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Nature is the ultimate experimental scientist, having billions of years of evolution

to design, test, and adapt a variety of multifunctional systems for a plethora of diverse

applications. Next-generation materials that draw inspiration from the structure-property-

function relationships of natural biological materials have led to many high-performance

structural materials with hybrid, hierarchical architectures that fit form to function. In this

dissertation, a novel materials processing method, magnetic freeze casting, is introduced
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to develop porous scaffolds and hybrid composites with micro-architectures that emulate
bone, abalone nacre, and other hard biological materials. This method uses ice as a
template to form ceramic-based materials with continuously, interconnected
microstructures and magnetic fields to control the alignment of these structures in
multiple directions. The resulting materials have anisotropic properties with enhanced
mechanical performance that have potential applications as bone implants or lightweight

structural composites, among others.
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CHAPTER 1:

AN INTRODUCTION TO BIOLOGY FOR ENGINEERS

1.1. Bioinspired design
Nature is the ultimate experimental scientist, having billions of years of evolution
to design, test, and adapt a variety of multifunctional systems for a plethora of diverse
applications. Learning from biological systems (i.e., natural materials and organisms),
then applying modern engineering techniques to emulate these systems, scientists and
engineers from a wide range of interdisciplinary fields develop surprisingly creative
solutions to complex engineering problems. This process of engineering design
inspiration and scientific discovery is broadly defined here as "bioinspired design."
The origins of this field date back to the late 1950's and early 1960's. In 1957,
Otto Schmitt, a polymath, coined the term "biomimetics," which is now defined in the
Merriam-Webster dictionary as:
The study of the formation, structure, or function of biologically produced
substances and materials (as enzymes or silk) and biological mechanisms
and processes (as protein synthesis or photosynthesis) especially for the
purpose of synthesizing similar products by artificial mechanisms which
mimic natural ones [1].
This is not to be confused with the traditional field of "bioengineering,"” defined as:
The biological or medical application of engineering principles or
equipment [or] the application of biological techniques (as genetic
recombination) to create modified versions of organisms (as crops) [1].

Later, in 1960, Jack Steele of the US Air Force coined the term "bionics," defined as:

A science concerned with the application of data about the functioning of
biological systemsto the solution of engineering problems [1].



However, following popularization of the bionic man from the American television
series, "The Six Million Dollar Man," the term bionics lost its appeal in the scientific
community. Also, the term biomimetics suggests that scientists and engineers simply
"mimic" natural systems to develop new technologies. On the contrary, the vast majority
of these technologies are not copied, but rather, inspired by observations of the natural
world. One of the most famous examples of this is Velcro®, which was invented by
George de Mestral in 1941, and later patented in 1955, after plucking several burdock
burrs off his dog's fur [2]. Following observation of the burdock burr under a microscope,
de Mestral discovered the hook-and-loop mechanism - the inspiration for his invention
(refer to Figure 1.1). Therefore, the title of this dissertation, Bioinspired Design, is a more
accurate description of this multidisciplinary field of science and engineering.

Figure 1.2 contains a simple diagram illustrating the synergetic relationship
between engineering and biology. That is, not only can engineers learn from biological
systems to inspire novel engineering technologies - i.e., bioinspiration, but scientists can
also apply engineering methods to further explore biological phenomena - i.e.,
bioexploration. For example, the gecko's tail was found by to be an active appendage in
locomotion [3]. This scientific discovery came to light after engineers designed and
tested a wall climbing robot, mimicking the gecko, finding that an artificial tail was
necessary to act as a counterbalance for stability [4]. This example, presented as a TED

talk in February 2009, inspired Robert Full, an integrative biologist at the University of



Figure 1.1. (a) Image of a burdock burr; (b) scanning electron micrograph of the hook-
and-loop mechanism of Velcro. Images taken from [5, 6].

Bioinspiration
Learning from biological systems
to inspire engineering technologies

Biology Engineering

\ Bioexploration

Applying engineering methods
to explore biological phenomena

Figure 1.2. The synergetic relationship between biology and engineering,
illustrating the processes of bioinspiration and bioexploration through the gecko-
inspired, wall climbing robot. Adapted from Robert Full's definition of
biomutualism [4]. Images taken from [7].



California, Berkeley, to coin the term "biomutualism," defined as:

An association between biology and another discipline where each

discipline reciprocally advances the other [and] collective discoveries

emerge beyond any singlefield [4].

Although there are many examples of bioinspiration and bioexploration in the
literature [8-13], the concepts and design methods involved are not well defined across
the biological and engineering sciences. It seems the bottleneck, limiting the flow of
knowledge between disciplines, is the difference in terminology and research methods
commonly used in biology and engineering. Therefore, many engineering research
groups have put forth considerable effort to investigate biological phenomena from an
engineering point of view [8-55]. These groups have contributed significantly to the
advancement of both engineering and biology, creating a vast "dataset” of biological
knowledge using modern engineering techniques to investigate and present their findings
in terms engineers can understand.

Other groups [56-65] have taken a different approach, using abstraction and
linguistics as foundations to build bridges across disciplines. These groups [56-65] have
identified several functional analogies that link common biological activities to
engineering functions. For example, an engineer may use the functional term "clean" to
devise a solution to a problem where, for optimal performance, a structure, surface, or
device may need to be free from external dust, fluids, microorganisms, etc. [58].
Biologists, on the other hand, may not always use the term "clean" to describe systems
that perform these tasks [58]. Instead, biologist may use terms such as “"remove,"
"eliminate," or "kill" to describe biological systems that clean [58]. This lack of

translation between disciplines makes research in bioinspired design difficult for



engineers not familiar with biology. Thus, several databases and search engines have
emerged as attempts to bridge the gap between biology and engineering: BioTRIZ
(biotriz.com), BioOnline (biology-online.org), and AskNature (asknature.org). Although
their effectiveness is highly controversial, those attempts to link biology and engineering
have gained considerable attention in recent years. For instance, AskNature.org is an
online "catalog of nature's solutions to human design challenges [66]," maintained by the
B Corporation, Biomimicry 3.8, which is sponsored by several legitimate engineering
organizations, including Autodesk.

Regardless, the most exciting path through the bioinspired design process is,
perhaps, an adventitious approach. This approach requires engineers to observe biological
systems directly [64]. Then, rather than relying on complicated abstraction or functional
analogies to devise new technologies, engineers can see for themselves the ingenious
design of the complex, yet elegant, biological world. Through direct observation, it
becomes apparent that several fundamental biological design principles emerge (detailed
the following Section). Using those principles, engineers can begin to learn from Nature
to develop more fundamental design methods, materials, and mechanical devices that

draw inspiration from the vast array of highly-optimized biological solutions.

1.2. Learning from nature

Although inspiration from biology is not a new concept (e.g., flying machines
inspired by birds were first conceptualized by Leonardo Da Vinci in 1488 and later
realized by the Wright brothers in 1903 [67]), the rise of nanotechnology in the 1960's

made it possible to design and fabricate an array of advanced functional materials and



mechanical devices inspired by nature [68]. These materials and devices, broadly defined
here as bioinspired systems, emulate one or more of the basic principles that provide
biological systems their efficient, life-friendly designs and highly-optimized properties
(i.e., mechanical, electrical, optical, thermal, chemical, etc.). Nearly all natural biological
systems follow six fundamental design principles (adapted from [9, 10, 12, 13, 67, 69,
70]):

1. Depend on water for existence;

2. Produced & decomposed in cyclic, life-friendly processes (~300 K, ~1 atm);

3. Made up of locally available organic (soft) & inorganic (hard) building

blocks (C, N, O, H, Ca, P, S..)), resulting in a vast array of hybrid systems;

4. Self-assembled from the bottom up;

5. Ableto grow, sdlf-repair, adapt & evolve, fitting form to function;

6. Designed with hierarchical structures for efficiency and multifunctionality.

The human body provides excellent examples of these design principles at work
(see Figure 1.3). The musculoskeletal system (Figure 1.3a) is a multifunctional system
that depends on water to grow and operate, composed of hierarchical materials that fit
form to function [71]. The system combines both hard (skeleton) and soft (muscles)
materials to achieve the multiple functions that allow organisms to perform daily
activities. These materials are composed of locally available building blocks, self-
assembled from the bottom up in life-friendly conditions. The hierarchical organization
of, not only the materials that make up the system (bone and muscle), but also the
different levels at which the two components interact, provides organisms an efficient

biomechanical framework for body support and locomotion.



Figure 1.3. Illustrations of (a) the musculoskeletal system and (b) the hierarchical
structure of bone. Images taken from [72, 73].

Looking further, bone is a multifunctional material that provides body support,
joint movement, and blood flow, as well as the production and storage red and white
blood cells and minerals [28]. It is a hybrid composite material composed of water,
inorganic minerals (i.e., hydroxyapatite) and organic proteins (i.e., collagen),
hierarchically structured from the nano- to macro- scales [28]. Figure 1.3b shows the
hierarchical organization of bone (described in more detail in the following chapter) [72].
This intricate organization of both hard (minerals) and soft (proteins) constituents
provides bone with its exceptional strength and toughness, while allowing it to be highly

porous to reduce weight and permit fluid flow.



Research in bioinspired design has led to the development of novel, high-
performance engineering technologies that mimic or draw inspiration from natural
biological systems. For instance, many bioinspired materials that mimic bone are
stronger, tougher, and more lightweight - ideal for applications ranging from bioactive
tissue replacements to lightweight structural composites [74-84]. In addition to
bioinspired materials, there is also an assortment of bioinspired structures, devices, and
robotics [17, 18] that draw inspiration from biological structures (e.g., buildings inspired
by termite mounds [85]), mechanisms (e.g., light-harvesting devices inspired by
photosynthesis [86]), and organisms (e.g., flying robots inspired by insects [87]). The
ultimate goal of bioinspired design is to allow engineers to, not only mimic or draw
inspiration from natural systems, but also use the six principles listed above as design
guidelines to develop more high-performance and environmentally sustainable

technologies.

1.3. What to expect?

In this dissertation, the invention of a novel materials processing method,
Magnetic Freeze Casting, is revealed as an example of a bioinspired design. First
published in Materials Science and Engineering: A, Porter et al. [88] demonstrated the
use of magnetic fields to align ceramic particles during the freeze casting process. The
inspiration behind this method came from the quest to engineer bioinspired materials with
designer architectures that emulate the microstructural anisotropy and mechanical
properties of bone, abalone nacre, and other hard biological materials. To provide

sufficient background, Chapter 2 introduces selected bioinspired materials relevant to



appreciate the novelty and potential application of this work. Chapters 3-4 provide a
comprehensive review of different freeze casting techniques developed to date, including
those investigated by Porter et al. [89], featured on the back cover of Advanced
Functional Materials. Chapters 5-7 elucidate magnetic freeze casting as an advanced
materials processing method to fabricate bioinspired materials with aligned
microstructures and enhanced mechanical properties. Finally, the future of magnetic
freeze casting is discussed in Chapter 8, as this research will continue beyond the scope
of this dissertation. Chapters 2-7 are adapted from six manuscripts, published, currently

under review or in progress [88-92].



CHAPTER 2:

BIOINSPIRED MATERIALS

2.1. Introduction

Biological materials science focuses on the structure-function-property-processing
paradigm, a common theme in materials science, that governs the performance of natural
materials [93]. Most research in the area of bioinspired materials is directed toward the
development of functional materials inspired by the latter four principles, presented in
Chapter 1: hybrid systems, self-assembly, fitting form to function, and hierarchical
structures. A few examples of functional materials inspired by nature include:

e Resilient fibers inspired by spider silk [94-96];

e Self-assembled and mineralized fibers inspired by collagen [97-99];

e Wet and dry adhesives inspired by mussel byssus and gecko toes [39, 100];

e Hydrodynamic and antifouling surfaces inspired by shark skin [101-104];

o Antireflective films inspired by butterfly wings and insect eyes [105-108];

o Fiber optics inspired by sponge spicules [14, 15, 106, 109, 110];

e Self-cleaning surfaces and paints inspired by the lotus leaf [23, 111, 112];

e Self-healing composites inspired by bone and vascular networks [113-115];

e Stimuli responsive materials inspired by sea cucumbers [21, 116];

e Electro-active and shape memory materials inspired by muscles [117-120];

e Cellular solids inspired by bone [121-124];

e Tough ceramics and composites inspired by abalone nacre [75, 80, 84].

10
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Of those listed above, the work presented in the remainder of this dissertation is
directed toward the development of cellular solids, tough ceramics, and hybrid
composites inspired by bone, abalone nacre, and other structural biological materials.
These materials may be useful for a variety of applications ranging from load-bearing
bone implants and lightweight structural composites to separation filters and catalyst

supports [90].

2.2. Learning from bone and nacre

Why learn from bone and nacre? Well, bone and nacre are both natural ceramic-
based materials, containing small fractions of organic matter, that exhibit extraordinary
mechanical properties, given their lightweight composition of locally available elements
(Ca, P, C, O, H) [8-10, 12, 27, 31]. Bone and nacre are stiff, strong and tough -
mechanical properties, which are generally considered mutually exclusive [46]. Figure
2.1 contains Ashby plots comparing the mechanical properties of bone and nacre to
several other natural materials [13]. As seen in the plots, these materials are surprisingly
tough, considering their low density, high strength and stiffness. The reason for this
unusual combination of properties stems from their hybrid, hierarchical design, self-
assembled from the molecular level up, resulting in anisotropic architectures. The
diagrams shown in Figure 2.2 contain images illustrating the structural hierarchy of bone
and nacre [43, 52].

Bone is generally composed of ~65 wt.% hydroxyapatite (Cazo(PO4)s(OH)2)
minerals embedded in an organic matrix of type | collagen (refer to Figure 2.2a) [27, 52,

125]. It exists in two main forms: cortical (or compact) and cancellous (or spongy)
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Figure 2.1. Ashby plots comparing the mechanical efficiency of natural materials: (a)
Young's modulus versus density; (b) strength versus density; (c) toughness versus
modulus. The highlighted green and red regions correspond to bone and nacre,
respectively. The light colored regions correspond as follows: blue - natural cellular
materials; green - natural elastomers; orange - natural polymers and polymer composites;
purple - natural ceramics and ceramic composites. Adapted from [13].
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Figure 2.2. Hierarchical structure of (a) bone and (b) nacre. Taken from [43, 52].

[27, 52, 125]. At the microstructural level, cortical bone is composed of osteons, which
consist of dense (5-10% porosity) concentrically oriented lamellar sheets that surround
small vascular channels (Haversian canals) and lacuna spaces ~10-50 pum in diameter
[126, 127]. These lamellar sheets are ~3-7 um thick, arranged in a twisted plywood
architecture, where the fibers making up each lamellae are oriented at different angles
[38, 52]. Each fiber is composed of several mineralized collagen fibrils ~100 nm in
diameter and ~5-10 pum in length [38]. Each fibril consists of tropocollagen proteins and
periodically spaced hydroxyapatite minerals with a characteristic periodicity of ~67 nm
[128]. Cancellous bone, on the other hand, is an open porous cellular solid (75-85%

porosity), consisting of trabecular struts that surround large pores ~100-500 pm in
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diameter [126, 129]. Although morphologically similar to cortical bone at the submicron-
level, cancellous bone contains flat lamellar sheets, rather than cylindrical osteons [130].
Interestingly, the growth of bone (cortical and cancellous) is mediated by mechanical
loading (i.e., bone grows in response to stress), which results in heterogeneous
compositions and mechanical properties that vary across species with location, age, sex,
and physiology [38]. And, although not widely accepted, recent studies have confirmed
that the organic proteins and inorganic minerals in bone are continuously interconnected
[125, 131-133].

In comparison to bone, nacre exhibits superior mechanical properties, primarily
due to its lack of porosity. Nacre is composed of ~95 wt.% crystalline aragonite (CaCOs3)
platelets (or tiles) embedded in an organic matrix of chitin (refer to Figure 2.2b) [35, 40].
Organization of the inorganic platelets and organic matrix is most commonly described as
a "brick-and-mortar" structure, where stacked aragonite platelets, ~0.5 um thick by ~8-10
pm wide, are the "bricks™ and organic layers, ~20-50 nm thick, are the "mortar" [35,
134]. Connecting the platelets are mineral bridges ~25-55 nm thick [135, 136]. The
platelets have a characteristic surface roughness due to asperities ~50 nm wide and ~30
nm high [137]. However, the platelets are not discrete tiles dispersed in a continuous
organic matrix. Like bone, the organic and inorganic constituents are continuous,
interpenetrating phases that grow concurrently [135, 138]. Additional growth bands,
corresponding to periods of growth interruption, are composed of organic layers ~20 pum
thick, which separate mesolayers ~300 um wide [40, 138].

Several mechanisms across different length scales contribute to the excellent

strength and toughness of bone and nacre [11, 38, 44, 46, 134, 137, 139-141]. In bone,
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extrinsic toughening mechanisms occur behind the crack tip at length scales typically >1
pum [38, 46]. These include crack deflection and twisting around osteons, uncracked-
ligament bridging, collagen-fibril bridging, and constrained microcracking [38]. Intrinsic
toughening mechanisms in bone occur ahead of the crack tip at length scales typically <1
pum [38, 46]. These include hidden length sacrificial bonding, microcracking, fibrillar
sliding, and molecular uncoiling [38]. In nacre, the brick-and-mortar structure deflects
crack propagation, leading to failure via delamination, tile pull-out or tile fracture [139].
As stress accumulates through the structure, the organic matrix dissipates energy, acting
as a tough viscoelastic glue [134, 137]. The mineral bridges resist inter-tile shearing (tile
pull-out) and tensile failure (tile fracture), acting as reinforcing struts that provide nacre
its strength and stiffness [134, 137]. The surface asperities shield against excessive
sliding between adjacent platelets, further reinforcing nacre against fracture mechanisms,
such as delamination or tile pull-out [134, 137]. Other proposed toughening mechanisms
in nacre, include platelet interlocks (waviness) as well as the rotation, sliding, and organic

bridging between nanograins [11, 139, 141].
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Figure 2.3. Microstructural anisotropy and compressive strengths for (a) lamellar bone
and (b) abalone nacre. Mechanical properties taken from [25, 142].
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On a more fundamental level, the microstructural anisotropy found in lamellar
bone and nacre provide these materials their high compressive mechanical properties. As
seen in Figure 2.3a, the microstructure of lamellar bone consists of several layers (or
lamellae) of directionally aligned fibers that are oriented in successive rotations of ~30°
[143]. This "twisted-plywood" structure, similarly observed in many hard biological
materials [51, 55, 144-147], is commonly referred to as a Bouligand structure, after the
discovering scientist, Y. Bouligand [148]. Figure 2.3b shows a schematic of the brick-
and-mortar architecture found at the microstructural level in nacre. This organization of
successive layers is a consequence of the nucleation and growth of aragonite crystals,
leading to the formation of tiles aligned about the c-axis [138, 149]. The high, yet
anisotropic, compressive strengths, shown in Figure 2.3, are directly related to the

orientation, alignment, and uniformity of the layered microstructures in bone and nacre.

