamellar or layered in nature. With its “brick and mortar”
structure, nacre is an example of a layered material that exhibits extraordi-
nary physical properties. Finding inspiration in living organisms to create
bioinspired materials is the subject of intensive research. Several processing
techniques have been proposed to design materials mimicking natural mate-
rials, such as layer-by-layer deposition, self-assembly, electrophoretic depo-
sition, hydrogel casting, doctor blading, and many others. Freeze casting,
also known as ice-templating, is a technique that has received considerable
attention in recent years to produce bioinspired bulk materials. Here, recent
advances in the freeze-casting technique are reviewed for fabricating lamellar
scaffolds by assembling different dimensional building blocks, including
nanoparticles, polymer chains, nanofibers, and nanosheets. These lamellar
scaffolds are often infiltrated by a second phase, typically a soft polymer
matrix, a hard ceramic matrix, or a metal matrix. The unique architecture of
the resultant bioinspired structural materials displays excellent mechanical
properties. The challenges of the current research in using the freeze-casting
technique to create materials large enough to be useful are also discussed,
and the technique’s promise for fabricating high-performance nacre-inspired
structural materials in the future is reviewed.

of the challenges of designing and making
new materials have been addressed by
nature over millions of years of evolu-
tion. By drawing inspiration from nature,
numerous research groups are trying
to mimic the architecture of natural
materials and fabricate composites with
unique properties.ll Nacre is one of the
most studied natural structures because
of its extraordinary physical properties,
including exceptional strength and tough-
ness. Nacre is made of 95 vol% of mineral
calcium carbonate (aragonite platelets)
bonded by 5 vol% of organic layers of
chitin and proteins. The brick and mortar
structure of nacre exhibits remarkable
toughness, which is about 3000 times
higher than that of pure calcium car-
bonate.l Nacre’s high flaw tolerance and
fracture toughness are due to its sophisti-
cated micro-/nanoscale hierarchical archi-
tecture and abundant interfaces between
mineral calcium carbonate and organic
layers.’l The interfacial adhesion between
the hard phase (aragonite) and soft phase
(organic matrix) is highly optimized such
that the limited interlayer shearing during
fracture acts as a toughening mechanism.
If instead of weak calcium carbonate,
stronger and tougher building blocks

1. Introduction

A major scientific challenge for the 21st century is the devel-
opment of stronger and tougher (damage-tolerant) structural
materials that ideally are lighter weight to support advances in
strategic fields, from buildings to transportation to energy.!!l
How to make these new materials is not entirely clear. Some

are chosen to mimic nacre, much better materials could be
fabricated.*°!

This challenge can be met through an understanding of the
relationships between the architecture of natural materials and
their mechanical response, spanning not simply the microstruc-
ture but the structural parameters from the atomic to macro
length scales. The architecture and many of the properties of
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materials are determined to a large extent by the properties of
their internal interfaces. Therefore, the translation of natural
designs requires a deep understanding of the mechanical
behavior of materials and interfaces in small volumes, down to
the nanoscale. This area of research, mimicking natural mate-
rials, is enormous and in a rapid state of development.

Many processing techniques have been proposed to produce
nacre-like and other bioinspired materials, such as layer-by-
layer deposition,®”! filtration,®'% evaporation,'l electropho-
retic deposition,['?l hydrogel casting,'*"! doctor blading,!11]
slip casting,'® and many others. Most of these techniques are
time-consuming and size-limiting processes, and not feasible
for practical materials production. They are limited to making
a few thick (=200 um) ceramic layers that, due to their small
size, are not yet suitable for structural applications and do not
replicate distinctive features of natural materials. Thus far, the
field has been largely unsuccessful in its quest to apply nature’s
secrets to engineering materials and design.

Corni et al., in their comprehensive review of the tech-
niques mentioned previously, stated that the most promising
strategies for the production of nacre-like materials are freeze
casting, hot-press-assisted slip casting, electrophoretic deposi-
tion, and the paper-making method. Of these, freeze casting
and hot-press-assisted slip casting are probably the best-suited
techniques to produce bulk materials with complex shapes
and architectures that mimic nacre and exhibit outstanding
properties.