2.3. Engineering bioinspired materials

Learning from the strengthening and toughening mechanisms in found in nature,
scientists and engineers now understand that most hard biological materials develop
hybrid, hierarchical structures for optimal mechanical performance [8]. Emulating the
intricate organization of the molecular, nano, micro, and macro structures found in nature
may be the key to developing more high-performance synthetic materials [8]. With
advanced synthetic material constituents (e.g., alumina (Al,O3), zirconia (ZrO,),
polymethylmethacrylate (PMMA), epoxy, etc.), rather than the relatively weak
constituents found in nature (i.e., hydroxyapatite (HA), aragonite (CaCOy3), collagen,

chitin, etc.), it becomes possible to engineer bioinspired materials with hybrid,
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hierarchical architectures that outperform their biological counterparts. That is, following
the rule of mixtures, it is obvious that the global mechanical properties (X) of a hybrid
composite material are dependent on the properties (X;) and fractions (¢;) of its

individual parts (i) [150]:

X = Z biX;. 2.1)

However, most biological materials do not follow the rule of mixtures, exhibiting
higher than expected mechanical properties [8]. For instance, two common modes of
failure in platelet-reinforced composites are platelet fracture (brittle failure) and platelet
pull-out (ductile failure) [48, 150]. In bone and nacre, the interfacial adhesion between
the stiff inorganic platelets and ductile organic matrix are optimized, such that ductile
failure occurs just before the point of brittle failure [48, 151]. This adaptation, in
conjunction with their structural hierarchy, provides bone and nacre extremely high flaw
tolerance and fracture toughness [48, 151] - better than that of most synthetic materials.
As a result, much research has been dedicated to the development of multiscale models
that predict the mechanical properties of natural and synthetic materials with hybrid,
hierarchical architectures [131, 152-156]. Following these principles, bioinspired

materials are expected to perform better than predicted, as well.

2.4. Bioinspired ceramic-based materials
Drawing inspiration from hard biological materials, many research groups have
engineered, in the past decade, extremely strong, stiff, and tough ceramic-based materials

[48, 74, 75, 80-84, 124, 151, 157-161]. Figure 2.4 shows images of several materials



18

fabricated by different processing techniques inspired by nature to produce thin films (a-
e), porous scaffolds (f-j), or bulk composites (k-0). Table 2.1 compares the properties of

bone and nacre with these selected bioinspired materials.

AT
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Figure 2.4. Images of several bioinspired (a-e) thin films, (f-j) porous scaffolds, and (k-
0) bulk composites fabricated by different materials processing methods. Thin films: (a)
layer-by-layer deposition [158]; (b) spin-coating [151]; (c) vacuum filtration [162]; (d)
solution casting [163]; (e) fiber stretching and hot pressing [164]. Porous scaffolds: (f)
direct foaming [165]; (g) polymer sponge replication [166]; (h) wood templating [167];
(1) 3D printing [160]; (j) freeze casting (ice templating) [76]. Bulk composites: (k)
colloidal mixing and spark plasma sintering [161]; () freeze casting and polymer
infiltration [84]; (m) freeze casting and metal infiltration [82]; (n) freeze casting and
pressurized sintering [80]; (0) magnetic alignment and resin casting [83]. Scale bars: (a)
500 nm; (b) 10 pm; (c) 10 pm; (d) 10 pm; (e) 10 pum; (f) 500 pm; (g) 500 pm; (h) 500
um; (i) 200 um; (j) 150 pum; (k) 1 um; (1) 200 um; (m) 50 um; (n) 10 pm; (o) 40 pm.
Images correspond to Table 2.1, adapted from [76, 80, 82-84, 151, 158, 160-167].
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Table 2.1. Structural and mechanical properties of bone and nacre compared to selected
bioinspired thin films, porous scaffolds, and bulk composites fabricated by different
materials processing methods. Data taken from [76, 80, 82-84, 141, 151, 158, 160-174].

Material Tota_l Young's  Ultimate UItim_ate Fracture
Composition Porosity Modulus  Strength Strain Toughness
(%) (GPa) (MPa) (%) (MPa-m*?)
Natural Materials
Bone (cancellous) HA/collagen >30* 0.001-0.5 0.2-116° 0.3-3 ---
Bone (cortical) HA/collagen < 30* 6-28 10-1727 0.9-2 2-11
106-283°
157-238°
Abalone nacre ° CaCOs/chitin 10-147 3-170" 0.2-2 39
235-540°
177-197°
Thin films ¢
Podsiadla et al. [158] MTM/PVA 106 400" 0.33 ---
Bonderer et al. [151] Al,Oz/chitosan 9.6 315" 21 ---
Walther et al. [162] MTM/PVA 45.6 248" 0.9
Li et al. [163] GO/PVA 10.4 189" 2.67
Cheng et al. [164] CNT/Epoxy 107 1600" ---
Porous Scaffolds ®
Almirall et al. [165] HA 51-66 1.2-4.3°
Kim et al. [166] ZrO, 74-92 1.6-35¢
Tampieri et al. [167] HA 70-85 2.5-4°
Fu et al. [160] Glass 60-80 40-136°
Deville et al. [76] HA 47-64 16-145°¢
Bulk Composites
Estili et al. [161] AlLOS/CNT 4048 4.62
Munch et al. [84] AlLO;/PMMA 2108 5.1
Launey et al. [82] AlLO4/Al/Si 328° 8.3
Bouville et al. [80] Al,05/Si0,/Ca0 290 4708 6.2
Libanori et al. [83] Al,O4/Epoxy 16.6 180° 2.56

* Classification of bone porosity taken from [169].
2 All data for proximal tibia; Young's modulus and ultimate compressive (C) strengths taken from [170];

ultimate strain to failure taken from [174].

®Young's modulus, ultimate strain to failure, and ultimate tensile (T), compressive (C), and bending (B)
strengths taken from [173]; fracture toughness taken from [171].
° Young's modulus, fracture toughness, and tensile (T) and compressive (C) strengths taken from [141];

bending (B) strength taken from [172]; ultimate strain to failure taken from [168].

¢ All data are recorded as the highest reported values for Young's modulus, ultimate tensile (T) strength,
and ultimate strain to failure.
¢ All data are recorded as a range of values for the total porosity and ultimate compressive (C) strength.

P All data recorded as the highest reported values for Young's modulus (flexural modulus), ultimate bending
(B) strength (flexural strength), and fracture toughness for crack initiation.
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2.4.1. Thin films

Thin films that draw inspiration from nacre have led to the development of many
bottom-up fabrication techniques, in which a variety of chemical, physical, electrical, or
mechanical forces are exploited to drive the assembly of synthetic building blocks [175,
176]. These methods include various processing techniques via layer-by-layer self-
assembly [151, 157, 158, 177-179], biomineralization [180-182], centrifugation [183],
evaporation or vacuum filtration [159, 162, 184-188], solution casting [163, 189, 190],
chemical bath or electrophoretic deposition [191-197], ion beam sputtering [198, 199],
and morphosynthesis [200].

Of these, a few methods stand out [151, 157, 158, 162, 163] (refer to Figures
2.4a-e and Table 2.1). In 2003, Tang et al. [157] reported one of the first significant
attempts to develop nacre-like films by depositing sequential layers of montmorillonite
(MTM) clay platelets and polyelectrolytes, polydiallydimethylammonium (PDDA),
through a surfactant-mediated self-assembly approach. The resulting films [157]
exhibited ultimate tensile strengths (up to 109 MPa) and Young's moduli (up to 13 GPa)
similar to that of nacre and lamellar bone, respectively. Years later, Podsiadlo et al. [158]
adopted a similar layer-by-layer approach to fabricate MTM/polyvinyl alcohol (PVA)
nanocomposites that closely resemble the brick-and-mortar microstructure of nacre (see
Figure 2.4a). These multilayer composites [158] are optically transparent and have an
unsurpassed stiffness compared to similar nanocomposite films (see Table 2.1). Bonderer
et al. [151] developed Al,Os/chitosan films with more ductility and flaw tolerance than
prior works [157, 158], with observed ultimate tensile strains up to 21% (see Figure 2.4b

and Table 2.1). These composites [151] were developed sequentially, through a bottom-
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up spin-coating technique. Using an alternative, eco-friendly method via vacuum
filtration (i.e., paper-making), Walther et al. [162] fabricated high strength-high stiffness
MTM/PVA composites with varying optical transparencies as well as gas barrier and fire-
resistant properties (see Figure 2.4c and Table 2.1). More recently, Li et al. [163] and
Cheng et al. [164] developed carbon-based composite films with extraordinary
mechanical properties (see Table 2.1). Graphene oxide (GO)/PVA composite films (see
Figure 2.4d) were fabricated by Li et al. [163] via a simple solution casting method [163].
In addition to their outstanding mechanical properties, the GO/PVA films showed
excellent electrical conductivity and biocompatibility, making them promising candidates
for tissue engineering applications [163]. Flattened double-walled carbon nanotube
(FDWCNT)/epoxy composites developed by Cheng et al. [164] exhibited extremely high
tensile strength and stiffness (see Figure 2.4e and Table 2.1). These remarkably high
mechanical properties were obtained by aligning and cross-linking the FDWCNT/epoxy
composites through a sequential process via fiber stretching, functionalizing, and hot
pressing [164].

Regardless of the outstanding mechanical properties and special functionalities,
thin films are, in fact, thin (<<1 mm) and not practical for many applications. Therefore,
considerable effort has been put forth to develop bulk materials (i.e., porous scaffolds and

hybrid composites) inspired by bone and nacre.

2.4.2. Porous scaffolds
Porous scaffolds that mimic bone are ideal for tissue engineering applications,

such as load-bearing bone implants that promote tissue ingrowth, or other applications
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requiring a combination of high porosity and reasonable mechanical strength [79, 123,
201]. Many different methods to emulate the trabecular architecture of cancellous bone
have been reported [127, 129, 202-219], including direct foaming (Figure 2.4f) [165] and
polymer sponge replication (Figure 2.49) [166]. However, mimicking cancellous bone is
not ideal for load-bearing applications due to its high porosity, near isotropic structure,
and poor mechanical properties (see Table 2.1). Instead, highly anisotropic scaffolds with
unidirectionally aligned pores have shown great potential for load-bearing applications
[76, 160]. An interesting method developed by Tampieri et al. [167] utilizes the
unidirectional porosity of wood as a template to fabricate anisotropic hydroxyapatite
scaffolds, following a series of chemical treatments (see Figure 2.4h). Although they
[167] obtained optimal pore sizes (100-300 pum) required for the migration and
proliferation of osteoblasts (bone synthesizing cells), the mechanical properties obtained
are quite poor when compared to other unidirectionally porous scaffolds (refer to Table
2.1) [76, 160].

With the introduction of additive manufacturing (or 3D printing), a variety of
porous scaffolds with designer architectures are now possible. In recent years, this
technique has gained tremendous attention throughout the medical industry as an efficient
means to develop customizable scaffolds for biomedical implants [74, 124, 160, 220].
Figure 2.4i shows an image of an anisotropic scaffold 3D printed from bioactive glass
[160]. This 3D-printed scaffold, having a porosity of 60%, exhibits a compressive
strength (136 MPa) within the range of cortical bone and a compressive modulus (2 MPa)

within the range of cancellous bone (refer to Table 2.1) [160]. Because this scaffold is
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fabricated from bioactive glass and the pore sizes are 200-500 pum, it is ideal for
osseointegration (bone ingrowth) [126].

Other 3D printed scaffolds for tissue engineering applications show great promise
[74, 221]. However, the mechanical properties of 3D printed parts are dependent on the
formation and resolution of the layers (with the highest resolutions approaching ~10 um).
Ultimately the interface between layers is the weakest point of the structure, which may
lead to catastrophic crack initiation, propagation, and subsequent failure. Thus, 3D
printing is not the most economical means to develop high-performance scaffolds, due to
its high cost, high energy consumption, extended fabrication times, limited material
availability, restricted workspace, and poor material properties. Until additive
manufacturing technologies improve, other methods to fabricate high-strength, porous
scaffolds are more desirable.

Alternatively, freeze casting (or ice templating) is simple and convenient method
to fabricate porous scaffolds with excellent mechanical properties [90, 121, 222]. Figure
2.4j shows a representative image of a hydroxyapatite scaffold formed by freeze casting,
while Table 2.1 shows a range of compressive strengths and porosities for scaffolds
freeze cast by Deville et al. [76]. This method is quite adaptable and will be discussed in

more detail in the following chapters.

2.4.3. Bulk composites
Bulk composites are, quite possibly, the most versatile and high-performance
bioinspired materials of those discussed, due to their large macrostructures and general

scalability. Several different methods have been explored to fabricate bulk ceramic-based
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composites, including: polymer-controlled mineralization [223-225], lithography [226-
228], slip casting [229], gel casting [230, 231], freeze casting [75, 80, 84], particulate or
fiber reinforced resin casting [81, 83, 232, 233], extrusion and roll compaction [234], and
hot pressing or sintering [80, 84, 161, 235]. Other promising techniques leading to
ceramic-based composites with enhanced mechanical properties, include: infiltrating
ceramic scaffolds with polymers or metals or aligning ceramic microstructures with
external forces. Polymer or metal infiltration techniques can be classified as melt
immersion [236, 237], solvent evaporation [233, 238-241], in situ polymerization [75, 82,
84, 126, 242-244], particle centrifugation [218], and chemical vapor deposition [245-
247]. Alignment of ceramic microstructures can be accomplished via mechanical force
[80, 84], thermal processing [80, 84], ice templating [75, 80, 82, 84], or magnetic fields
[81, 83].

Table 2.1 compares the flexural strength and fracture toughness for crack
initiation of several high-toughness Al,O3-based composites [80, 82-84, 161]. Estili et al.
[161] mixed Al,O3 nanoparticles with multi-wall carbon nanotubes (MWCNT) in a
colloidal suspension before spark plamsa sintering to densify the composites (see Figure
2.4K). Extremely high flexural strengths and fracture toughness up to 404 MPa and 4.62
MPa-m"?, respectively, were observed in these composites [161]. For the following three
materials presented in Table 2.1, Munch et al. [84], Launey et al. [82], and Bouville et al.
[80], utilized freeze casting with different post processing techniques to fabricate
extremely strong and tough Al,Os-based materials. Munch et al. [84] infiltrated
polymethylmethacrylate (PMMA) into freeze cast scaffolds after pressurized sintering to

make composites that resemble a brick-and-mortar microstructure (Figure 2.41). Launey
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et al. [82] use a similar method to infiltrate molten Al-Si alloys into freeze cast scaffolds
(see Figure 2.4m), resulting in a much higher flexural strength (up to 328 MPa) and

unsurpassed toughness (up to 8.3 MPa-m*/2

). However, the polymeric phase in the
Al,O3/PMMA composites or the metallic phase in the Al,O3/Al/Si composites may be
undesirable for certain applications, such as high-temperature work environments. For
that reason, Bouville et al. [80] developed Al,O3/SiO,/CaO composites by freeze casting
and subsequent pressurized spark plasma sintering (see Figure 2.4n), which exhibit the

highest combination of strength (470 MPa) and toughness (6.2 MPa-m*?

), yet to be
reported for a pure ceramic material. These freeze casting methods rely on the controlled
growth of ice crsytals to align the microstructures of these materials [80, 82, 84]. The
outstanding combinations of strength and toughness result from this intricate
microsturctural alignment, which provides these materials several fracture resistant
mechanisms, similar to that of bone and nacre [80, 82, 84].

In a different technique, Erb et al. [81] and Libanori et al. [83] (see Figure 2.40)
used low magnetic fields to align Al,O3 platelets in polymer matrices. The aligned
microstructures increased the flexural modulus, strength, and fracture toughness
significantly compared to that of identical composites without magnetic alignment [83].

However, these composites are still limited by the low achievable volume fraction and

discontinuity of ceramics platelets embedded in a continuous polymer matrix.

2.5. Inspiration from biology
Mimicking the microstructural features and anisotropic organization of bone,

nacre, and other hard biological materials has led to more lightweight, stronger, tougher,
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and robust functional materials for a variety of applications (see Table 2.1) [76, 80, 82-
84, 151, 158, 160-167]. In all of the methods previously discussed, the thin films, porous
scaffolds, and bulk composites were selected because they mimic, or draw inspiration
from, one or more of the nano/microstructural features that provide bone and nacre their

extraordinary mechanical properties.

d Osteons (cortical) b Trabeculae (cancellous)

=== O\

Figure 2.5. Images of natural (top) and artificial (bottom) bone materials: (a-b)
schematics of osteonal and trabecular bone architectures; (c) natural osteons found in
cortical bone (credit: E. Novitskaya); (d) natural trabecular struts found in cancellous

bone; (e) artificially aligned microstructures mimicking the architecture of osteonal bone
[81, 248]. (f) artificially produced scaffold mimicking the architecture of trabecular bone
[249]. Scale bars: (c) 100 pm, (d) 500 pm, (e) 20 um, (f) 500 um. Adapted from [81,
249].
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Figure 2.5 shows two artificial materials inspired by bone that mimic the
microstructures of osteons (Figure 2.5a,c) and trabeculae (Figure 2.5b,d). The artificial
osteon-like architecture shown in Figure 2.5e was fabricated by Erb et al. [81, 248], using
magnetic fields to control the directional alignment of Al,O3 platelets in a polyurethane
resin. The resulting particulate composites exhibited enhanced stiffness, strength,
hardness, wear resistance, and localized reinforcement similar to that of natural cortical
bone [81, 248]. The artificial trabecular scaffold shown in Figure 2.5f was fabricated by
Yang et al. [249] using a modified method that combined freeze gel casting and the
polymer sponge technique [249-251]. In this method, a polyurethane foam was placed in
a mold containing a HA/TBA-based slurry, then unidirectionally frozen [249]. After
complete solidification, the frozen constructs were lyophilized to remove the frozen
solvent and heat-treated to burn-out the sacrificial polyurethane sponge [249]. After
sintering, the highly porous (55-95%) trabecular scaffolds had large pore sizes of 180-
360 um and reasonable compressive strengths of 1-7 MPa [249], comparable to that of
natural cancellous bone (refer to Table 2.1).

Figure 2.6 juxtaposes schematics and micrographs of natural abalone nacre
(Figure 2.6a-h) with various bioinspired materials that mimic the microstructural features
of nacre (Figure 2.6i-1). In the first column of Figure 2.6 (a, e, i), the strong and tough
ceramics developed by Bouville et al. [80] are compared to that of natural nacre. Not
only, did they [80] obtain extremely high mechanical properties (refer to Table 2.1), but
they also mimicked nearly all of the microstructural features of nacre on equivalent
length scales, including: the brick-and-mortar architecture, platelets, mineral bridges and

surface asperities. The next three columns of Figure 2.6 (b-d, f-h, j-I) compare natural and
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Brick-and-mortar Mineral bridges Surface asperities Organic matrix

Figure 2.6. Schematics and images of different architectures in natural (top) and artificial
(bottom) nacre materials: (a, e, i) brick-and-mortar, (b, f, j) mineral bridges, (c, g, k)
surface asperities, and (d, h, I) organic matrix. Scale bars: (e) 500 nm, (f) 500 nm, (g) 500
nm, (h) 1 um, (i) 500 nm, (j) 500 nm, (k) 10pum, (I) 25 um. The natural micrographs were
taken from [40, 80, 137]. The artificial micrographs were all developed by different
freeze casting techniques, taken from [80, 84, 243].

artificial mineral bridges, surface asperities, and organic matrices [84, 243]. The artificial
mineral bridges and surface asperities were fabricated by freeze casting [84], while the
artificial organic matrix was produced by infiltrating a polymer into a freeze cast scaffold
[243]. Although all of these features occur on different length scales in the natural and
artificial materials (on the order of ~50 nm for the natural and ~500-5000 nm for the
artificial), their mechanical functions are the same [84, 243]. The mineral bridges and
surface asperities add strength and stiffness, resisting against tensile fracture and intertile
shearing. The organic matrix adds toughness, dissipating energy that accumulates

between adjacent lamellae under stress.
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In all of these examples (Figures 2.5 and 2.6) [80, 81, 84, 243, 249], different
processing techniques were used to synthesize materials that mimic various structural
features of bone and abalone nacre, leading to outstanding mechanical properties that
either match or surpass those of their natural counterparts. In this dissertation, a
combination of these methods was employed to develop ceramic-based porous scaffolds
and bulk composites with highly anisotropic architectural alignment and enhanced
mechanical properties.

Figure 2.7 provides a general overview of the methods: (a) freeze casting, (b)
magnetic alignment, and (c) polymer infiltration. First, as previously mentioned, freeze
casting is an efficient means to fabricate porous ceramic scaffolds with unidirectionally
align pores, parallel to the direction of ice growth (Figure 2.7a). Second, applying
magnetic fields during the freeze casting process leads to a second order of
microstructural alignment, parallel to the magnetic field (B) direction (Figure 2.7b).
Third, infiltration the bi-aligned porous scaffolds with a second phase (e.g., polymer)
leads to bulk hybrid composite materials with designer architectures and enhanced
mechanical properties (Figure 2.7c). Representative micrographs of materials fabricated
by the different techniques are shown in Figures 2.7d-f. The specific details of the
magnetic freeze casting technique and the resulting architectural alignment and
mechanical performance of these materials obtained to date are discussed in further detail

in the following chapters.
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Polymer

Figure 2.7. Schematics of the (a) freeze casting, (b) magnetic alignment, and (c) polymer
infiltration methods to produce ceramic-based porous scaffolds and hybrid composites.
(d-f) Representative micrographs of ZrO, scaffolds (d-e) and ZrO,-epoxy composites (f)
fabricated by the respective techniques, shown above. All scale bars are 100 pm.
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CHAPTER 3:

FREEZE CASTING: A REVIEW

3.1. Introduction

Synthetic materials inspired by nature often posses one or more characteristics
that mimic their biological counterparts. Whether form or function, bioinspired materials
arise from the study and observation of various biological phenomena [8, 9]. Many
structural biological materials, such as bone and abalone nacre, have evolved to be
lightweight, strong and tough [9, 10]. Their exceptional mechanical properties are a
product of their intricate structural organization, anisotropy, and architectural hierarchy
from the nano- to macro-scale [8-10]. In recent years, a variety of different "bottom-up"
and "top-down" materials processing methods, ranging from self-assembly [157, 163,
186] and layer-by-layer deposition [151, 158] to nanolithography [226, 252] and 3-D
printing [160, 253, 254], have been explored to mimic the microstructural characteristics
of different biological materials. Of those, freeze casting is a relatively simple and
inexpensive technique to fabricate bulk porous materials and hybrid composites of near
net shapes. Reviews by Deville [121], Gutierrez et al. [255], Qian et al. [256], and Li et
al. [222] provide excellent overviews of general freeze casting topics, including the
processing principles, materials, structures, properties, and applications. This chapter
provides a review of freeze casting as is relates to different materials and processing
modifications inspired by nature.

Freeze casting, also known as ice templating or freeze gelation, is commonly used

to form ceramic components with controllable porosity. Because freeze casting is a

31
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physical process, it can be used to fabricate a variety of polymeric, metallic, ceramic, and
composite materials [121, 222, 255, 256]. The fabrication of materials formed by freezing
was first introduced in 1908 by Lottermoser [257] and Bobertag et al. [258]. In 1954,
modern day freeze casting was described by Maxwell et al. [259] as a way to cast
intricately shaped objects from refractory powders. However, it was not until 2001 when
Fukasawa et al. [260, 261] described freeze casting as a way to fabricate ceramic
materials with complex pore architectures and controllable porosity. In 2006, Deville et
al. [75] introduced the methods of freeze casting porous ceramics and subsequent
infiltration of polymers or metals to develop hybrid composites inspired by bone and
nacre. Using this technique, Munch et al. (2008) [84] developed hybrid inorganic-organic
composites that mimic the brick-and-mortar structure of nacre, yielding a toughness more
than 300 times (in terms of energy) that of their individual constituents. Since, freeze
casting has become a popular field of research in the processing of bioinspired porous
ceramics and hybrid composites - the main focus of this review.

The typical materials processing steps involved in freeze casting porous ceramic
structures combine "bottom-up" and "top-down™" approaches. Figure 3.1 shows a phase
diagram of water, illustrating the processing path of (a) slurry preparation and mixing, (b)
freeze casting, (c) lyophilizing, and (d) sintering. First, ceramic powders are mixed into a
liquid slurry consisting of a freezing vehicle (e.g., liquid solvent), dispersant (e.g.,
surfactant), and binder (e.g., long-chain polymer) (Figure 3.1a). A variety of freezing
vehicles have been investigated, including water, camphene, camphor-naphthalene, and
tert-butyl alcohol (TBA) [121]. Water is the most commonly used solvent in freeze

casting because of its availability, ease of use (e.g., slurry preparation at room
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Figure 3.1. Phase diagram of water showing the path of processing steps involved in
freeze casting porous ceramics: (a) slurry preparation and mixing; (b) freezing casting;
(c) lyophilizing; (d) sintering. Adapted from [121].

temperature), low price and environmental friendliness. The dispersant is added to the
slurry to prevent aggregation and flocculation of the ceramic particles during freezing
[262]. The binder is added to act as a sort of glue, preventing collapse of the green bodies
after lyophilization [263, 264]. Before freezing, the slurry is homogenized, usually by
ball-milling, to sufficiently disperse the ceramic powders, and in many cases, grind the
powders into finer particles [260, 261]. Second, the liquid slurry is poured into a mold
and frozen (Figure 3.1b). Solidification of the freezing vehicle occurs in the direction of
the temperature gradient, forming columnar channels of frozen solvent crystals. To
prevent air bubbles from forming unwanted voids during solidification, the liquid slurry
is usually degassed (or de-aired) prior to freezing [260, 261]. Third, the frozen sample is

lyophilized (or freeze dried) to sublimate the frozen liquid phase (Figure 3.1c). The
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resulting pores of the freeze-cast scaffolds after freeze drying are direct replicas of the
frozen solvent crystals that form channels in the direction of the temperature gradient
[121]. An economical alternative to lyophilization is freeze-photocuring-casting [265],
where photo-curable monomers are added to the slurry as sacrificial binders. After
freezing, the freeze-cast microstructure is fixed by photo-initiated polymerization,
allowing it to be dried in ambient conditions [265]. Fourth, the dried green body is
sintered to partially densify and strengthen the porous ceramic constructs (Figure 3.1d).
During or prior to this stage, the fugitive organic phases (i.e., dispersants and binders) are
removed from the scaffolds with heat. The final sintered scaffolds are composed of a
continuous network of dense ceramic walls that surround interconnected channels with
open porosity [266].

There is a wide range of potential applications for porous ceramics fabricated by
freeze casting. Bioinspired applications, such as potential bone replacements [75-78, 89,
126, 249, 267-283] and hybrid composites (upon infiltration of a second phase) [75, 82,
84, 242, 243, 284-286] are most encouraging and are the primary focus of this review.
However, more traditional applications [121, 222, 255, 256], such as separation filters
and insulators, may also benefit from the ability to cast ceramic materials into complex
shapes with designer porosity. Other potential applications include, but are not limited to,
sensors, electrodes, catalyst supports, fuel cells, and piezoelectric devices [121, 222, 255,

256].
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3.2. Solidification theory

The theory behind freeze casting was recently explicated by Zhang et al. [287],
Deville et al. [288-290], and Wegst et al. [78]. The process of freeze casting ceramics
depends on the rheological properties and thermodynamics of the colloidal suspension
[78, 253, 262-264, 283, 288, 291-294]. The slurry viscosity depends on the type of liquid
carrier and the type and concentration of dispersants, binders, solid loadings (e.g.,
ceramic particles) and any other additives. As with any colloidal system, sedimentation of
the particles is affected by the force of gravity, buoyancy, slurry viscosity and particle
size, while the particle-liquid interactions are controlled by van der Waals forces,

hydrogen bonds, and electrostatic forces [78].

LIQUID
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Figure 3.2. Particle-freezing-front interactions, where a particle of radius r separated
from the solid-liquid interface by a liquid film of thickness d experiences a repulsive
force Fr and an attractive force F,. Balancing the forces, a critical freezing front velocity
Ver can be calculated, above which the particles will be engulfed and trapped, and below
which the particles will be rejected and pushed ahead by the solid-liquid interface.
Adpated from [78].
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Figure 3.2 contains a diagram of the interactions present at the particle-freezing-
front interface [78]. Instabilities (or undulations) at the freezing-front occur due to
Brownian diffusion of the particles leading to constitutional supercooling, which drives
the nucleation and growth of well-ordered, interconnected frozen solvent crystals (e.g.,
ice crystals) [288]. During freezing, ceramic particles are pushed between and trapped
within the frozen solvent (refer to Figure 3.1b). The velocity of the freezing-front governs
the phenomena of particle entrapment and rejection. A critical velocity at which the
particles are trapped or rejected is derived from the thermodynamic free energy of the
system [78]:

Aoy = 0ps — (apl + asl) (3.2
where Ag, is the free energy of the system, and o, 0,1, and a; are the surface energies
between the particle-solid, particle-liquid, and solid-liquid interfaces, respectively (see
Figure 3.2). If the energy of the particle-solid interface is lower than the sum of the
energies at the particle-liquid and solid-liquid surfaces, then the system free energy is
negative (Ao, < 0), resulting in particle entrapment [78]. If the system free energy is
positive (Aa, > 0) the particle is rejected [78]. The repulsive force (F) and attractive
force (F,) experienced by a particle close to the freezing-front are primarily due to van

der Waals interactions and viscous drag at the solid-liquid interface, respectively. These
forces are expressed in terms of the particle radius r and the liquid layer thickness d, and

determine the fate of a particle close to the approaching solid-liquid interface [78]:

Fr = 2nrAo, (%)n (3.2)



37

6mnur?
Fy=— (3.3)

where a, is the mean distance between molecules in the liquid layer, n is an exponential
correction value typically in the range of 1 to 4 [287, 295, 296], n is the dynamic
viscosity of the liquid, and v is the velocity of the freezing-front. Consequently, the
critical velocity (v,,) of the freezing-front, which governs particle entrapment and

rejection, is derived by equating the repulsive and attractive forces [78]:

Agyd sap\™
v =5 (7) . (3.4)

When the solidification velocity is above the critical velocity (v > v,,.), the particles are
entrapped by the approaching freezing-front, while a solidification velocity below the
critical velocity (v < v,,) results in the particles being rejected and pushed ahead of the
freezing-front. Consequently, the architecture of the pores or channels etched out by the
freezing vehicle depends on a balance of particle entrapment and rejection. Empirically, it
was found that the spacing and thickness of the lamellar walls of porous ceramics freeze
cast with water are dependent on the velocity of the freezing front [75, 297]. As the

velocity of the freezing-front increases, the lamellar spacing (1) decreases:

1

where m is dependent on the particles size [297]. Likewise, increasing the freezing-front
velocity decreases the thickness of the lamellar walls, as seen in Figure 3.3 [75]. The
freezing-front velocity and temperature gradient of a colloidal suspension can be

precisely controlled by regulating the freezing rate and temperature of the cold-finger



38

surface(s) in a freezing device. As a result, the pore size and lamellae thickness may be

finely tuned for specific applications.
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Figure 3.3. Effect of the solidification rate on the wall thickness of lamellae for alumina
scaffolds cast with water. (a-d) Micrographs of representative scaffold cross-sections
parallel to the freezing-front [75]. Scale bars: (a) 50 um; (b) 10 pum; (c) 5 um; (d) 5 pm.
Adapted from [75].
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3.3. Slurry properties
3.3.1. Freezing vehicles

In addition to the freezing-front velocity (i.e., solidification rate) and temperature
gradient, the slurry properties have a tremendous impact on the resulting architecture and
mechanical performance of freeze-cast scaffolds. Because the pore shape and size are
direct replicas of the frozen solvent crystal structures, selection of an appropriate freezing
vehicle (or liquid carrier) is of upmost importance. Four different solvents commonly
used in freeze casting are water, camphene, tert-butyl alcohol, and camphor-naphthalene
[121]. The solidification temperature, viscosity, and volume change of each solvent vary
and are most responsible for the resulting pore morphology (see Table 3.1). Figure 3.4
shows micrographs of scaffolds cast with the different solvents. As seen in the images,
ceramics cast in water have lamellar pore structures (Figure 3.4a) [76], while ceramics
cast in camphene have cellular structures (Figure 3.4b) [298], camphor-naphthalene have
dendritic structures (Figure 3.4c) [299], and tert-butyl alcohol have prismatic structures

(Figure 3.4d) [300].

3.3.2. Ceramic powders

Other factors that affect the microstructure of freeze-cast scaffolds are the solid
loading (Figure 3.5a) and particle size (Figure 3.5b) of the ceramic powders. The solid
loading is a measurement of the initial slurry concentration of solid material (i.e., ceramic
powder). Empirically, porosity was found to be linearly dependent on the solid loading,
where increasing the solid loading decreases the porosity (Figure 3.5a) [291, 297]. The

minimum and maximum limits of solid loading range from approximately 5 to 60 vol%
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Table 3.1. Characteristics of different solvents used in freeze casting and the resulting

pore morphology [121].
Solvent Water Camphene Naphthalene-Camphor Tert-butyl alcohol
Solidification 0°C or lower, depending 44-48°C Naphthalene: 80°C 25.3°C
temperature on slurry composition Camphor: 180°C 8°C for the slurry
Eutactic: 31°C

Typical slurry RT 60°C 60°C RT
preparation temperature
Viscosity 1.78 mPas at 0°C 1,4 mPa.s at 47 °C Naphthalene: 0,91 mFPa.s

at 80°C

Camphor: 0,63 mPa.s

at 180°C
Volume change associated 9% -3.1% Negative. Depends 2%
to solidification on the composition.
Vapor pressure in 0,1 kPaat-20°C 2kPaat55°C Naphthalene: 0,13 kPa at 52°C 6.4 kPaat40°C

solid state

Usual sublimation
conditions

Pores morphology

Environmental
friendliness
(Hazard Codes)

Price

Comments

Freeze-dryer, trap
at-50°C or -85°C

Lamellar channels

Very strong
anisotropy of surface
tension, leading
to the formation of
lamellar ice crystals

Room temperature
and atmospheric
pressure

Dendritic channels

Highly flammable (F)

100€ /kg

Camphor: 0,13 kPa at 41°C

Room temperature and
atmospheric pressure

Dendritic channels or
dense, depending
on the composition

Highly flammable (F),

harmfull (Xn), dangerous
for the environment (N)

40€/kg

Inhibition of particles
rejection with the eutectic
composition (no residual

porosity)

85°C, atmospheric
pressure

Prismatic channels

Highly flammable (F),
harmfull (Xn)

300€/kg

Freeze-gelcasting
with acrylamide.
High strength
of green body.