Freezing colloidal particle suspensions is not a new pheno-
menon. The earliest publications on the topic date to 1926.12%-21]
However, the process did not receive much attention until
2006, when Deville et al.??l published a seminal paper in Sci-
ence describing the freeze-casting technique to make new
materials. This resulted in the development of a new class of
bioinspired, ultrahigh-toughness ceramic materials?22%l by
controlled freezing of ceramic-based suspensions in water. The
technique, a relatively inexpensive procedure, provides a means
to mimic natural structural designs over several length scales.
The freeze-casting technique has overcome many of the limi-
tations of other conventional techniques described previously.
The technique creates materials that exhibit a hierarchical
architecture with interconnected porosity formed by aligned,
thin, porous layers.

As several recent reviews describe the technique and appli-
cations for constructing nacre-like ceramic materials via freeze
casting,2+?71 only a brief description of the technique is pro-
vided here. We discuss recent progress in using the freeze-
casting technique to assemble bioinspired structural materials
with different building blocks and how to optimize the pro-
cessing parameters of the freeze-casting technique. Finally, we
provide a perspective and outlook for future directions of using
the technique to fabricate novel materials.

2. Freeze Casting for Assembling Different
Building Blocks

Freeze casting is a wet-processing technique that utilizes direc-
tional solidification of water-based (or other solvent) suspen-
sions (ceramic, metal, or polymers), resulting in straightforward
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self-assembly of particles to form a highly porous bulk material.
The technique is very flexible, inexpensive, and environmen-
tally friendly. It can be extended to a wide range of materials
combinations, utilizing different building blocks, including
nanoparticles, polymer chains or nanofibers, and nanosheets,
as shown in Figure 1. The freezing conditions are designed
such that the growing ice has a lamellar microstructure and
the particles concentrate in the space between the ice crystals
to yield a layered, homogeneous scaffold whose architecture is
a negative replica of the ice.l??

By controlling the freezing kinetics and the composition
of the suspension, it is possible to tailor the architecture of
the material at multiple length scales and replicate some of
the microstructural features behind the unique mechanical
response of a natural lamellar material like nacre. Various
types of microstructuresi?®l can be obtained depending on the
powder, the freezing conditions, the solvent used, or the pres-
ence of additives. Several studies have established the relation-
ship between the processing conditions (slurry concentration,
freezing rate, and sintering) and the scaffold architectures (size
and amount of porosity, wall thickness, interlamellar bridging,
and roughness of internal surfaces?*3%). Faster freezing rates
result in much finer microstructures. Additives that affect
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Figure 1. A) Schematic of the freeze-casting technique showing the resulting bioinspired nacre-like nanocomposites. As the ice grows, it expels the
nanoparticles (B), macromolecules (C), and nanosheets (D) that accumulate in the space between ice crystals. A lamellar structure, where the pores are
a direct replica of the ice crystals, is obtained. After sublimating the water (or other solvent), ceramic or metal scaffolds are thermally treated to sinter
and consolidate the structure. A) Reproduced with permission.l'l Copyright 2014, Nature Publishing Group. SEM images in Figure 1B: reproduced with
permission.lZ*l Copyright 2008; SEM images in Figure 1C: reproduced with permission.®!l Copyright 2016, American Association for the Advancement
of Science; SEM images in Figure 1D: reproduced with permission.1l Copyright 2017, Nature Publishing Group.

the physical parameters controlling the microstructure of the
growing ice (such as the phase diagram of the solvent, degree
of supercooling ahead of the freezing front, and the solid/
water and the ice/solvent interfacial energies) can be used to
modify the shape and internal roughness of the lamellae. For
example, when water is used, the pore morphology is lamellar,
while a solution of camphene and naphthalene—camphor cre-
ates dendritic channels. With tert-butyl alcohol, the channels
are prismatic.

To obtain scaffolds with cellular or lamellar morphology,
and with porosity oriented along the temperature gradient,
faster cooling rates are required (1-25 °C min™!) and higher
solid contents (15-50 vol%), with those ranges depending on
the material. It should be noted that there is a critical value for
solid content*”! or ice-front velocity above which particles will
be entrapped randomly by the freezing front, resulting in the
loss of the lamellar structure.l%) The thermodynamics of freeze
casting showing conditions for the particle rejection or entrap-
ment have been described by Wegst et al.?’] and Deville et al.l*!]
The critical ice velocity for particle entrapment is inversely pro-
portional to the particle radius.*?l Thus, repelling small par-
ticles from the ice front is easier than repelling larger ones.
Slurry preparation for freeze casting is critical. Dispersants are
required to distribute ceramic particles homogeneously within
the solvent and to ensure slurry stability over time, whereas
binders are necessary to prevent the green body from collapsing
before sintering.