Figure 3.4. Effect of different freezing vehicles on pore architecture: (a)
hydroxyapatite/water, resulting in lamellar pores [76]; (b) alumina/camphene, resulting in
cellular pores [299]; (c) alumina/camphor-naphthalene, resulting in dendritic channels
[298]; (d) lead zirconate titanate/tert-butyl alcohol, resulting in prismatic pores [300].
Scale bars: (a) 150 pm; (b) 50 um; (c) 10 um; (d) 200 um. Adapted from [76, 298-300].
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Figure 3.5. (a) Effect of solid loading on the porosity of different freeze-cast scaffolds
from literature [121]. (b) Effect of particle size on the evolution of lamellar ice crystals in
aqueous suspensions of alumina particles. From left to right, as the particle size increases

a larger structural gradient in the vertical cross-sections of the resulting scaffolds is
observed. The ice growth direction is from the bottom up [301]. Scale bars: 250 pm.
Adapted from [121, 301].
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[291]. Below 5 vol% the dried scaffolds are very fragile and tend to crumble, while above
60 vol% the scaffolds become too densely packed and lose their signature pore
architecture.

The pore size, surface roughness, and homogeneity of freeze-cast scaffolds are, in
part, affected by the initial particle size of the ceramic powders. Deville et al. [301]
proposed that the initial particle size controls the nucleation of ice crystals, where the
surfaces of the particles act as nucleation sites. That is, smaller particles have more
surface area, and therefore, more nucleation sites than larger particles, allowing the
nucleation and growth of ice crystals at higher temperatures [301]. As a result, the degree
of supercooling in slurries with smaller particles is lower, leading to a slower freezing-
front velocity in the initial instants of solidification, increasing the homogeneity of well-
ordered lamellar ice crystals (Figure 3.5b) [301]. The surface roughness of the lamellar
walls is also a product the particle size. Scaffolds fabricated with small particles less than
the size of the ice crystals have uniform microstructures that directly replicate the
intricate dendritic features of the tiny ice crystals [121, 222]. Secondary dendrites that
grow perpendicular to the primary dendrites create a characteristic surface roughness and,
in some cases, bridges connecting adjacent lamellae [75]. Large particles, on the other
hand, can impede the growth of ice dendrites and do not replicate the tiny dendritic
features of the growing ice crystals [121, 222]. Thus, scaffolds fabricated with particle
sizes larger than the solvent crystals may have low surface roughness and non uniform,

heterogeneous microstructures.
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Other more recent studies have investigated the freezing behavior of different
geometries and bi-modal size distributions of colloidal particles [302-305]. These include
the freezing of spherical particles, platelets, rods, wires, and various distributions of each.
Hunger et al. [305] was the first to demonstrate the effect of bimodal particle size
distributions on the formation of lamellar walls. In the same work [305], it was shown
that freeze casting can be used as an efficient means to force the self-assembly of ceramic
platelets, closely mimicking the geometric arrangement of tiles in abalone nacre. Later,
Bouville et al. [302, 303] developed a similar method to self-assemble ceramic platelets
during the freezing process. In both instances, high aspect ratio ceramic platelets were
aligned with their long axis parallel to the lamellar walls formed by freeze casting. Figure

3.6 shows schematics and micrographs of the walls formed by freezing different particles.

a

Platelets (P) .-Q Large (L)

]

Small [S) -QBimcdal[B]

Figure 3.6. (a-b) Schematics of the different particle shapes and sizes as well as the
architectures of the corresponding lamellar walls formed by freezing. (c-f) Micrographs
of lamellar walls freeze cast with: (c) small particles; (d) bimodal particles; (e) large
particles; (f) platelets. Scale bars not given. Taken from [305].
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3.3.3. Additives

The pore architecture, bridge density, and surface roughness of freeze-cast
scaffolds can be modified by changing the slurry properties with various additives. Figure
3.7 shows the effects of additives on the microstructures of different scaffolds (adapted
from [306]). Properties such as the eutectic temperature, viscosity, pH, osmotic pressure,
and surface tension influence the freezing behavior of the solvent [78, 262-264, 283, 288,
291-294, 306]. Munch et al. [306] demonstrated this by adding a variety of common
liquid modifiers to alter the eutectic phase diagram of aqueous suspensions of alumina
particles. The resulting scaffolds showed varying degrees of inter-lamellar bridging,
smooth and rough surfaces, and cellular and lamellar pore architectures (see Figure 3.7a-
d, j-m). Fu et al. [77] used glycerol and dioxane to alter the lamellar microstructures of
hydroxyapatite (HA) scaffolds cast with water (Figure 3.7¢e). Adding 60 wt% dioxane
resulted HA scaffolds with cellular microstructures, few ceramic bridges, and low surface
roughness (Figure 3.7f) [77]. Adding 20 wt% glycerol resulted in dendritic
microstructures with dense ceramic bridging, and high surface roughness (Figure 3.79)
[77]. Other additives explored by Porter et al. [89] include isopropanol, which results in
elongated lamellar pores with thick ceramic bridges and smooth surfaces (Figure 3.7h);
and sodium hydroxide, which increases the pH of the slurry resulting in enlarged cellular
pores with a high density of bridging and rough, dendritic surfaces (Figure 3.7i).

Systematic studies on rheological properties, such as pH and viscosity, have
shown strong correlations to the microstructure and mechanical properties of HA
scaffolds [283]. Soluble polymers such as polyethylene glycol (PEG) and polyvinyl

alcohol (PVA) are commonly used as plasticizers, having an effect on the degree of
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constitutional supercooling [263, 264]. Altering the concentration of PEG and PVA can
significantly affect the pore size and secondary dendrite spacing [263, 264]. Zirconium
acetate, a salt with unique ice-structuring properties similar to ice-structuring proteins
found in nature, binds to the surface of ice via hydrogen bonding [307]. At a critical
concentration, zirconium acetate limits the incorporation of water molecules into the
growing ice crystals, resulting in faceted polyhedral structures (Figure 3.8) [307].
Although several additives have been investigated yielding different slurry properties and
freezing conditions, more work is needed to fully characterize the underlying
mechanisms that lead to changes in the freezing behavior of solvents modified with

additives.
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Figure 3.7. Effect of different additives on the pore architecture, bridge density, and
surface roughness: (a) alumina and 10 wt% sucrose in citric water (pH 2.5), resulting in
cellular pores with smooth surfaces [306]; (b) alumina and 4 wt% ethanol, resulting in
lamellar pores with smooth surfaces [306]; (c) alumina and 4 wt% sodium chloride,
resulting in sharp-faceted lamellae surfaces [306]; (d) alumina and 4 wt% sucrose,
resulting in lamellar pores with microscopic roughness [306]; (e) hydroxyapatite and
water, resulting in lamellar pores [77]; (f) hydroxyapatite and 60 wt% dioxane, resulting
in cellular pores [77]; (g) hydroxyapatite and 20 wt% glycerol, resulting in dendritic
pores [77]. (h) titania and 9 wt% isopropanol, resulting in elongated lamellar pores [89];
(i) titania and sodium hydroxide (pH 12), resulting in cellular pores with dense bridging
[89]; Insets (J-m): details of surface roughness [306]. Adapted from [77, 89, 306]. Scale
bars: (a) 50 pm; (b) 100 um; (c) 50 um; (d) 100 um; (e) 100 pm; (f) 50 um; (g) 50 pum;
(h) 50 pm; (i) 50 um; (j) 50 pm; (k) 100 pm; (1) 100 pm; (m) 100 pm.
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Figure 3.8. Ice-structuring mechanism for zirconium acetate (ZRA) resulting in faceted
polyhedral pore morphologies [307]. Taken from [307].
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Figure 3.9. Effect of different freeze casting techniques on pore architecture and
alignment: (a) double-sided cooling, resulting in tilted lamellae at the interface of
opposing freezing fronts [297]; (b) radial cooling, resulting in radially aligned pores
[275]; (c) freeze-tape-casting, resulting in functionally graded pores [189]; (d) surface
patterning, resulting in concentrically aligned pores [75]; (e) sequential solid loading,
resulting in porosity gradients [270]. (f) solvent evaporation, resulting in dense/porous bi-
layered regions [308]; (g) pore-forming agents, resulting in large spherical (S) pores and
small lamellar (L) pores [309]; (h) electric fields applied parallel to the freezing direction,
resulting in dense/porous bi-layers (arrow indicates direction of electric field) [310]; (i)
magnetic fields applied perpendicular to the freezing direction, resulting in pore
alignment in multiple directions (arrow indicates direction of magnetic field) [92].
Adapted from [75, 88, 189, 270, 275, 297, 308-310]. Scale bars: (a) 200 pm; (b) 1 mm;
(c) 50 pum; (d) 500 pm; (e) 1 mm; (f) 100 pm; (g) 500 pm; (h) 50 pm; (i) 100 pm.
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3.4. Freezing conditions
3.4.1. Directional cooling

Uniaxial freezing, where a single freezing surface (or cold-finger) is used to
freeze a liquid ceramic slurry, is the most common method used to cast porous ceramics
with unidirectional pore alignment. Several variations of directional freezing, such as
double-sided cooling (Figure 3.9a) and radial cooling (Figure 3.9b), have successfully
aligned pore channels in multiple directions. Double-sided cooling consists of two cold-
fingers at opposing ends, enabling the temperature gradient to be more precisely
controlled [297, 311, 312]. Radial cooling is performed by freezing the outer perimeter of
a cylindrical mold [275, 308, 313]. This, in turn, creates a radial temperature gradient
from the outer surface to the center of a cylindrical sample resulting in radially aligned
pore channels [275, 308, 313]. Freeze-tape-casting is a variation of freeze casting that
results in thin ceramic substrates with functionally graded acicular pores, as shown in
Figure 3.9¢ [189]. In this method, a thin layer (or slip) of ceramic slurry is fed across a
freezing bed that promotes unidirectional solidification in the tape-casting direction [189,
314, 315].

Another technique used to control the directional alignment of pores is surface
patterning [75, 84]. Deville et al. [75] and Munch et al. [84] showed that patterning the
freezing surface in a uniaxial freezing device leads to directional alignment of pores, not
only in the direction of the temperature gradient, but also perpendicular to the freezing
direction as replicates of the patterned surfaces. Figure 3.9d shows a micrograph of
concentrically aligned pores perpendicular to the freezing direction made by surface

patterning [75].
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However, surface patterning has never been replicated [316]. Thus, Bouville et al.
[80] developed a method known as flow freezing to further align the pore channels
perpendicular to the ice growth direction. In this method, a ceramic slurry flows across a
freezing surface, forming two thermal gradients in the solution [80, 316]. Recently, this
method (in combination with other freezing and post processing techniques) led to the
development of the strongest, toughest synthetic ceramics (composed of 100% ceramic

materials) yet to be reported [80].

3.4.2. Gradient loading and pore formers

Other modifications to freeze casting that yield gradient porosities and varied pore
morphologies include techniques such as sequential solid loading [270], solvent
evaporation [317, 318], and pore-forming [249-251, 309, 319, 320]. Jung et al. [270] used
sequential solid loading to create titanium scaffolds with a gradient in porosity and pore
size. This simple method used camphene as the freezing vehicle to solidify slurries
sequentially with decreasing solid contents of 40, 25, and 10 vol% [270]. The resulting
scaffolds had well bonded layers with different porosities of 10, 25, and 40%, as seen in
Figure 3.9e. Koh et al. [318] fabricated dense/porous bi-layered ceramics with camphene,
by exposing the top surface of the slurry to air, while freezing the bottom surface. This
allowed for the controlled evaporation of camphene; thereby, producing a gradient of
solids that resulted in scaffolds composed of a dense top layer (due to evaporation) and a
porous bottom layer (due to directional solidification) (Figure 3.9f) [318]. Sacrificial
pore-forming agents may also be used to create complex pore architectures with varied

pore shapes and sizes [249-251, 309, 319, 320]. In this method, sacrificial pore formers,
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such as polymer beads, sponges or salts, are added to the slurry before freezing [249-251,
309, 319, 320]. After lyophilization, the dried green bodies are either heated to burn-out
the fugitive polymer phase or immersed in a solvent to leech-out the fugitive salts [249-
251, 309, 319, 320]. Figure 3.9g shows a HA scaffold fabricated by freezing with a
polymethylmethacrylate (PMMA) pore-forming agent [309]. The final microstructure is
composed of two pore shapes and sizes - large, spherical pores formed by PMMA

particles and small, lamellar pores formed by ice (see Figure 3.99) [309].

3.4.3. Electric and magnetic fields

The concepts of adding electric fields and magnetic fields to conventional freeze
casting processes have recently been introduced, respectively, by Zhang et al. [310] and
Porter et al. [88]. Zhang et al. [310] applied electric fields parallel to the freezing
direction of uniaxially frozen alumina slurries. The negatively charged alumina particles
migrated toward the anode, creating a concentration gradient of solids in the direction of
the applied electric field [310]. Increasing the voltage (15-90 V) of the electric field,
increased the dense layer thickness of the dense/porous bi-layered ceramics [310]. Figure
3.9h shows a micrograph of an alumina scaffold fabricated under an electric field, where
the arrow indicates the direction of the electric field (E), which is parallel to the ice
growth direction. In a more recent study, Preiss et al. [311] investigated the use of
electrophoretic deposition with double-sided cooling to form a graded pore structure in
zirconia toughened alumina ceramics.

Porter et al. [88] applied a weak magnetic field (0.12 T) perpendicular to the

freezing direction of uniaxially frozen ceramic slurries (discussed in more detail in the
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following chapters). Briefly, using magnetite nanoparticles as the magnetic attractant,
various concentrations of magnetite were mixed with nonmagnetic ceramic powders (i.e.,
HA, zirconia, alumina, and titania) [88]. The HA, zirconia, and alumina scaffolds showed
biphasic material properties [88]. The titania scaffolds showed homogeneous
distributions of magnetite, aligned pore channels and enhanced mechanical properties
parallel to the magnetic field, perpendicular to the freezing direction [88]. Figure 3.9i
shows a micrograph of a titania-magnetite scaffold fabricated under a static magnetic
field, where the arrow indicates the direction of the magnetic field (B), and the ice growth

direction is out of the page.

3.5. Post processing
3.5.1. Sintering

Prior to lyophilization, freeze-cast scaffolds may be sintered to densify and
strengthen the porous constructs [266]. Sintering is commonly used to manufacture
ceramic objects by heating powders to a temperature just below the melting point of the
material. When compacted ceramic powders are sintered, the atoms in the powder
particles are excited and may diffuse across the particle boundaries. This allows the
particles to coalesce, resulting in a densified structure with reduced porosity [321].
Sintering in an open air furnace is most commonly utilized for freeze-cast materials;
however, spark plasma sintering has been shown to increase manufacturing efficiency by
lowering the sintering temperature and increasing the heating rate, passing an electric
current through the sample [274, 322, 323]. Figure 3.10 shows micrographs of titania

scaffolds sintered in air at different temperatures [U"PUlished workl *aq the sintering



52

a 100 b 1000 100000
80 \- 10000
100 \
AR
\ \
= 8 =
3 60 & b5 1000 @
= = \ £
- g o \ 2
e g \ & 5
] & <
c?_ 40 = :\ 100 o
a \ =
1
20 1 10
0 0.1 1
800 1000 1200 1400 1600 20 40 60 80 100

Temperature (°C) Porosity (%)

Figure 3.10. Effect of sintering temperature on the porosity, microstructure, and lamellar
wall density (insets g-j) of titania scaffolds sintered for 3 hrs with heating and cooling
rates of 2°C/min. Plots of (a) porosity versus temperature and (b) compressive
mechanical properties versus porosity at (c, 1) 900°C; (d) 1000°C; (e) 1200°C; (f, k)
1500°C. Scale bars: (c-f, k, 1) 50 pum; (g-j) 2 um. [unpublished work]

temperature increases, the ceramic bodies shrink and the apparent porosity decreases
(Figure 3.10a). Consequently, the mechanical properties are enhanced with increasing
temperature (Figure 3.10b) due to the densification of lamellar walls (see Figure 3.10g-j)
[266]. However, microstructural changes (refer to Figure 3.10c-f) and decreased porosity
may be undesirable for specific applications [266]. Therefore, it is important to determine
the optimal sintering profile of the ceramic scaffolds to control the delicate balance of
these mutually exclusive properties (i.e., mechanical properties and porosity).

Another variation of the sintering technique is hot-pressing or pressurized

sintering [80, 84]. In this method, a sacrificial low molecular weight polymer (e.g., wax)
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is infiltrated into the porous scaffolds before sintering [80, 84]. Then, during the heating
process, pressure is applied to the scaffold to collapse the pores, resulting in aligned
microstructures with very little to no porosity [80, 84]. This variation of sintering has led
to the development of tough ceramic composites with extremely high volume fractions of

the ceramic phase, similar to that of abalone nacre [80, 84].

3.5.2. Infiltration techniques

To fabricate hybrid composites, liquid polymers or metals may be infiltrated into
the porous ceramic scaffolds [75, 82, 84, 243]. Figure 3.11 shows a schematic of this
process and micrographs of a zirconia scaffold infiltrated with epoxy [90]. The resulting
composites are composed of bi-continuous, interpenetrating networks of the two
constituent phases with very little to no porosity. Different polymer infiltration
techniques used to impregnated ceramic scaffolds include melt immersion [236, 237],
solvent evaporation [233, 238-241], in situ polymerization [75, 82, 84, 126, 242-244],
particle centrifugation [218], and chemical vapor deposition [245-247]. In situ
polymerization is the most popular method used to infiltrate polymers, in which a liquid
monomer and catalyst are forced into the pores of a ceramic scaffold, typical under
vacuum, and subsequently polymerized. The zirconia-epoxy composite shown in Figure
3.11d was fabricated in this manner. The benefit of this technique is that the low viscosity
of the liquid monomers allows the polymer precursors to easily flow into the intricate
micro-porosity of the scaffolds, completely filling the open pores. Such interpenetrating,
bi-continuous composites are generally stronger and tougher than composites having a

randomly dispersed ceramic phase of equal concentration [84]. This enhanced
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mechanical performance is attributed to the complex architectural hierarchy and strong

interactions between the two phases.