The final freeze-cast product is the porous scaffold obtained
after sublimation of the ice crystals with a three-dimensional,
interconnected, and highly aligned porous structure. Handling
specimens after sublimation is somewhat difficult, as they
have a very low strength. To improve the strength for ceramics
and metals, scaffolds are subjected to sintering, which lowers
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the porosity level by 10-25% depending on the morphology
of the macropores and their local radius of curvature.*?] The
sintering conditions are important for optimizing the physical
properties of the scaffold. Once densification is achieved, fur-
ther increase in the sintering temperature will only increase
the grain size. However, the increase of grain size with tem-
perature is very limited, as compared with that observed with
materials processed by conventional sintering techniques (e.g.,
Benaqqa et al.*). This was already observed for freeze-dried
ceramics.®! Although the underlying reasons for this behavior
are not clear, it is probably partly related to the pinning of the
grain boundary at the surface during sintering of thin films,
when the grain size lies in the same range of order as the
lamellae thickness.[?"]

The major limitation of the freeze-casting technique is that
it is confined to making rather small (about a centimeter)
specimens. Bai et al.l*l modified the freeze-casting technique
by introducing a new bidirectional freezing technique that
allows further control of the ice-crystal nucleation and growth
as compared with the conventional freeze-casting technique. As
a result, a large-scale (several centimeters) nacre-like lamellar
structure was successfully produced.

After sintering, interconnected and highly aligned porous
layered scaffolds are typically infiltrated with a second phase,
resulting in an inorganic-organic layered composite, as shown
in Figure 1B. Various nanomaterials, such as polymer chains,
nanofibers, or nanosheets, can be directionally frozen and
assembled into a lamellar scaffold, as shown in Figure 1C,D.
The nanofibers are assembled into a laminar structure by
freeze casting, and after sublimation of water, the second phase
is infiltrated to form typical layered composites.?®*’] Recently,
nanosheets (including graphene oxide) were also successfully
assembled into a layered laminar structure.*$->%
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Metals do not wet ceramics, so making such materials is
complex, particularly for infiltration of a small fraction of
metal into a porous ceramic scaffold. Most of the literature
describes infiltration with polymers, used as mortars, similar
to nacre. The mortar strength (or adhesion of the mortar to the
brick) must be such that it is only fractionally smaller than the
strength of the bricks themselves; otherwise, the bricks will
simply break. Neuendorf et al.®!l studied the wetting and work
of adhesion of seven polymers on hydroxyapatite substrates
and found that all of them wet the ceramics, the key require-
ment for the infiltration. Other requirements for the polymers
are low viscosity and a low melting point, while molecular
weight does not seem to be an issue. The most commonly used
polymer to make nacre-like composites is poly(methyl meth-
acrylate) (PMMA). The details of employing different building
blocks for constructing various bioinspired composites are dis-
cussed in the following sections.

2.1. Nanoparticles for Assembling Nacre-Inspired Materials
by Freeze Casting

The freeze-casting process was originally inspired by the for-
mation of sea ice, during which various impurities and micro-
organisms migrate into channels between the growing ice
crystals. Mimicking the mechanism of sea-ice formation was
successfully applied to ceramic nanoparticles for building
nacre-like architectures. Deville et al.?Zl were able to create
a layered, homogeneous ceramic scaffold whose architec-
ture was a negative replica of the ice, as shown in Figure 2A.
The thickness of the ceramic layers could be controlled from
1 to 200 um through the manipulation of the composition of
the suspension and the speed of the ice front, as shown in
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Figure 2B. The roughness of the ceramic layers (which repli-
cates the roughness of the ice crystals) could be manipulated
from the sub-micrometer to the micrometer levels by using
various additives. Some particles were trapped in the ice
during the freezing process, and generated inorganic bridges
between lamellae, whose size and distribution could also be
manipulated using additives. The thickness of the lamellar
walls linearly decreased as the ice-front velocity increased, and
the corresponding cross-sections are shown in Figure 2B,-B,.
After the ice was sublimated, a porous ceramic remained,
which was further sintered at a high temperature (>1000 °C),
and a lamellar scaffold structure was obtained with the char-
acteristic roughness generated by the ice dendrites. Then, the
pores between the ceramic layers can be filled with other mate-
rials to form composites.

Deville et al.? infiltrated epoxy resin into such a freeze-cast
hydroxyapatite (HAP) scaffold, as shown in Figure 2C. To char-
acterize resistance to failure, fracture-toughness tests were per-
formed on the hybrid ceramics in three-point bending, which
showed extensive crack deflection at the interfaces between
the ceramic/polymer layers, resulting in very high toughness.
This phenomenon also occurs in natural nacre, where it plays
an important role in enhancing the toughness at the organic/
inorganic interface and preventing cracks across the lamellar
structure.

Natural materials usually manipulate adhesion, not only by
mechanical, but also by chemical approaches. The roughness
of the mineral plates (bricks) and highly specific properties of
the organic phase (mortar) in nacre work together, resulting
in a damage-tolerant material having exceptional toughness.
The multiscale toughening mechanisms in nacre involve vis-
coplastic energy dissipation within these “mortar” layers and
resulting in “pull-out” of mineral bricks.
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Figure 2. The freeze-casting approach for the fabrication of nacre-like nanocomposites. A) The nanoparticles in the ceramic slurry are expelled by the
growing ice crystals during freezing, resulting in a lamellar microstructure in a direction parallel to the freezing front. Tip-splitting leads to a small
fraction of the nanoparticles being trapped within the ice crystal. After further sublimation, inorganic bridges between adjacent walls are formed. This
porous lamellar ceramic can be infiltrated by a second phase to achieve dense nacre-like nanocomposites. B) An example of an alumina lamellae struc-
ture with different wall thicknesses can be achieved by adjusting the freezing speed of the solidification front. The SEM images (B,) to (By) represent
cross sections parallel to the direction of movement of the ice front. When the ice front velocity increases, the obtained thickness of lamellar decreases.
C) A comparison of mechanical properties of natural nacre and synthetic freeze-cast nacre-like nanocomposites. The freeze-cast HAP-epoxy nacre-like
nanocomposites show a very similar load-displacement curve to natural nacre. SEM results (insets) reveal similar features on the fractured surface,
with mode-| cracks moving away from the notch and defecting at the lamellae. Reproduced with permission.?2l Copyright 2006, American Association
for the Advancement of Science.
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The freeze-casting process is also effective in controlling the
morphology of the inorganic layers and the chemistry of the
interfaces. Munch et al.l’! fabricated nacre-like Al,O;—PMMA
nanocomposites by the freeze-casting technique, as shown
in Figure 3A. To achieve enhanced toughness from pull-out
mechanisms, in addition to these lamellar structures, more
nacre-like brick and mortar structures with a higher ceramic
content were made by incorporating a cold-pressing step prior
to final sintering and infiltration, as shown in Figure 3B. The
bridges obtained during pressing effectively limited sliding of
the bricks and provided an additional toughening mechanism
in the resultant nanocomposites.

Interfacial interactions could also be enhanced during the
freeze-casting process. A methacrylate group was chemically
grafted onto the ceramic surfaces before PMMA infiltration
using in situ free-radical polymerization during fabrication of
Al,0;~-PMMA lamellar nanocomposites.[?’l The methacrylate
groups formed stronger covalent bonding between the Al,0,