Figure 3.11. (a-b) Schematic of before (a) and after (b) polymer infiltration, where
yellow represents the ceramic scaffold and pink represents the polymer phase. (c-d)
Micrographs of zirconia scaffolds before (c) and after (d) infiltration with epoxy, where
zirconia is the light phase and epoxy is the dark phase in (D) [90]. Scale bars: 20 pm.
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3.6. Bioinspiration
3.6.1. Bone-inspired materials

Referring to Chapter 2, freeze casting can also lead to bioinspired materials with
osteonal and trabecular microstructures. Mimicking these microstructural features may
lead to better, more robust and functional materials for bone implants and tissue
engineering [324]. Figure 3.12 shows two artificial freeze-cast materials that mimic the
microstructures of an osteon (Figure 3.12¢) and trabecular scaffold (Figure 3.12d). As
previously mentioned, the osteon-like scaffold shown in Figure 3.12c was fabricated by
freeze casting on a concentrically patterned surface [75] and the artificial trabecular
scaffold shown in Figure 3.12d was fabricated by Yang et al. [249] using a modified
method that combined freeze gel casting and the polymer sponge technique [249-251].

An alternative approach to freeze casting bone-like materials is to mimic the
mechanical properties of bone. While cancellous bone is generally highly porous and
lacking in mechanical strength, cortical bone has exceptional mechanical properties with
compressive strengths of 106-283 MPa and Young's moduli of 6-28 GPa (refer to Table
2.1) [126, 142]. However, matching the mechanical properties of natural bone for tissue
engineering applications is a difficult task. Effective bone replacements should be
biocompatible, have an interconnected porosity to allow bone ingrowth, and exhibit
proper strength and stiffness [126]. To accomplish these goals, much research has
focused on the development of porous scaffolds made from hydroxyapatite, the primary
mineral constituent of natural bone. Deville et al. [76] showed that freeze casting can be
used to make hydroxyapatite scaffolds with an interconnected porosity and high

compressive strengths up to 145 MPa (Figure 3.13a-b). Compared to other
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Figure 3.12. Micrographs of natural (left) and artificial (right) bone materials: (a) a
natural osteon found in cortical bone (credit: E. Novitskaya); (b) a natural cancellous
bone scaffold (credit: E. Novitskaya); (c) an artificial freeze cast scaffold that mimics the
architecture of an osteon [75]. (d) an artificial freeze cast scaffold that mimics the
architecture of cancellous bone [249]. Scale bars: (A) 50 um; (B) 500 pm; (C) 500 pm;
(D) 50 um. Adapted from [75, 249].

hydroxyapatite scaffolds reported in literature [127, 129, 202-217], the intricate
hierarchical architecture and directional alignment of the lamellar walls make these
scaffolds nearly four times as strong in compression (see Figure 3.13a) [76].

For significant bone ingrowth to occur, it was determined that implant scaffold
porosity must have an interconnection size of at least 50 um [325]. The hydroxyapatite
scaffolds made by Deville et al. [76] (Figure 3.13a-b) were shown to have lamellar pores
10-50 pum wide (see Figure 3.13b); just large enough to allow bone ingrowth [75, 76]. Fu
et al. [269] proved that hydroxyapatite scaffolds fabricated by freeze casting are able to

support the proliferation of pre-osteoblastic cells (MC3T3-E1) in vitro (Figure 3.13c-d).
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Figure 3.13. (a) Maximum compressive strength of freeze cast hydroxyapatite scaffolds
versus porosity [76]; (b) hydroxyapatite scaffold with compressive strength of 145 MPa
and 47% porosity [76]; (c-d) pre-osteoblastic cell (MC3T3-E1) morphology on freeze
cast scaffolds with lamellar (c) and cellular (d) architectures after culturing for 6 days
[269]. Scale bars: (b) 50 pum; (c) 100 um; (d) 100 um. Adapted from [76, 269].

By investigating two types of pore architectures - lamellar pores ~25 pum wide (Figure
3.7e and 3.13c) and cellular pores ~100 um in diameter (Figure 3.7f and 3.13d) - it was
demonstrated that the scaffolds with cellular pores showed far better cell proliferation,
differentiation, and migration [269]. This response is most likely due to the pore size
being large enough to support the cells, rather than the morphology of the pores
themselves, as the optimal pore size for significant bone ingrowth is considered to be 75-

100 pm [326].
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While large pores and high porosity are desirable to promote bone ingrowth in
freeze-cast materials, filling the pores with another phase, such as a biocompatible metal
[82] or biodegradable polymer [126], may significantly enhance the mechanical
performance of these implants. Such hybrid composites may be useful for total bone
replacements, where bone ingrowth is not possible due to injury or disease [126].
Infiltration with a biodegradable polymer, such as polylactic acid (PLA), may also prove
beneficial, allowing the polymer phase to degrade over time so that porosity is created in
situ to promote new bone ingrowth [75, 126]. Preliminary results by Lee, Porter, et al.

[126] introduced this concept.

3.6.2. Nacre-inspired materials

Figure 3.14a-b show images of abalone nacre, which was fractured to illustrate
the mechanisms of tile pull-out (Figure 3.14a) and biopolymer tearing and stretching
(Figure 3.14b) [243]. These unique micromechanics and microstructural architectures
make nacre one of the toughest, lightweight ceramic materials known, having a fracture

toughness of 8 + 5 MPa-m*?

[149]. Tomsia, Ritchie and coworkers (Lawrence Berkeley
National Laboratory) have developed lightweight composite materials by freeze casting
and subsequent polymer infiltration that mimic the design principles of nacre (Figure
3.14c-f) [84, 243]. Mimicking the architecture and toughening mechanisms of nacre may
lead to novel hybrid composites that far surpass the mechanical performance of

traditional structural components for applications ranging from bone tissue engineering to

aerospace and automotive industries.
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Figure 3.14 compares micrographs of natural abalone nacre (Figure 3.14a-b) with
two types of ceramic-polymer (alumina-polymethylmethacrylate (Al,O3-PMMA))
composites fabricated by freeze casting (Figure 3.14c-f) [243]. As seen in the images, the
artificial composites have similar "brick-and-mortar" structures as natural nacre. The
lamellar composites (Figure 3.14c-d) were fabricated by freeze casting alumina scaffolds
with water, followed by sintering and subsequently infiltrating PMMA precursors to
initiate in situ polymerization, as previously described (refer to Figure 3.11) [84, 243].
The brick-and-mortar composites (Figure 3.14e-f) were also fabricated, initially, by
freeze casting alumina scaffolds. However, an intermediate hot-press processing step
using a sacrificial binder was employed prior to sintering to collapse the lamellar walls of
the scaffolds and create a denser brick-like structure before subsequent polymer
infiltration [84, 243]. The resulting artificial composites had uniform microstructures
with a ceramic phase of ~36 vol% for the lamellar architectures and ~80 vol% for the
brick-and-mortar architectures [84, 243].

Although the size scales of the artificial lamellar and brick-and-mortar composites
are different from that of natural nacre (see Figure 3.14), the flexural strength and
fracture toughness of the composites exceed that of nacre (Figure 3.15a-b) [75, 84, 243].
Furthermore, the crack-growth fracture toughness (Kj) of the artificial composites is
much greater than that of homogeneous composites composed of PMMA containing
randomly dispersed alumina nanoparticles (Figure 3.15b) [84]. Compared to natural
nacre, the superior mechanical properties observed in the artificial nacre-like composites

are, in part, due to the use of high-performance engineering materials (e.g., alumina and



Figure 3.14. Micrographs of natural (left) and artificial (right) nacre materials: (a-b)
natural abalone nacre; (c-d) artificial lamellar composite that mimics the architecture of
nacre; (e-f) artificial brick-and-mortar composite that mimics the architecture of nacre
[243]. Adapted from [84, 243].
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Figure 3.15. Mechanical response of artificial hybrid composites that mimic nacre: (a)
bending stress-strain comparison of artificial lamellar composite (hybrid composite) and
natural hydrated nacre; (b) toughness (R-curve) comparison of artificial brick-and-mortar
and lamellar composites with natural nacre and homogeneous nanocomposites consisting

of randomly dispersed nanoparticles. All composites were composed of Al,O3 and
PMMA constituents [84]. Adapted from [84].
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Figure 3.16. Micrographs of (a-c) natural and (d-f) artificial (Al,O3-PMMA) nacre
showing (a, d) mineral bridges (black arrows) [40, 84], (b, e) surface asperities [84, 137]
and (c, f) the organic matrix (white arrows) [84, 137]. Scale bars: (D) 500 nm; (E) 500
nm; (F) 1 um; (G) 600 nm; (H) 10 um; (1) 5 um. Adapted from [40, 84, 137].
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Figure 3.17. Platelet self-assembly by freeze casting inspired by nacre: (top) schematic
of platelet self-assembly during freeze casting, where the platelets align by shear with
their long dimension parallel to the freeze direction [305]; (a) natural abalone nacre
showing platelet forming layers [327]; (b) artificial platelets self-assembled by freeze
casting [305]. Scale bars: (a) 10 um; (b) 5 um. Adapted from [305, 327].
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PMMA), rather than the relatively weak constituents that makeup natural nacre (i.e.,
aragonite and chitin). The bi-continuous interpenetrating networks of the ceramic and
polymer phases, along with the anisotropic directional alignment induced by freeze
casting, enhances the strength and toughness of these hybrid composites.

Other nano-/micro-scale toughening mechanisms observed in natural nacre have
been emulated by freeze casting (Figure 3.16). Nacre primarily relies on three intrinsic
toughening mechanisms: mineral bridges, surface asperities, and the organic matrix
(Figure 3.16a-c) [40, 134, 137]. As shown previously in Figure 3.7, the density and
thickness of mineral bridges and the surface roughness of lamellar walls can be finely
tailored by changing the slurry properties with additives. Figure 3.16d-f show magnified
micrographs of a single mineral bridge connecting two adjacent lamellae and surface
roughness asperities of freeze-cast scaffolds [84]. The third, and perhaps most important,
toughening mechanism is the organic matrix [137]. For instance, the tensile strength in
abalone nacre (perpendicular to the layered structure) is 3-4 MPa, compared to that of
deproteinized nacre having a strength of ~0.325 MPa [135]. Even though the organic
matrix accounts for only 5 vol% of nacre, when it is removed the strength of nacre is
reduced by ~92% [135]. Munch et al. [84] demonstrated the importance of the organic
matrix in the freeze-cast hybrid composites described in Figure 3.14 and 3.15, by
chemically grafting PMMA to the alumina surfaces (Figure 3.16f). Chemical grafting
promoted strong covalent bonding between the two phases, which resulted in increased
strength and fracture toughness for both the lamellar and brick-and-mortar composites
[84, 243]. This is a significant feat because failure of hybrid composites typically occurs

at the interface of the constituents by interfacial shear and delamination [285, 286].
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More recently, the effect of lamellar layer thickness and ceramic volume fraction
on the mechanical properties and thermal conductivities of similar hybrid composites
were investigated by Dutta et al. [285] and Chen et al. [242], respectively. Dutta et al.
[285] synthesized silica-epoxy composites with staggered architectures by freeze casting
to investigate the effect of varying inorganic contents and aspect ratio (ratio of length to
width of ceramic layers) on mechanical properties. It was discovered that the aspect ratio
of the ceramic phases plays a superior role in contributing to the overall strength and
toughness of the hybrid composites. Chen et al. [242] found that the thermal conductivity
of freeze-cast Al,03-PMMA composites is higher with higher inorganic content and in
the direction along to the lamellar layers than across the layers. Tailoring the thermal
conductivity of hybrid composites may be useful for various applications in medicine and
electrochemistry [242].

Another interesting use of freeze casting that was inspired by nacre is the
development of platelet self-assembly by Hunger et al. [328]. Figure 3.17 shows a
schematic of platelet self-assembly, where thin alumina platelets align with their long
dimension parallel to the freezing direction by viscous shear flow and shear forces caused
by the growing ice crystals [328]. Compared to natural nacre (Figure 3.17a), the lamellae
of these artificial freeze-cast scaffolds (Figure 3.17b) have a very similar architecture.
The additional level of structural organization that was introduced by the alignment of
platelets resulted in a higher toughness, yield strength, and Young's modulus when

compared to scaffolds prepared by the same method with spherical particles [328].
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Figure 3.18. (top) Design strategy of nacre-like materials developed by Bouville et al.
[80]. Micrographs of (a-c) natural nacre and (d-f) artificial nacre at equivalent length
scales. Scale bars: (a,d) 10 um; (b,e) 500 nm; (c,f) 250 nm. Adapted from [80].

Utilizing the this concept of platelet self-assembly, along with several other
techniques (i.e., flow freezing, bimodal particles, and pressurized spark plasma sintering),
Bouville et al. [80] developed pure ceramic materials that outperform nacre in terms of
strength and toughness (refer to Table 2.1). This was achieved by mimicking the
hierarchical design strategy of nacre on equivalent length scales (see Figure 3.18). Rather
than infiltrating a polymeric or metallic phase, a bimodal distribution of glass and

alumina nanoparticles were bi-directionally frozen with alumina platelets via flow
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freezing. After lyophilization, the porous constructs were spark plasma sintered under
pressure to collapse the pores and form nano-bridges between the platelets. The glass
precursor was then melted to fill the remaining porosity, taking the role of the organic
phase. Figure 3.18a-f juxtapose the hierarchical structure of the natural (a-c) and artificial

(d-f) nacre on equivalent length scales.

3.7. Conclusions

Natural structural materials, such as bone and nacre, are excellent examples of
how microstructure and architectural organization across multiple length scales influence
mechanical properties. Mimicking the various strengthening and toughening mechanisms
observed in nature lead to the development of novel lightweight, high-performance
materials. Freeze casting is a popular method to fabricate biomimetic materials that
emulate the microstructural features of natural biological materials. Intricate
microstructural control of porous scaffolds and hybrid composites is possible by altering
the slurry properties and freeze conditions during the freeze casting process. A variety of
post processing techniques can also be employed to further enhance the mechanical
performance of freeze cast materials. Bioinspired applications for freeze casting include
hybrid inorganic-organic composites for structural components that mimic nacre and

porous ceramic scaffolds for bone replacements that mimic bone.
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CHAPTER 4:
BIOINSPIRED SCAFFOLDS WITH VARYING PORE ARCHITECTURES

AND MECHANICAL PROPERTIES

4.1. Introduction

Attempts to replicate the microstructures of biological materials, such as bone and
nacre, have long been the focus of intense study due to their robust mechanical properties
and moderate density, despite being comprised of relatively weak constituents [8]. This
combination of properties is advantageous for the aerospace, automotive, and, especially,
biomedical industries, with the possibility of fabricating synthetic bone replacements [8,
75, 84, 90]. The microstructure of bone is highly anisotropic and requires specific levels
of open porosity for the presence of living tissues, cells, and fluids [52]. An ideal bone
replacement should have an open porosity and mechanical properties similar to those of
natural bone [329]. However, a common challenge in manufacturing porous structures is
maintaining desired levels of compressive strength and stiffness while generating specific
levels of open porosity with optimal pore morphologies.

Freeze casting is a fabrication method that allows for fine microstructural control
during the synthesis of porous ceramic scaffolds or hybrid composites (upon infiltration
of a second phase) with physical and mechanical properties similar to natural bone [75,
84, 90]. It involves directionally freezing a liquid slurry comprised of a solvent, ceramic
powder, dispersant and binder (the latter two are for even particle distribution and green
body integrity, respectively) [90]. After freezing, the solvent crystals are sublimated by

freeze drying, resulting in lamellar pore channels that are direct replicas of the frozen

66
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solvent. Afterwards, the ceramic scaffold is sintered to partially densify and strengthen
the porous construct.

Numerous studies have been conducted using different ceramic powders and
liquid solvents with observed changes in the microstructure and compressive behavior of
various ceramic scaffolds fabricated by freeze casting [90, 121, 222]. The overall
porosity of a scaffold is directly dependent on the amount of solid loading in the slurry,
while the pore size and morphology can be controlled by changing the processing
conditions [330]. Microstructural properties, such as the composition and thickness of
lamellar columns, amount of bridging between the columns, surface roughness and pore
geometry are some of the most important mechanisms that affect the mechanical
performance [84, 330]. Several works have analyzed these structural parameters, which
may be induced by the addition of soluble additives, such as polyethylene glycol (PEG)
[264], polyvinyl alcohol (PVA) [263], sucrose, ethanol, sodium chloride [306], glycerol,
dioxane [77], and zirconium acetate [307]. Many soluble additives generate significant
changes in the pore size and morphology, as they have an observed effect on the
solidification temperature, freezing-front velocity, and crystal formation in the liquid
slurry [77, 263, 264, 306, 307]. For example, different chemical additives were found by
Munch et al. [306] to alter the solidification temperature of the slurry. Regardless of the
obvious architectural differences, the spacing of the pores was directly related to the
freezing-front velocity, independent of the additives used [306]. Similarly, Deville et al.
[307] showed that the evolution of pores is dependent on the growth velocity and driving

force of crystal formation, through the use of various ice-structuring compounds. The
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pore structures in these works were shown to be cellular, lamellar, columnar, faceted,
dendritic, hopper, or polyhedral in nature [77, 304, 306, 307].

Rheological properties of freeze cast slurries have also been shown to influence
the pore morphology of the resulting scaffolds without changing their overall porosity.
Parameters such as the viscosity and pH influence the dispersion homogeneity and
stability of ceramic particles in aqueous solutions [262, 283, 294]. During the freezing
process particles are either rejected or entrapped by the approaching freezing front - a
function of the thermodynamic free energy of the system and constitutional supercooling,
as described by Wegst et al. [78] and Deville et al. [288]. Therefore, to avoid significant
particle agglomeration and/or segregation during the freezing process, it is important to
determine the optimal viscosity and pH of the slurry for a desired pore morphology [283].
Different types and concentrations of dispersants have been added to significantly lower
the slurry viscosity for better defined pore structures [262, 283, 294]. Likewise, the pH
can be adjusted so that the electric potential of the colloidal solution is stable [283, 294].
Along with other processing parameters, including the freezing rate and sintering
conditions, these liquid properties are easily controlled and have a profound effect on the
final pore architecture and resulting mechanical performance [76, 262, 266]. Finely-
tailored pore architectures can be designed for specific applications, for example
osteogenesis or bone ingrowth, by utilizing a variety of liquid additives.

Here we demonstrate the effect of slurry viscosity, pH, and alcohol concentration
on the structural and mechanical properties associated with porous TiO; scaffolds, which
are promising and relatively untested ceramic constructs produced by freeze casting. To

the best of our knowledge, Ren et al. [315, 331, 332] and Porter et al [88]. provide the
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only other reports on freeze cast TiO, to date. Although it has been shown that TiO; is a
suitable material for freeze casting porous anisotropic scaffolds [88], the structural and
mechanical properties of TiO, freeze cast with various liquid additives has not yet been
reported. Altering the viscosity, pH and alcohol concentration may allow for the
modification of the porous microstructures to meet the criteria of various applications,
specifically by altering the pore size and shape without changing the overall porosity.
This is the first empirical analysis on the effect different rheological properties in the
liquid slurry (i.e., viscosity, pH, alcohol concentration) have on the microstructure and
mechanical properties of freeze cast TiO,. Unlike other works that investigate the slurry
viscosity by altering the concentration of dispersants [262, 283, 294], we use equal
concentrations of a soluble polymer (PEG) with varying molecular weights or varying
concentrations of a liquid additive (isopropanol alcohol (IPA)) to change the liquid
properties of the ceramic slurries. Quantitative measurements of the porosity, pore
morphology, lamellar architecture, and compressive mechanical properties of the freeze
cast scaffolds are systematically compared for each of the conditions investigated. A
simplified analysis of Euler buckling is used to describe the principal failure mechanisms

of these scaffolds when subjected to compressive loading.

4.2. Materials and methods
4.2.1. Sample preparation

Aqueous slurries of 10 vol.% TiO, (Sigma Aldrich, St. Louis, MO) powders (100-
200 nm) were mixed with 1 wt.% PVA (Alfa Aesar, Ward Hill, MA) and 1 wt.% of an

ammonium polymethacrylate anionic dispersant, Darvan® 811 (R. T. Vanderbilt



70

Company, Inc. , Norwalk, CT). Three sets of aqueous slurries with different rheological
properties were investigated by changing the following parameters:
(1) viscosity - controlled by adding 1 wt.% of PEG (Alfa Aesar, Ward Hill, MA) with
varying molecular weights (0-20,000);
(2) pH change - controlled by adding small amounts of 1M HCI or NaOH (Fisher
Scientific Inc., Waltham, MA) to respectively decrease or increase the slurry pH
(2-12);
(3) alcohol concentration - controlled by adding isopropanol alcohol (IPA) (J.T.
Baker, Center Valley, PA) of varying concentrations (0-30 vol.%).
The slurries with varying pH and alcohol concentration also contained 1 wt.%
PEG with a molecular weight of 10,000. All slurries were ball milled in an alumina
grinding medium for 24 hrs, followed by degassing under low vacuum for 10-20 min.
Approximately 10 mL of the degassed slurries were poured into a PVC mold and frozen
at a constant rate of 10 °C/min using a custom built freeze casting device, as previously
described [88]. After freezing, the samples were removed from the mold with a hydraulic
press and lyophilized in a bench-top freeze dryer (Labconco, Kansas City, MO) at -50°C
and 350 Pa for 72 hr. The porous green constructs were then sintered in an open air

furnace for 3 hr at 1000 °C with heating and cooling rates of 2 °C/min.

4.2.2. Slurry properties
The pH of the aqueous slurries containing TiO, were measured with Alkacid pH
test ribbons (Fisher Scientific Inc., Waltham, MA). The viscosity of the aqueous solutions

were measured before adding the TiO, powders using a Gilmont® falling ball viscometer
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(No. 2) with a glass ball (Thermo Fisher Scientific Inc., Waltham, MA). The viscosities (

1, mPa-s) of the solutions were measured at 18 °C and calculated by Equation 4.1:
u=K(p,—p)t (4.1)
where K= 3.3 is the viscometer constant, p,=2.53 g/mL is the density of the glass ball,

p, is the measured density of the liquid, and t is the measured time of descent of the

glass ball in min.

4.2.3. Material characterization

X-ray diffraction (XRD) with a Miniflex 1l XRD machine (Rigaku, Woodlands,
TX) confirmed that the crystal structures of all the TiO, scaffolds transformed from
anatase before sintering to rutile after sintering at 1000 °C.

Scanning electron microscopy (SEM) images were taken at 15 kV on a Philips
XL30 field emission environmental scanning electron microscope (FEI-XL30, FEI
Company, Hillsboro, OR). For SEM preparation the samples were sputter-coated with
iridium using an Emitech K575X sputter coater (Quorum Technologies Ltd., West

Sussex, UK).

The relative density ( p,4 ) and porosity (¢) of the scaffolds were measured by
mass (m) and volume (V') with respect to that of fully dense TiO; ( oy,0, = 4.26 glem?),

as shown in Equations 4.2 and 4.3:

m/V
prel_ p =

= 4.2
Prio,  Prio, (4.2)
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¢=01-p,q4)*x100% (4.3)
where p =m/V isthe measured sample density. The average (£ standard deviation)
porosities of the scaffolds were calculated from eight samples each.

Figure 4.1 shows a representative image of the different structural features and
measurements taken to characterize the microstructures of each scaffold. The average
pore size, geometry, lamellar thickness and interlamellar spacing of the scaffolds were
measured from scanning electron micrographs using ImageJ software (National Institutes
of Health, Bethesda, MD). To measure the pore size, the thresholds of the micrographs
were adjusted equally such that the region of interest (i.e., pore area) could be selected
and calculated from the major and minor axes of a fitted ellipse with an equivalent area

and aspect ratio approximated by the software. The pore area ( A,) reported here is the

average (+ standard deviation) pore area calculated from the elliptic major (a) and minor

(b) axes from 40 selected pores each:

V4
Ap:Z

ab. (4.4)

The pore aspect ratio ( x,, ) is a measure of the pore morphology and was calculated from

the major (a) and minor (b) axes as follows:

Xp = (4.5)

The lamellar thickness (t) of the scaffold walls was averaged from 40 selected linear
measurements each. The interlamellar spacing (1) of the scaffold walls, which is
equivalent to the minor axis (4 =b) noted above, is inversely proportional to the freezing

front velocity (v), following the power law [297]:
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where n is related to the colloidal particle size and should be equal for all experiments
reported here. Therefore, it can be assumed that changes in the lamellar thickness and

interlamellar spacing of the scaffolds are caused by the different slurry properties, which

may affect the freeze front velocity.

"l

SO
lge

Figure 4.1. Representative image of a freeze cast TiO; scaffold illustrating the different
microstructural features and measurements: mineral bridges connecting adjacent lamellar
walls; surface asperities creating a characteristic wall roughness; fitted ellipse (dashed
line) - pore area (Ap), major axis (a) and minor axis (b); interlamellar spacing (4 = ), and
lamellar thickness (t).
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4.2.4. Mechanical testing

Compression testing of the scaffolds was performed in an Instron materials testing
machine (Instron 3342, Norwood, MA) with a 500 N load cell at a crosshead velocity of
0.005 mm/sec. The scaffolds were cut into small samples of approximately 5 x 5 x 5 mm?®
and compressed in the longitudinal, ice growth direction. To ensure testing of the
homogeneous region and avoid the high-density regions of the scaffolds (i.e., the outer
perimeter and the bottom 5 mm of the scaffold [297]), the samples were cut from the
central core of the scaffolds (10 x 10 mm?) between 5-30 mm from the bottom. The
ultimate compressive strength and Young's modulus were determined from the maximum
stress and the linear slope of the stress-strain curves, respectively. The average (x
standard deviation) strength and modulus of the scaffolds were calculated from eight

samples from each processing condition.

4.3. Results and discussion
4.3.1. Viscosity

Adding PEG to the freeze cast slurries and increasing its molecular weight
increased the viscosity of the slurries without changing the overall porosity of the
scaffolds (see Table 4.1). However, the different molecular weights of PEG added to the
slurries resulted in variations in pore area, surface roughness, lamellar bridging, and
channel alignment. These structural parameters were observed to have a pronounced
effect on the mechanical properties. Figures 4.2 and 4.3 compare, respectively, SEM
images and the structural and mechanical properties of the scaffolds fabricated with

varying slurry viscosities. During freezing, ice crystal formation generated successive
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Table 4.1. Slurry properties (viscosity, pH), pore morphology (porosity, pore area, major

and minor axes, aspect ratio, lamella thickness), and compressive mechanical properties

(strength, modulus) of TiO, scaffolds freeze cast with 1 wt.% polyethylene glycol (PEG)
of varying molecular weight (MW).

PEG (MW) 0 2,000 10,000 20,000
Viscosity, (mPa-s) 144002 150+0.03 163+0.02 1752002
rH ~7 ~7 ~7 ~7
Overall porosity, (%) 821009 828403 832401 83704
Pore area, {pm?) 465+234 302434 234436 531+82
Pore major axis, (pm) 37+£32 30+£15 29+ 14 49+ 28
Pore minor axis, (pm) 169 13¢5 103 14+ 4
Pore aspectratio, 136 233 274 352
Lamella thickness, (um) 369+185 406+286 234+127 287+167
Strength, (MPa) 44+03 61+04 6702 3004
Modulus, (MPa) 300+123 616+ 194 662+ 162 3274123

* All data shown as average + standard deviation.

Figure 4.2. Scanning electron micrographs of TiO; scaffolds freeze cast with 1 wt.%
polyethylene glycol (PEG) of varying molecular weight (MW) and solution viscosity: (a)
0 wt% PEG, 1.44 mPa-s; (b) 2000 MW, 1.50 mPa-s; (c) 10,000 MW, 1.63 mPa:s; (d)
20,000 MW, 1.75 mPa-s. Scale bars: 50 pm.
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Figure 4.3. Comparison of (a) porosity (green, diamonds), pore area (purple, squares),
(b) compressive strength (blue, circles), and compressive modulus (orange, triangles) for
TiO, scaffolds freeze cast with varying viscosity by addition of polyethylene glycol
(PEG) with different molecular weights.

layers of scaffolding along the ice growth direction (out of the page, Figure 4.2).
Secondary dendrites produced irregularities in the scaffolds as the solidification front
progressed, resulting in characteristic surface roughness, similar to PEG experiments
reported by Pekor et al. [264]. Referring to Figure 4.3a, a slight variation in the pore area
(200-600 pm?) was observed, while the overall porosity (~85%) of the scaffolds
remained constant. The pore channels in the scaffolds made with no PEG are cellular
with less homogeneous alignment, higher surface roughness, and dense mineral bridging
(see Figure 4.2a). Conversely, the pore channels in the scaffolds made with the highest
molecular weight PEG are more homogeneously aligned with lower surface roughness
and less mineral bridging (see Figure 4.2d).

Although, the addition of PEG initially lowers the freezing temperature of water-

PEG solutions to below 0°C, increasing the viscosity (with higher molecular weight
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PEG) increases the freezing temperature of the PEG-modified slurries. Figure 4.4
contains a diagram of expected thermal profiles for different water-PEG solutions at the
solid-liquid interface (i.e., freezing front). As seen in the diagram, the region of
constitutional supercooling is greater for solutions with higher molecular weights, and
thereby, higher viscosities. This increase in viscosity leads to a larger amount of

constitutional supercooling, AT [333]:

AT ~ 4.7

A
Py
where A is a materials constant and A is the lamellar spacing, which is directly related
to the local curvature of instabilities at the solid-liquid interface. Constitutional
supercooling occurs when the applied thermal gradient in the liquid (G") is less than the

equilibrium thermodynamic temperature of the liquid (refer to Figure 4.4) [334]:

\Y

G <o (T -T™) (4.8)

where v is the freezing front velocity, D is the mass diffusivity of the liquid, T"? is the

equilibrium liquidus temperature, and T* is the equilibrium solidus temperature. When
no supercooling exists in the solution, the solid-liquid interface is considered stable and
planar [334]. At low viscosity the amount of supercooling is small, leading to a slow
freezing front velocity and the growth of cellular ice crystals [334]. In contrast, a larger
region of supercooling at higher viscosity leads to a faster freezing front velocity and the
formation of dendritic ice crystals [334]. Therefore, scaffolds made from the slurry with
the lowest viscosity (~1.50 mPa-s) contain smaller cellular pore structures (Figure 4.2b),

while those made from the highest viscosity (~1.75 mPas) contain larger lamellar pores
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Figure 4.4. Thermal profiles of water-PEG solutions as a function of the position across
the solid-liquid interface. The blue curve represents PEG solutions with a high molecular
weight (e.g., 20,000) and higher freezing temperature, resulting in columnar dendritic-
like structures. The green curve represents PEG solutions with a low molecular weight
(e.g., 2,000) and lower freezing temperature, resulting in more cellular-like structures.
The diagram above illustrates the transition from cellular (green) to dendritic (blue)
crystal structures. The two curves in the diagram illustrate that there is a larger region of

constitutional supercooling, AT ~ £, for water-PEG solutions with higher viscosities,
resulting in finer instabilities.

(Figure 4.2d). If the viscosity is increased even further (beyond ~2 mPas), the dendritic
crystals should become finer, resulting in a reduced lamellar spacing. This phenomenon
is discussed in more detail in Section 3.3, where the addition of IPA increases the

viscosity beyond ~2 mPas.
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Referring to Figure 4.3, both the compressive strength and modulus are inversely
related to the pore area. An optimal viscosity of ~1.6 mPa-s leads to a minimum pore area
and maximum compressive mechanical properties. Beyond this point (~1.6 mPas), the
pore area increases as the viscosity increases. This is likely due to the tendency of TiO,
particles interacting with the longer-chain PEG molecules to aggregate as they are
rejected by the solidification front. The smaller, more homogenous pore channels (Figure
4.2b and 4.2c) with low aspect ratios (~2.5) displayed the highest compressive strength
(~6 MPa) and modulus (~600 MPa) at a liquid viscosity of ~1.6 mPa-s. This observed
structure-property relationship agrees with hypotheses presented by Hunger et al. [330],
suggesting that decreased lamellar spacing and reduced aspect ratio lead to enhanced
mechanical performance. For this reason, 1 wt.% PEG with a molecular weight of 10,000
(~1.6 mPa-s) was added to all of the slurries of the remaining experiments, detailed in the

following sections.

4.3.2. pH change

In contrast to changes in viscosity, variations in the pH of the slurries had a more
significant effect on the pore area (200-4000 pm?) of the microstructures, while the
overall porosity (~85%) remained constant (Table 4.2). The slurries with changing pH
showed nearly equal viscosities (Table 4.2). Figure 4.5 compares SEM micrographs of
the scaffolds made from slurries at pH 2, 7, and 12. Figure 4.6 compares the porosity,
pore area, and compressive mechanical properties of scaffolds made from slurries at
different pH levels. As seen in Figure 4.5, the channel lengths, widths, and general

morphologies vary considerably with changing pH. At low pH (~2) the lamellar surfaces
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have a coarse roughness and low density of bridging, due to the increased spacing and
thickness of lamellae. This results in a large variation in pore area (refer to error bars,
Figure 4.6a). It appears that a low pH induces more elongated pores, with aspect ratios of
~5 (see Table 4.2). As the pH increases from 2 to 7 the pore area reduces significantly
from values of 4000 pm?at pH 2 (Figure 4.5a) to 250 um? at pH 7 (Figure 4.5b). At
neutral pH a fine network of pores evolves from tiny homogeneously distributed ice
crystals. As the pH increases from 7 to 12 there is only a slight increase in the pore area,
approaching values of 1000 pm? at pH 12 (Figure 4.5¢). A high pH has only moderate
effects on lamellar wall spacing, thus allowing some bridging of the walls.

In agreement with Zhang et al. [283], there was a significant variation in the pore
architecture at different pH levels. However, the dispersion of particles in the suspension
seemed stable at all pH levels, resulting in well-defined pore structures. The presence
hydrogen, hydronium, or hydroxide groups may decrease the solidification temperature in
the solvent, thereby slowing the ice crystal growth velocity [297], similar to the effect of
ice-structuring compounds investigated by Deville et al. [307]. The resulting effect of a
decreased freezing front velocity is the presence of larger, faceted pores in the lamellar
microstructure as the region of constitutional supercooling is smaller and water molecules
are more slowly incorporated into the ice crystals, causing an increase in their average
size and aspect ratio [307].

Similar to the viscosity experiments, the compressive mechanical properties
follow a loose inverse relationship with the pore area, with strengths ranging from 4-10

MPa and stiffnesses ranging from 200-800 MPa. The highest strength (~9 MPa) and
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stiffness (~600 MPa) occur in scaffolds with the lowest pore area (~200 pm?) and aspect

ratio (~2) at pH ~8.

Table 4.2. Slurry properties (viscosity, pH), pore morphology (porosity, pore area, major
and minor axes, aspect ratio, lamella thickness), and compressive mechanical properties
(strength, modulus) of TiO, scaffolds freeze cast with varying pH by adding various
concentrations of HCI or NaOH to increase or decrease the pH of the slurry, respectively.