e —— - =

== == Lamellar
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and PMMA phases. SEM images of the fracture morphology
show that the weak boundaries resulted in extensive interface
delamination in the Al,O;-PMMA lamellae with non-grafted
interfaces, as shown in Figure 3D, but the strong boundaries
led to much flatter fracture surfaces, as shown in Figure 3E. The
grafted interfaces play a key role in enhancing the toughness
of brick and mortar nanocomposites, and the in situ imaging
of crack propagation clearly shows the pull-out and frictional
sliding between ceramic bricks, as shown in Figure 3F. The
combination of grafted interfaces and bridges in the brick-and-
mortar nanocomposites greatly improved the bending strength,
as shown in Figure 3G. The nacre-like Al,0;—PMMA materials
also displayed remarkable R-curve behavior, indicating their
tolerance to the stable growth of cracks, with a fracture tough-
ness of 30 MPa m®° or more (as shown in Figure 3H), some
300 times higher (in energy terms) than either the ceramic (alu-
mina) or polymer (PMMA), and an order of magnitude higher
than that which can be expected from the “rule of mixtures.”
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Figure 3. A) The nacre-like Al,O3/PMMA lamellar nanocomposites fabricated by freeze casting employing nanoparticles and followed by polymer
infiltration (the light phase is the Al,O3, and the dark phase is the PMMA). B) The Al,O3/PMMA lamellar nanocomposites were further pressed and
sintered to achieve brick-and-mortar architectures with high ceramic contents (up to 80 vol%). C) The ceramic bridges between lamellae are formed of
the trapped ceramic nanoparticles by growing ice between the lamellae or bricks during the second sintering steps. These bridges limit sliding of the
lamellae, providing effective toughening. D) The Al,03/PMMA lamellar nanocomposites without grafted interfaces show extensive interface delamina-
tion during fracture. E) Strong interfaces are formed after chemical grafting, resulting in much flatter fracture surfaces. F) Pull-out and frictional sliding
between the ceramic bricks are observed in in situ imaging of the crack propagation in brick-and-mortar nanocomposites. The arrows indicate the
direction of sliding. G) A bending strength comparison of lamellar and brick and mortar nanocomposites shows that the chemical grafting interface
dramatically enhances the strength compared with the non-grafted interface. H) The fracture toughness can also be greatly improved by chemical
grafting interfaces in the lamellar and the brick-and-mortar nanocomposites, compared with their constituents. For example, the fracture toughness of
nanocomposites with a brick-and-mortar structure is more than an order of magnitude larger than their principle constituent phase of Al,O;. Repro-
duced with permission.[?3l Copyright 2008, American Association for the Advancement of Science.
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The fracture resistance of many natural materials increases
with crack extension, generating a characteristic rising crack
resistance curve (R-curve). In other words, these materials do
not fail catastrophically. Since replicating natural materials’
fracture resistance is one of the goals in developing nacre-like
synthetic materials, numerous papers describing such synthetic
materials'®2352 report not only a conventional measure of the
toughness, such as the crack-initiation toughness K, but also
the R-curve toughness. The R-curve data show that the tough-
ness in these materials is developed during crack growth and
not during crack initiation. The R-curve behavior is character-
istic of many bioinspired ceramic structures, giving us a better
understanding of how they can sustain subcritical cracking,
thus delaying or even inhibiting catastrophic failure.

The key question is whether the properties of these nano-
composites can be further improved. Modeling by Begley
and co-workersP*> suggests that further improvements are
possible. In theory, with a mortar yield strength of 50 MPa,
ceramic bricks measuring =20 x 1 um with a strength of
~1 GPa, and interfacial sliding displacements of =75 nm, a two-
fold increase in strength and toughness should be achievable.l>*l
In short, a reduction in soft mortar content and the use of finer-
scale bricks made from a stronger ceramic (for example, SiC
and Si3N,) is needed for further improvement of strength and
to provide additional toughening mechanisms. Unfortunately,
SiC and Si3N, present great experimental difficulties due to the
extremely high processing temperatures required.

2.2. Nanofibers for Assembling Bioinspired Materials
by Freeze Casting

Ferraro et al.”! reported that SiC fibers can be assembled into
highly porous networks by the freeze-casting technique, as shown
in Figure 4A. After sintering at 1800 °C under an argon atmos-
phere, the resultant scaffold showed a structure with a highly inter-
connected porosity and a hierarchical architecture with aligned
thin and porous ceramic layers. The network struts and architec-
ture formed by the SiC fibers could be manipulated by adjusting
the composition of the suspension and the freezing conditions.
The interlayer distance of this unique hierarchical architecture
varied between 15 and 50 um. As the freezing rate increased,
the interlayer distances decreased, as shown in Figure 4B.
The suspension with 1.5 vol% fibers could be assembled into a
layered network after sintering into a structure with 98% porosity,
as shown in Figure 4C. The walls were assembled by entangled
fibers and had a thickness of only =1-2 um, as shown in Figure 4D.
Like hard SiC fibers, other natural soft nanofibers can also be
assembled into a lamellar structure by the freeze-casting tech-
nique. Si et al.”® used a novel biomass—konjac glucomannan
(KGM)—and flexible SiO, nanofibers to create carbonaceous
nanofibrous aerogels (CNFAs) with an ordered honeycomb-like
structure. The fabrication process is illustrated in Figure 4E. The
KGM/SiO, nanofiber composite aerogels were first assembled
by the freeze-casting technique, and, after carbonization, CNFAs
with hierarchical structure were achieved, as shown in Figure 4F.
Experimental results have shown that CNFAs exhibit intriguing
properties, such as low density, super cyclic compressibility, good
thermal stability, and elastic-responsive conductivity.
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An example of extremely high-porosity scaffolds obtained
by freeze casting of V,0s5 nanofibers, closely resembling that
of cuttlebone, has been recently reported.’”! By adjusting the
initial V,0s5 nanofiber concentration, the mechanical perfor-
mance of scaffolds can be easily tuned. The V,0s scaffolds
features regularly distributed, porous pillars, which connect
adjacent nanometer-ranged thick lamellae, forming rectangular,
micrometer-sized cavities, resulting in ultrahigh porosity of
99.8%. Such an approach can be easily applied to other ceramic
fibers for the fabrication of ultralight structures with unique
mechanical and functional properties in practical dimensions.
The combination of large surface area with good mechanical
properties makes such structures useful for energy-storage
devices, tissue-engineering applications, sensors, and catalysts.