HClor NaOH (M) 0.036(HCI) 0.024(HCI) 0.012{(HCI) 0.002(NaOH) 0004(NaOH) 0.006(NaOH)
Viscosity, {mPa-s) 1.59+0.04 166+ 002 1.60+0.03 1.61+0.03 1.59+40.02 1.62+40.04
pH ~2 ~4 ~6 ~8 ~10 ~12
Overall porosity, (%) 855206 837+12 84502 84004 84803 857401
Pore area, (um?) 33322402 1673+ 361 3441143 18647 331£111 9204126
Pore majoraxis, (um) 154492 97490 37438 23413 36227 64433
Pore minor axis, (um) 2847 2248 123 103 123 183
Pore aspectratio, 5359 445 477 215 2904 347
Lamella thickness, (um) 1773943 12124666 6322340 3132276 386x225 5132271
Strength, (MPa) 4808 66405 54204 05+04 722086 7108
Modulus, (MPa) 301+54 415452 442480 621+220 406477 5824174

* All data shown as average + standard deviation.

Figure 4.5. Scanning electron micrographs of TiO; scaffolds freeze cast with varying pH:

(@) pH 2; (b) pH 7; (c) pH 12. Scale bars: 100 pum.
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Figure 4.6. Comparison of (a) porosity (green, diamonds), pore area (purple, squares),
(b) compressive strength (blue, circles), and compressive modulus (orange, triangles) for
TiO, scaffolds freeze cast with varying pH.

4.3.3. Alcohol concentration

Modification of alcohol (IPA) concentration in the slurries generated scaffolds
that are vastly different from those freeze cast with changing viscosity and pH. Figures
4.7 and 4.8 show SEM images and plots, respectively, of the structural and mechanical
properties of the scaffolds freeze cast with increasing concentrations of IPA. The addition
of IPA to the slurries increased the viscosity significantly; however, the pH remained
neutral (~7) (see Table 4.3). As seen in Figure 4.7a, the pore area increases dramatically,
then slowly decreases as the alcohol concentration is further increased. In comparison,
scaffolds freeze cast with changing viscosity and pH had more boxy, rectangular pores
(Figure 4.2 and 4.5), while the addition of alcohol led to more elongated pore channels
(Figure 4.7) with high aspect ratios, up to ~10 (Table 4.3). Furthermore, scaffolds freeze

cast with IPA showed some extent of finer periodic surface features (see Figure 4.7). The
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different pore morphologies coincide with an increase of the maximum pore area and
aspect ratio, respectively, to ~6000 pm? and ~10 for IPA-modified slurries, compared to
~4000 um? and ~5.5 for pH-modified slurries, and ~600 um? and ~3.5 for viscosity-
modified slurries. As the alcohol concentration was increased beyond 5 vol.% there is
very little change in the porosity, compressive strength and stiffness. However, the
dramatic increase in viscosity above ~2 mPa-s (see Table 4.3) led to finer instabilities in
the solid-liquid interface, resulting in smaller pore sizes and reduced lamellar spacing
(refer to Figure 4.4).

The maximum pore area observed at 5 vol.% IPA is likely due to an interaction
between IPA and water that favors crystallization, producing large elongated pore
channels (Figure 4.7c). Similar to observations made by Munch et al. [306] for ethanol,
the antifreeze properties of IPA lower the solidification temperature and increase the
viscosity significantly, which slows the freezing front velocity [335]. Furthermore, water-
IPA mixtures are believed to form clathrate hydrate structures [335, 336], in which the
‘guest’ IPA molecules are trapped by hydrogen bonding within an organized lattice of
'host' water molecules. Figure 4.9 shows a phase diagram of the water-IPA system taken
from Aladko et al. [335]. As seen in the diagram, the concentrations of IPA used in this
work (0-30 vol.% or 0-37 wt.%; red dots) all fall along the region corresponding to the
clathrate structure: IPA-5H,0. These clathrate hydrates, crystallized at temperatures
below -50 °C, are composed of tetragonal unit cells (a= 0.640 nm, ¢ = 1.116 nm) [335].
The unit cells are folded into layers where the hydroxyl groups of the guest IPA
molecules displace one of the water molecules in the lattice, leading to the elongated c-

axis over that of the cubic clathrate [335]. Thus, the formation of these crystalline
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Table 4.3. Slurry properties (viscosity, pH), pore morphology (porosity, pore area, major
and minor axes, aspect ratio, lamella thickness), and compressive mechanical properties
(strength, modulus) of TiO; scaffolds freeze cast with varying concentrations of

isopropanol alcohol (IPA).

IPA (vol%) 0 1 5 13 30
Viscosity, (mPa-s) 1632002 2122006 205005 3042003 4.67+£010
pH ~1 ~T ~T ~7 ~T
Overall porosity, (%6) 832201 846+02 848202 831+03 T89+11
Pore area, (um?) 234436 2330556 48761133 2778+188 612+146
Pore major axis, (um) 29+ 14 138+£106 244197 170+ 69 T2+ 44
Pore minor axis, (um) 10+3 19+ 7 2547 2143 11+4
Pore aspectratio, 274 246 261 817 6.67
Lamella thickness, (um) 23541127 6.72+404 1371+1285 1039+662 4353+262
Strength, (MPa) 6702 33203 0701 13+£03 10+£02
Modulus, (MPa) 662162 26333 90+ 38 176£31 132+£38

* All data shown as average + standard deviation.

Figure 4.7. Scanning electron micrographs of TiO, scaffolds freeze cast with varying
concentrations of isopropanol alcohol (IPA): (a) 0 vol.%; (b) 1 vol.%; (c) 5 vol.%; (d) 30

vol.%. Scale bars: 200 pum.
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clathrate hydrates significantly increases the viscosity. The pore structures observed in
Figure 4.7 must, therefore, be replicas of clathrate-like structures that form with the
addition of IPA. Based on experimental results, an optimal concentration of IPA is likely
to exist around 5 vol.%, where the formation of these layered or elongated hydrates
seems most favorable.

The ranges of strength from 0.5-6.5 MPa and modulus from 100-800 MPa show
that the dramatic increase in pore area and aspect ratio significantly reduces the
compressive mechanical properties (see Figure 4.8). The changing pore morphologies
resulting from changes in alcohol concentration reduce the mechanical performance of
the scaffolds by a factor of ~5; in contrast to the mechanical reduction by factors of ~2
and ~1.5 for the pH change and viscosity experiments, respectively. The decline in
mechanical properties observed with the addition of alcohol (Figure 4.8b) may be due to
the semi-uniform alignment and elongation of lamellar walls, which allow cracks to
propagate through more easily as lamellae buckle under compression. Conversely, the
smaller pore channels generated with no addition of alcohol (Figure 4.7a) distribute the
load more evenly across the scaffold, putting less stress on each lamellae. Therefore, in
agreement with Section 3.1, and as suggested by Hunger et al. [330], smaller, low aspect
ratio pores result in higher compressive properties by resisting the buckling of lamellar

microstructures and subsequent crack propagation.

4.3.4. Microstructure and mechanical properties
Figures 4.10 and 4.11 compare the lamellar thickness, pore area, aspect ratio, and

compressive mechanical properties of all the scaffolds freeze cast with varying viscosity,
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pH, and alcohol concentration. As expected, a linear relationship between the pore area
and lamellar thickness exists for all slurry conditions, despite the additive used (Figure
4.10). Obviously, at equal porosity, the pore area must increase as the lamellar thickness
increases. The slight discrepancy between the pH change and alcohol concentration data,
seen in Figure 4.10, is most likely due to the fact that water-IPA mixtures may form
clathrate hydrate structures [335, 336], increasing the apparent pore sizes for respective
lamellar thicknesses. Although the solidification time was not measured in this study, the
lamellar thickness, and consequently the pore size, are expected to exhibit a similar direct
correlation to the freezing front velocity as reported by Munch et al. [306]. According to
this work, the use of ethanol as an additive led to increased lamellar spacing, which is
related to its relatively low solidification temperature, lengthening the phase to which the
liquid and crystallized solid can coexist [306]. Our use of IPA as an additive provides
evidence for this point, given that IPA-modified slurries resulted in larger pore areas and
aspect ratios compared to scaffolds fabricated with varying viscosity or pH change. The
low solidification temperature and the presence of intermolecular interactions (such as
hydrogen bonding with IPA or increased local concentrations of additives due to the
crystallization of water and clathrate hydrates) may affect the thermal properties of the
newly-crystallized solid interface, as explained by Wegst et al. [78]. Therefore, it is
reasonable to assume that the different additives used to modify the rheological properties
of the liquid slurries changed the temperature profile at which constitutional supercooling
occurs, resulting in different freezing front velocities and consequent pore morphologies.
While no clear, comprehensive trend relating the lamellar thickness or pore area

to the mechanical performance of the scaffolds was observed, a fairly strong empirical
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correlation between the pore aspect ratio and the compressive properties was found (see
Figure 4.11). As seen in the plot (Figure 4.11a), both the strength and modulus show a
rapid decay as the pore aspect ratio increases. As mentioned earlier, these results agree
with Hunger et al. [330]: a decreased lamellar spacing (i.e., pore minor axis) and
decreased pore aspect ratio lead to enhanced mechanical properties. This decreasing trend
can be attributed to, not only the possibility for crack formation and growth due to local
buckling of lamellar walls, but also the semi-uniform alignment of pore channels that
distribute the load evenly across several lamellae. Moreover, an increased number of
mineral bridges would decrease the apparent pore area and aspect ratio, yielding higher
compressive mechanical properties. In response to compressive loading, mineral bridges
prevent Euler buckling by hindering crack propagation through parallel lamellae [306].
Hence, the smaller and more uniform (i.e., low aspect ratio) the pores, the higher the
mechanical properties - a function of the mechanisms that arrest local buckling of

lamellae and subsequent crack propagation.



89

5000
W Viscosity
+ pH change :
4000 1 4 Alcohol cone. P c
l’.f
g 3000 "f" *
= A 7
L] Fa
@ Fd
= A L’
= 2000 - ,
o -
o P
.
i
1000 - ,,“
L 4
[] T T T
0 3 10 15 20

Lamellar thickness (um)

Figure 4.10. Comparison of TiO, scaffolds freeze cast with varying viscosity (blue,
squares), pH change (red, diamonds), and alcohol concentration (green, triangles),
illustrating an increasing trend for pore area versus lamellar thickness. Representative
SEM images of TiO, scaffolds: (a) 10k PEG MW, pH 7, 0 vol.% IPA; (b) 10k PEG MW,
pH 4, 0 vol.% IPA; (c) 10k PEG MW, pH 7, 5 vol.% IPA. SEM images are 250 pum wide.
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Figure 4.11. (a) Comparison of the compressive mechanical properties versus pore
aspect ratio of TiO, scaffolds freeze cast with varying viscosity (blue, squares), pH
change (red, diamonds), and alcohol concentration (green, triangles). Solid markers
correspond to compressive strength measurements, while hollow markers correspond to
compressive modulus measurements. The decreasing quadratic trend shown in yellow is
determined by the modified Euler buckling equation shown (o ), where the area moment
of inertia (1 ) is a function of the pore aspect ratio ( ) (refer to Equations 4.9-4.13).
(b) Representative schematic drawings used to describe the simplified Euler buckling
analysis (refer to Equations 4.9-4.13), where two lamellar walls of equal length (major
axis) a, thickness t and height L, separated by a pore width (minor axis) b, are
subjected to a compressive load P applied parallel to the height L. For the analysis, it is
assumed that the representative specimens have constant lamellar wall heights (L = 500
pm), pore widths (b= 15 pm), and equal lamellar cross-sectional areas ( A, = at ), but

different pore aspect ratios (for example - left image: = 5; right image: = 2). For
the range plotted above (yellow region), the lamellar wall cross-sectional area ( A,) was

varied from 250 um? to 1500 um?, which incorporates the majority of experimental
measurements.
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4.3.5. Euler buckling analysis
To further elucidate the effect of the aspect ratio on the local Euler buckling of the

scaffolds, an analytical expression relating the compressive strength (o) to the pore
aspect ratio ( ) can be derived. Two idealized schematic representations are shown in
Figure 4.11b to illustrate this phenomenon. This simplified model ignores the effect of
mineral bridges and surface asperities. Keeping the total amount of material (i.e., lamellar
wall cross-sectional area, A, = at) and pore width (minor axis, b) constant, the pore
aspect ratio can be increased by increasing the lamellar wall length (major axis, a) and

correspondingly decreasing the lamellar wall thickness (t) (refer to Figure 4.11b). The

Euler equation has the form [337]:

, 7°Q°El
(kL)

P=n (4.9)

where P is the compressive load, n is the order of deflection (in our case, n=1), E is
the Young's modulus, | is the area moment of inertia, k is dependent on the geometry
of the ends (in our case, k= 0.5 for fixed ends), and L is the lamellar wall height. In
order to incorporate experimental unknowns, such as the internal wall porosity and
surface roughness, an empirical factor q, dependent on the lamellar wall properties, was
added into Equation 4.9. From the parallel axis theorem, the area moment of inertia is

determined to be:

_ou[ B LA by
| =2 (12+4(b+t)]. (4.10)



92

By substituting A, =at and y, =a/b into Equation 4.10 and rearranging the variables,
the area moment of inertia can be rewritten as a function of the pore aspect ratio ( z,) in

terms of the constants A, and b:

A (1) o[ 1) AL
I_3 0 [}(J +A (ﬂ(p}r 5 b*. (4.11)

The maximum compressive stress is o = P/2A, and can be written as:

_ 7°q’El
o A (4.12)

Finally, substituting in the area moment of inertia given by Equation 4.11 into the stress
relation above, the maximum compressive stress is expressed as a function of the pore

aspect ratio:

_AgE[AN1) A[1) B
O] 3b2[zp]+2( J | @2

To fit this modified Euler buckling equation (Equation 4.13) to the experimental data
plotted in Figure 4.11a, several assumptions were made according to Figure 4.11b. First,
the lamellar wall height and pore width (minor axis) were kept constant (equal to the
averages of experimental measurements) at values of L =500 um and b =15 um,
respectively. The Young's modulus of pure TiO,, E= 270 GPa [338], the geometric
constant of k= 0.5, and the empirical correction factor of q=0.02 were used to
represent the stiffness and geometry of the lamellar walls. By setting the lamellar wall

cross-sectional area equal to a range of 250 pm? < A < 1500 um?, which incorporates the

majority of experimental measurements, and plotting the stress (o) as a function of the
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pore aspect ratio (), the quadratic trend shown in Figure 4.11a (yellow region) fits the

experimental data quite well. Therefore, a simple modified Euler analysis incorporates
the principal effects, suggesting that the primary failure mechanism in the TiO, scaffolds

is local buckling followed by tensile cracking. The low value of q is an indication that

the existing internal wall porosity and surface roughness introduce flaws that decrease the

maximum stress considerably.

4.4. Conclusions

The effects of polyethylene glycol (PEG) viscosity, pH, and isopropanol alcohol
(IPA) concentration on freeze cast TiO, scaffolds are compared. Porous ceramic scaffolds
are achieved with varied properties such as pore size, coarse/fine surface features,
alignment and spacing of lamellar walls, as well as bridging between pore channels.
Relationships between porosity, lamellar thickness, pore morphology, compressive
strength and modulus for each of these methods are reported. Altering the different
slurry properties did not change the overall porosities of the scaffolds, but changed the
pore morphologies significantly. In general, it is observed that smaller pore areas and
aspect ratios provided increased strength and stiffness. A simplified analysis of Euler
buckling predicts this trend in agreement with experimental results, where the strength of
the scaffolds decreases as the aspect ratio of the pores increases, following a quadratic
dependency.

The control of structure and mechanical properties achieved through the methods
delineated above presents a bright potential for the creation of tailored scaffolds for bone

replacement. The biocompatibility of TiO; is excellent and it is known to promote
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osteointegration. The control of pore size and aspect ratio is essential for cellular
scaffolding and thus the methodology presented herein is eminently applicable for
biomaterials. Applications needing a predefined porosity as well as requiring specified
pore dimensions can be fulfilled by modifying the processing parameters of a freeze cast
slurry. These parameters are readily available for control in the laboratory: its
combination with TiO, may provide a base scaffolding compatible with biological

materials and organisms.
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CHAPTER 5:

MAGNETIC FREEZE CASTING INSPIRED BY NATURE

5.1. Introduction

A common unifying theme in the study of natural materials is the presence of
anisotropy and architectural hierarchy over multiple length scales [8-10]. This type of
directional order allows biomaterials to be lightweight, high strength, and multifunctional
[13]. Abalone nacre and bone, for instance, are structural materials with exceptional
mechanical properties designed for body support; and, impact resistance in the case of
nacre, or blood flow and joint movement in the case of bone [28, 339]. These properties
result from highly ordered, structural alignment in multiple directions across several
length scales. In the field of bio-inspired design, many new technologies to fabricate
high-performance, multifunctional materials that mimic the nano-/micro-structural
features of natural materials are being explored with varying success.

Of these, freeze casting has become a most promising new technique to fabricate
porous ceramic scaffolds [121, 222]. Potential applications range from bone replacements
[76, 77, 329] and tough hybrid composites (upon infiltration of a second phase) [75, 82,
84, 243], to separation filters, insulators, catalyst supports, or piezoelectric devices [222,
279, 298, 340, 341]. Freeze casting of ceramics is a physical process in which an aqueous
slurry composed of a solid phase (e.g., ceramic powder) and a fugitive liquid carrier (e.g.,
water) is directionally frozen in a mold, then sublimated to remove the frozen liquid
phase, and finally sintered to partially densify and strengthen the green constructs [78,

121, 222]. During the freezing process, ceramic particles are pushed between and trapped

95
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within growing lamellar ice crystals [78, 121, 222]. The thermodynamics that govern the
phenomena of particle rejection and entrapment are explicated by Wegst et al. [78] and
Deville et al. [288], where constitutional supercooling drives instabilities (or undulations)
in the freezing front that lead to the nucleation and growth of well-ordered,
interconnected ice channels. Intricate microstructural features, such as surface roughness,
wall thickness, pore geometry and inter-lamellar bridging, may be controlled by altering
the slurry properties or changing the freezing direction and solidification kinetics [76, 77,
253, 262, 266, 275, 294, 297, 306, 308, 312, 313, 342]. An inherent drawback of these
scaffolds is their lack of strength and stiffness transverse to the direction of ice growth.
That is, the outstanding mechanical properties usually celebrated in these materials only
exist in a single uniaxial direction, parallel to the freezing direction [306]. For many
applications, this may not be problematic. However, applications such as bone
replacements or tough hybrid composites that require substantial mechanical performance
in multiple directions may not be well-suited by conventional freeze casting.