2.3. Freeze Casting of Macromolecules to Fabricate
Porous Structures

Scaffolds composed of the nano-/microfibers described previ-
ously also demonstrate the freeze-casting technique’s possi-
bility for constructing lamellar scaffolds with polymer chains or
macromolecules. Directional freezing of silk scaffolds for tissue
engineering,®® cellulose nanofibers,*% soy protein,®” and sev-
eral other macromolecules have been reported in the litera-
ture. However, nacre-like nanocomposites based on a scaffold
assembled with polymer chains by the freeze-casting technique
have so far not been accomplished.

Zhang et al”’] demonstrated that water-soluble polymer
macromolecules, such as poly(vinyl alcohol) and polycaprolac-
tone, can be assembled into a lamellar scaffold using the freeze-
casting technique. They employed the directional-freezing tech-
nique to produce aligned porous materials that could be useful
for tissue-engineering applications.

Recently, Mao et al.l®!l applied the freeze-casting technique
to assemble chitosan into a lamellar structure, which was sub-
sequently acetylated and transformed to [-chitin. The lami-
nated structure was next mineralized via the decomposition of
Ca(HCO;), in the presence of poly(acrylic acid) and Mg?*. After
hot pressing, synthetic nacre was obtained, as shown in Figure 4G.
The weight percent of CaCOj in the laminated composite reached
up to 91 wit%. The resultant synthetic nacre shows similarities
in structure to natural nacre from macro- to nanoscale dimen-
sions, as shown in Figure 4H. Compared with previous nacre-like
nanocomposites made through freezing ceramic nanoparticles,?*!
this “assembly-and-mineralization” mesoscale approach provides
an alternative way to fabricate lamellar nacre-like materials. The
main issues with the technique are that it is slow and produces
only millimeter-sized specimens with mechanical properties
(strength and toughness) that fall short of natural nacre’s. How-
ever, this research clearly shows that mineralization could be, in
principle, an effective process for making novel materials.

2.4. Nanosheets for Assembling Nacre-Inspired Materials
by Freeze Casting
Besides nanoparticles and macromolecules, the freeze-casting

technique is also suitable for assembling nanosheets into a
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Figure 4. A) An illustration of the freeze-casting technique for assembling SiC nanofibers. B) The interlayer distance of the resultant lamellar SiC
nanofibers scaffold decreases as the freezing rate and the solid content of the suspension increase. C) The obtained SiC nanofiber scaffold has 98%
porosity. D) A magnification of the structure morphology in (C). E) A schematic of the synthetic CNFAs process by the freeze-casting technique. F) The
microscopic structure of CNFAs. G) lllustration of the fabrication of synthetic nacre combining the freeze-casting technique and mineralization. The
chitosan/acetic acid solution is freeze-cast into a lamellar scaffold. The mineralization is accomplished by pumping a solution of ions, including Ca?,
Mg?*, and HCO;". After mineralization, the silk fibroin is infiltrated into the scaffold, which is further hot-pressed. The laminated synthetic nacre-like
structure is obtained. H) Multiscale structure comparison between natural (left) and synthetic (right) nacre. A-D) Reproduced with permission.
Copyright 2016, Wiley-VCH. E,F) Reproduced with permission.[*8l Copyright 2016, Wiley-VCH. G,H) Reproduced with permission.®!l Copyright 2016,

American Association for the Advancement of Science.

scaffold for constructing nacre-like materials. For example, Qiu
et al.;Y first applied the freeze-casting technique to assemble
partially reduced graphene oxide (pr-GO) into a lamellar hier-
archical structure, as shown in Figure 5A. After further reduc-
tion, the obtained biomimetic pr-GO-based structure exhibited
integrated properties of ultralow density, superelasticity, and
good electrical conductivity. This nacre-like rGO scaffold can
be further infiltrated with a second phase to fabricate nacre-
like nanocomposites. For example, D’Elia et al.*¥ first infil-
trated a solution of poly(dimethylsiloxane) (PDMS) and boron
oxide (B,03) nanoparticles into the rGO scaffold, as shown in
Figure 5B. During heating, the PDMS/B,0; crosslinked into
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the polymer of poly(borosiloxane) (PBS), which is a supramo-
lecular polymer with an intrinsic self-healing character. Then,
nacre-like, self-healing, graphene-based nanocomposites were
achieved.

Recently, Picot et al.*! infiltrated poly(methylsiloxane), a pre-
ceramic polymer, into a graphene-based scaffold assembled by
the freeze-casting technique. After heating up to 1000 °C, the
siloxane polymers were converted into a silicon oxycarbide glass,
resulting in the shrinkage of the graphene-based scaffolds. The
structure morphology of the resultant nacre-like graphene-
based ceramic nanocomposite is shown in Figure 5C (parallel
to the ice-growth direction) and Figure 5D (perpendicular). The
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Figure 5. Nacre-like nanocomposites assembled by graphene nanosheets through the freeze-casting technique. A) A schematic illustration of a lamellar
graphene scaffold created by the freeze-casting technique. A dispersion of rGO nanosheets was frozen first, then the rGO nanosheets were expelled
along the growth direction of ice crystal. After sublimation of the ice crystals and further reduction, the graphene lamellar networks were obtained.
Then the nacre-like graphene-lamellae-based nanocomposites could be achieved after infiltrating a second phase, such as a soft or hard phase. B) The
rGO lamellar networks were infiltrated by a soft PDMS/B,0; solution. After crosslinking of PBS by heating, nacre-like self-healing nanocomposites
were obtained. The ceramic precursor mixture was infiltrated into the rGO network. C,D) After sintering at a high temperature, the laminated rGO-
Si-O—C nanocomposites were obtained: parallel to the ice growth direction (C) and perpendicular to it (D). E,F) The rGO-Si—-O-C shows outstanding
mechanical properties due to the lamellar networks of rGO nanosheets, and several toughening mechanisms could be identified through SEM images,
including crack deflection (E) and interfacial friction (F). G) This unique structure results in stable crack-propagation with a rising resistance curve.
H) Compared with other ceramics reinforced with carbon nanostructures, this interconnected network offers very efficient toughening at extremely low
carbon contents. A) Reproduced with permission.% Copyright 2012, Nature Publishing Group. B) Reproduced with permission.[*®l Copyright 2016,
Wiley-VCH. C-G) Reproduced with permission.[*’l Copyright 2017, Nature Publishing Group.
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laminated architecture promotes microcracking, and the typical
crack deflection is easily identified in the propagating crack
shown in Figure 5E. Other crack branching and interfacial fric-
tion, shown in Figure 5F, are also observed in the crack propa-
gation. This combination of several toughening mechanisms
would result in extraordinary toughness. Compared with glass—
ceramic, the initiation toughness of ceramic-rGO nanocompos-
ites is two times higher. Stable crack propagation was achieved
with 1 vol% of carbon in ceramic-rGO nanocomposites, which
also exhibit a rising R-curve behavior with a steady rise of K,
as shown in Figure 5G. The resulting maximum toughness is
almost 3.8 times higher than that of pure glass—ceramic, but
14 times higher in terms of energy. Compared with the fracture
resistance of other ceramics reinforced with carbon nanostruc-
tures, ceramic-rGO nanocomposites exhibit efficient tough-
ening with extremely low carbon contents, and show several
times better toughness, as shown in Figure 5SH.

Other nanosheets can also be assembled into the scaffold
for constructing nacre-bioinspired structural materials. For
example, Hunger et al.l®”l used directional solidification during
freeze casting of platelet-based slurries for the development
of highly porous honeycomb-like scaffolds with a nacre-like
cell-wall structure, which arises from the self-assembly of the
ceramic (alumina) platelets during processing. Such “porous
nacre” possesses properties considerably higher than those
of composite scaffolds of the same composition and overall
porosity made with spherical particles. Bouville et al.P?l dem-
onstrated strong, tough, and stiff nacre-bioinspired ceramics
based on alumina platelets and a glass precursor. They applied
the freeze-casting technique to assemble the alumina plate-
lets into a lamellar scaffold and incorporated glass precursors
instead of a ductile phase. The alumina nanoparticles served
as a source of both inorganic bridges and nanoasperities at the
surface of the platelets, similar to nacre. Then, glass precursors
(silica and calcia) were also infiltrated into the remaining gaps
during the sintering process. With sintering at a high tempera-
ture, the alumina nanoparticles formed strong bridges between
adjacent platelets. The unique architecture and the interfacial
structure of these nacre-like alumina materials resulted in a
combination of mechanisms, including crack deflection, crack
bridging, crack branching, and delamination.

3. Conclusions and Outlook

The last few decades have seen astounding growth in the sheer
number of research papers dealing with the microstructure
and properties of natural materials. Bone and nacre have been
especially recognized for their excellent mechanical properties,
but mimicking them and other natural structures is a task of
enormous technical complexity for which clear guidelines do
not exist. Successful bioinspired bulk structural materials with
new or improved properties remain rare. The vast majority of
current processing techniques yield materials with functional
properties that are disappointing when compared with those
of natural biomaterials. The benefits of trying, though, are
immense. Numerous processing techniques have been pro-
posed to produce nacre-like and bone-like materials. However,
frequently the processes employed have been limited to making
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a few thick (=200 um) ceramic layers that are not yet suitable
for structural applications. Still, we believe that freeze casting,
combined with hot-press-assisted methods, has great potential.
These are probably the techniques best suited to producing
large-sized materials in bulk.

Freeze casting has been demonstrated to be suitable for
assembling all kinds of nanomaterials, such as nanoparticles,
polymer chains or nanofibers, and nanosheets, into lamellar
scaffolds. It is a highly effective approach for controlling the
micro-/nanoscale hierarchical layered structure, including
bridges between the lamellar layers, and interfacial interac-
tions. Recently, the bidirectional freezing technique has been
explored for successfully achieving a large-scale lamellar
ceramic structure,*?! indicating that the approach is an effective
way of manufacturing bulk bioinspired structural materials.

Nevertheless, mimicking nacre still remains a “grand chal-
lenge”, as assembling a precise structure and emulating its
unique interfacial interactions is difficult. Finding ways to
make structural materials in nature’s image in the bulk form, in
which they can be used in practice, is still far from a true engi-
neering reality. The remaining challenge is to precisely control
the scaffold architecture and obtain the highest possible volume
fraction, close to natural nacre, while designing synergistic
interfacial interactions to achieve integrated high strength and
toughness. To achieve that, freeze casting should be combined
with other approaches, like 3D printing or mineralization, to
precisely manipulate the architecture, structure, and interfacial
interactions of nacre-like materials.

The freeze-casting technique is also being investigated for
the development of novel batteries and supercapacitors. (636
These devices require lamellar structures with scalable high-
density, low-tortuosity, porous electrode designs. Successful
design using graphene-based materials, for example, would
enable increased cell-level energy density compared with con-
ventional Li-ion technology. Using freeze casting combined
with filtration, Shao et al.l®! synthesized 3D porous graphene
films, creating a high-performance supercapacitor with a highly
porous microstructure, superior electrical conductivity, and
exceptional mechanical strength. The device exhibited both very
high power densities and very high energy densities. Signifi-
cant research efforts in this area have only begun.

From the perspective of new energy-related materials, the
true pay-off would be in developing high-temperature, light-
weight materials that do not suffer from the ubiquitous brittle
characteristics of ceramics. The major issue with natural mate-
rials is that they do not have high temperature resistance or
capability. The nanocomposites described here all contain a
polymeric or organic matrix, and therefore can be used only
for low-temperature applications. As an incredible number of
excellent synthetic materials for low-temperature applications
already exist, the bioinspired or nacre-like approach may not be
that useful in making new ones.

For many devices (such as turbines, airplane engines, and
power generators) that operate at high temperatures, effi-
ciency is directly linked to how hot they can operate. Higher-
temperature operation results not only in greater efficiencies,
but also in less fuel consumption and reduced environmental
pollution. For these applications, we need new, lightweight,
and damage-tolerant materials. This can only be accomplished
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using ceramic—matrix composites (CMCs). General Electric,
for example, has developed a SiC CMC for turbine blades that
is one third the weight of nickel superalloys, yet extremely
durable.®® However, it took 30 years to perfect the manufac-
turing of this CMC. Here is an area where the bioinspired
approach could lead to breakthroughs in making new materials.
Such materials could be simpler in architecture and cheaper to
manufacture. The idea here is to seek higher ceramic volume
fractions with finer bricks within a nacre-like brick-and-mortar
architecture, which we predict would result in toughness
properties approaching that of the Al,O; and SiC hybrids, but
with higher strength. A true breakthrough would be to make
high-volume-fraction ceramics containing small amounts of a
metallic phase within a carefully controlled structural architec-
ture, but this represents quite a challenge, in part because of
the high wetting angles for metals on ceramics. Such materials
would be extremely useful for high-temperature applications.
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