Some attempts to introduce greater microstructural control have been previously
reported. Fu et al. [77] and Munch et al. [306] used additives, such as glycerol, dioxane,
ethanol or sucrose, to modify the microstructure (e.g., lamellar or cellular) and surface
roughness (e.g., smooth or dendritic) of freeze-cast scaffolds by changing the eutectic
phase diagram of the colloidal suspensions. Munch et al. [306] showed that patterning the
freezing surface can manipulate the long-range ordering of ice lamellae by controlling the
initial direction of nucleation. Zhang et al. [310] fabricated dense/porous bilayered
ceramics by applying an electric field during freezing. Moon et al. [313], Macchetta et al.

[275], and Koh et al. [308, 342] demonstrated the concept of radial cooling to construct
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porous ceramics with radial channel alignment. Regardless, none of these modifications
have been shown to significantly enhance the mechanical properties in planes normal the
ice growth direction. New additions to conventional freeze casting techniques that may
align microstructural features and increase the strength and stiffness in multiple
directions are still of great interest.

One mechanism commonly used to align small-scale materials, such as carbon
nanotubes or ferrous nanoparticles, is an external magnetic field [343-349]. Magnetic
fields are particularly useful in materials fabrication when physical barriers, such as the
walls of a mold, restrict the manipulation of materials through direct contact. In ceramics
processing, high magnetic fields (> 10 T) have been shown to control the texture of
feeble magnetic ceramics, such as HA, Al,O3, or TiO; [350-356]. Unfortunately, high
magnetic fields are produced by special superconducting magnets that are infeasible in
most laboratories due to their high cost, high energy consumption, and safety concerns
[345]. In contrast, small magnetic particles such as magnetite (Fe3O,) are known to
aggregate into linear-chain clusters in the direction of relatively weak magnetic fields (<
1T)[347, 349, 357]. Mashkour et al. [345] showed that it is possible to align cellulose
fibers doped with Fe3O,4 using a permanent magnet with a field strength < 0.18 T. Using
this concept, low magnetic fields may align the complex microstructures in freeze-cast
ceramics containing small amounts of Fez0,.

Inspired by the helicoidal structure of the narwhal tusk, an external rotating
magnetic field was applied to a conventional freeze cast system for the first time. A
permanent neodymium magnet and cast iron flux path distributors were used to direct a

magnetic field perpendicular to the ice growth direction. Porous scaffolds with structural
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alignment in both the longitudinal (i.e., ice growth direction) and transverse (i.e.,
magnetic flux direction) planes were fabricated from nonmagnetic ceramic powders
mixed with small amounts of Fe3O,4 nanoparticles. The compressive mechanical
properties of the scaffolds were measured in directions perpendicular and parallel to the
magnetic flux path and freezing directions. This work introduces the novel concept of
magnetic freeze casting and explains its potential as a simple, low cost processing method
to fabricate porous, anisotropic ceramic scaffolds with a hierarchy of architectural

alignment in multiple directions.

5.2. Materials and methods
5.2.1. Magnetic freeze casting setup

Samples were prepared using a custom built freeze cast unit and rotating
permanent magnet. Figure 5.1 shows a picture of the magnetic freeze casting setup. The
freeze cast unit consists of a copper cold finger immersed in a liquid nitrogen bath. A
band heater and thermocouple linked to a PID controller are attached to the copper cold
finger in order to control the cooling rate of the copper surface at the bottom of a
polyvinyl chloride (PVC) mold with a 20 mm inner diameter. The rotating permanent
magnet is constructed from a 1.32 T neodymium rare earth magnet, grade N42 (2.5 x 10
x 10 cm®) (Applied Magnets, Plano, TX). Two cast iron channel arms, threaded stainless
steel rods, and cast iron flux path distributors are attached to the neodymium magnet to
direct and concentrate the magnetic flux path through the P\VC mold perpendicular to the
ice growth direction (Z-axis). The magnetic field strength can be varied from 0-0.15 T by

adjusting the distance of the flux path distributors with the threaded rods. The permanent
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magnet device was hung by a vertical aluminum shaft connected toa 3 V, 1.6 A, 233 oz-
in geared bipolar stepper motor (RobotShop Inc., Swanton, VT), controlled by an
electronic user interface, Arduino Uno-R3 (SparkFun Electronics, Boulder, CO), capable
of rotating the magnet 0.05-0.50 rpm about the Z-axis. Finite element models (FEM) of
the magnetic flux path distributions were developed using the software, FEMM 4.2

(David Meeker, Waltham, MA).

Channel ] Neodymium
Electronic user z Stepper motor arms magnet
interface

Magnet
rotation

o

Flux path
distributors

Magnetic
flux path

Ice growth
direction

Coppercold
finger

Thermocouple

-Band heater

Liquid nitrogen
X bath 3

PID controller

Figure 5.1. Magnetic freeze casting setup, illustrating the magnet rotation, ice growth,
and magnetic flux path directions. The direction normal to the ice growth (Z-axis) and
magnetic flux path (Y-axis) directions is represented by the X-axis.
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Table 5.1. Properties of ceramic powders, as received. Information reported by
manufacturers unless otherwise noted.

Magnetite Hydroxyapatite Zirconia Alumina Titania
(FesOy) (HA) (ZrOy) (Al,05) (TiOy)
Crystal system? Cubic Hexagonal Monoclinic Hexagonal Tetragonal
Density (g/cm®) 4.95 3.15 5.89 4.00 4.26
Molar mass (g/mol) 231.53 502.31 123.22 101.96 79.87
Particle size (um)° <0.05 1-3 0.2-0.5 2-5 0.2-0.5

& Crystal systems confirmed by XRD measurements.
® Particle sizes measured from SEM micrographs.

5.2.2. Sample preparation

Agqueous slurries of 10 vol% HA (Trans Tech, Adamstown, MD), ZrO, (Sigma
Aldrich, St. Louis, MO), Al,O3 (Sigma Aldrich, St. Louis, MO), or TiO, (Sigma Aldrich,
St. Louis, MO) powders were mixed with varying concentrations of 0-9 wt% (0-8 vol%
of the total solids) Fe;O,4 nanoparticles (Sigma Aldrich, St. Louis, MO). Table 5.1 shows
the physical properties of the ceramic powders, as received. All slurries contained 1 wt%
of each: organic binders, polyethylene glycol (PEG) (Alfa Aesar, Ward Hill, MA) and
polyvinyl alcohol (PVA) (Alfa Aesar, Ward Hill, MA), and an ammonium
polymethacrylate anionic dispersant, Darvan® 811 (R. T. Vanderbilt Company, Inc. ,
Norwalk, CT). The slurries were ball milled in an alumina grinding medium for 24 hours,
followed by degassing under low vacuum for 10-20 min. Approximately 10 mL of the
degassed slurries were poured into the PVC mold and frozen at a constant rate of
10°C/min. Samples were frozen under three different magnetic field conditions: (1) no
magnetic field; (2) a static magnetic field of 0.12 T; and (3) a rotating magnetic field of
0.12 T at 0.05 rpm. After freezing, the samples were removed from the mold with a

hydraulic press and lyophilized in a bench-top freeze dryer (Labconco, Kansas City, MO)
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at -50°C and 350 Pa for 72 hr. The porous green constructs were then sintered in an open
air furnace for 3 hr at predetermined temperatures of 1300°C for HA and ZrO,, 1500°C

for Al,O3, and 900°C for TiO, with heating and cooling rates of 2°C/min.

5.2.3. Material characterization
The relative density (p,-.;) and porosity (¢) of the scaffolds were measured by
mass (m) and volume (V) with respect to that of a fully dense material of equal

composition (p'), as shown in Equations 5.1 and 5.2:

P m/V (5.1)
Prei = - = ; g .
ret P VYPreyo, T (1 = Y)Prost
¢ = (1= pre) X 100% (5.2)

where p = m/V is the measured sample density, pge304 and py,,¢; are the densities of

fully dense Fe3O,4 and host ceramic (HA, ZrO,, Al,Os, or TiO,), respectively, and the y is
the weight fraction of Fe3O,4. The average pore sizes and channel widths of the scaffolds
were measured using ImageJ software.

Energy-dispersive X-ray spectroscopy (EDX) was performed with a Philips XL30
field emission environmental scanning electron microscope (FEI-XL30, FEI Company,
Hillsboro, OR). The samples were coated with iridium using an Emitech K575X sputter
coater (Quorum Technologies Ltd., West Sussex, UK). Elemental mapping and analyses
were performed at 20 kV using an Oxford EDX attachment and Inca software.

X-ray diffraction (XRD) was performed with a Miniflex 1l XRD machine

(Rigaku, The Woodlands, TX) to confirm the crystal systems of the as-received ceramic
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powders (Table 5.1) and characterize the crystal structures of the TiO, scaffolds before

and after sintering.

5.2.4. Micro-computed tomography

Two TiO; scaffolds containing 3 wt% Fe3O,4, made with (1) no magnetic field and
(2) a rotating magnetic field of 0.12 T at 0.05rpm, were scanned on a micro-computed
tomography (LCT) unit, Skyscan 1076 (Skyscan, Kontich, Belgium). The scaffolds were
positioned inside a Styrofoam tube and imaged at 9 um isotropic voxel size, applying an
electric potential of 70 kVp and a current of 200 pA, using a 1 mm aluminum filter. A
beam hardening correction algorithm was applied during image reconstruction. Images
and 3D rendered models were developed using Skyscan's Dataviewer and CTVox

software.

5.2.5. Microscopy
Optical microscopy images were taken with a VHX-1000 digital microscope
system equipped with a CCD camera (KEYENCE Corporation, Osaka, Japan).
Scanning electron microscopy (SEM) images were taken at 10 KV on a Philips
XL30 field emission environmental scanning electron microscope (FEI-XL30, FEI
Company, Hillsboro, OR). For SEM preparation the samples were sputter-coated with
iridium using an Emitech K575X sputter coater (Quorum Technologies Ltd., West

Sussex, UK).
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5.2.6. Mechanical testing

Compression testing of the TiO, scaffolds was performed on an Instron machine
(Instron 3342, Norwood, MA) with a 500 N load cell at a crosshead velocity of 0.005
mm/sec. The scaffolds were cut into small samples of approximately 5 x 5 x 5 mm® and
tested in three orthogonal directions (see Figure 5.1): (1) ice growth direction (Z-axis);
(2) magnetic flux path direction (Y-axis); and (3) transverse direction (X-axis). To ensure
testing of the homogeneous region and avoid the high-density regions of the scaffolds
(i.e., the outer perimeter and the bottom 5 mm of the scaffold [297]), the cubic samples
were cut from the center core of the scaffolds (10 x 10 mm?) between 5-30 mm from the
bottom. The compressive ultimate strength and Young's modulus were determined from

the maximum stress and the linear slope of the stress-strain curves, respectively.

| Increasing flux density (0.00 —1.32T) |

Figure 5.2. Finite element model (FEM) showing the magnetic flux path and density
distributions through the permanent magnet apparatus shown in Figure 5.1. According to
the legend (bottom), the highest flux density is shown in purple, while the lowest flux
density is shown in light blue.
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Hydroxyapatite (HA) Zirconia (ZrO,) Alumina (Al,O3) Titania (TiO,)
Figure 5.3. Images of different ceramic scaffolds containing 3 wt% (~3 vol%) Fe;O,
nanoparticles made with a rotating magnetic field of 0.12 T at 0.05 rpm. Left images of
each scaffold were taken after lyophilizing and before sintering. Right images were taken
after sintering for 3 hr at predetermined temperatures of 1300°C for HA and ZrO,,

1500°C for Al,03, and 900°C for TiO,. All scaffolds before sintering were 20 mm in
diameter.

5.3. Results and discussion
5.3.1. Freezing under magnetic fields

Directing a magnetic field through the ceramic slurries perpendicular to the ice
growth direction was accomplished by channeling the field through the flux path
distributors seen in Figure 5.1. Figure 5.2 shows a 2D finite element model (FEM)
illustrating the magnetic field lines and density throughout the permanent magnet system.
Measurements of the magnetic field strength using a Gauss meter and observations of the
field direction using iron filaments in a clear test tube confirmed that the magnetic field
through the PVC mold in the experiments described here was 0.12 T and normal to the
freezing direction.

Figure 5.3 shows images of freeze-cast HA, ZrO,, Al,03, and TiO, with 3 wt%
(~3 vol%) Fes04 frozen at 10°C/min under a rotating magnetic field of 0.12 T at 0.05
rpm. As seen in the images, the HA, ZrO,, and Al,O5 scaffolds showed two distinct

phases of the host ceramic (HA, ZrO,, Al,0O3) and Fe3O4 when fabricated under the
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influence of the external field. The TiO; scaffolds, on the other hand, did not show
separate ceramic phases, suggesting that the Fe;O4 nanoparticles were well distributed
and absorbed into the TiO, scaffold. Additionally, the Fe3O4 phase of the HA, ZrO,, and
Al,O5 scaffolds seemed to densify and deform the macrostructures after sintering (Figure

5.3, right images).

5.3.2. Biphasic properties of HA, ZrO,, and Al,O3 scaffolds

Figure 5.4 shows elemental mappings of the iron (Fe) concentration in sintered
HA, ZrO,, Al,O3, and TiO, scaffolds containing 3 wt% Fe;O, made with a static
magnetic field of 0.12 T. As seen in the elemental maps, gradients of varying Fe
concentrations were observed in the HA, ZrO,, and Al,O3 scaffolds (Figure 5.4a-c).
Alternatively, Fe in the TiO; scaffold was evenly distributed throughout (Figure 5.4d).
Table 5.2 shows measured concentrations of Fe and the host elements (Ca, P, Zr, Al, Ti,
O) of each scaffold taken from Figure 5.4. The Fe3O,4-rich region was measured at the
edges of the scaffolds closest to the poles of the external magnetic field, while the Fe;O4-
poor region was measured at the center of the scaffolds away from the poles of the
external field. It is apparent that the Fe concentrations in the Fe3O,4-rich and FezO4-poor
regions of the TiO, scaffold were nearly equal. However, the highest concentrations of Fe
in the HA, ZrO,, and Al,O3 scaffolds were located at the edges (FesOq4-rich region),

closest to the poles of the external magnetic field.
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Table 5.2. Elemental analysis of sintered HA, ZrO,, Al,O3, and TiO; scaffolds
containing 3 wt% (~3 vol%) Fe;O4 made with a static magnetic field of 0.12 T, showing
the concentration (wt%) of iron (Fe) and host elements (Ca, P, Zr, Al, Ti, O) in the
Fe3;0,-rich (edge) and Fe3O,4-poor (center) regions of the scaffolds.

Hydoxyapatite (HA) Zirconia (ZrO,) Alumina (Al,Os) Titania (TiO,)
element wt % element wt % element wt % element wt %
Fe;0,4-rich Fe 5.78 Fe 8.27 Fe 7.83 Fe 1.64
region Ca 36.56 Zr 61.29 Al 47.40 Ti 61.07
P 15.83 O 30.44 @] 4477 @] 37.29

] 41.82

Fe;04-poor Fe 0.08 Fe 0.20 Fe 0.33 Fe 1.61
region Ca 45.89 Zr 71.17 Al 51.69 Ti 61.65
P 15.29 @] 28.62 @] 47.98 @] 36.74

@] 38.73

Fut

: 500um

Increasing Fe concentration 0—-10wt%) ——————— l

Figure 5.4. Elemental mapping of iron (Fe) concentration in sintered (a) HA, (b) ZrO,,
(c) Al,O3, and (d) TiO, scaffolds containing 3 wt% (~3 vol%) Fe;04 made with a static
magnetic field of 0.12 T. According to the legend (bottom), the highest concentration of
Fe is shown in white, while the lowest concentration of Fe is shown in black. Images
were taken in the transverse XY-plane, perpendicular to the direction of ice growth. The
magnetic field direction is shown with blue, horizontal arrows. All scale bars are 500 pum.
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¥ HA/Fe,0,

Figure 5.5. From left to right, micrographs of sintered HA, ZrO,, and Al,O3 scaffolds
containing 3 wt% (~3 vol%) Fe;O4 made with a static magnetic field of 0.12 T. (i-iii)
Optical images of the different scaffolds showing the Fe;O,4 phase transitions. (a, c, €)
Magnified SEM images of the Fe3O4-rich regions. (b, d, f) Magnified SEM images of the
Fez04-poor regions. All images were taken in the transverse XY-plane, perpendicular to
the direction of ice growth. Images (i-iii) show the locations of images (a-f) respectively.
The magnetic field direction is shown with blue, horizontal arrows. All micrographs were
imaged at 15 mm from the bottom of the scaffolds.

1 AlL,O;/Fe;0,
G o B :

Figure 5.6. Micrographs of sintered (a) HA, (b) ZrO,, and (c) Al,O3 scaffolds containing
3 wt% (~3 vol%) FesO4 made with no magnetic field. All micrographs were imaged at 15
mm from the bottom of the scaffolds.
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Figure 5.5 contains magnified optical and SEM micrographs of the sintered HA,
ZrO,, and Al,O3 scaffolds made with a static magnetic field of 0.12 T. In the optical
images (Figures 5.5i-iii), the distribution of color further suggests that the Fe;O,
(brown/purple/yellow) concentrated to the poles of the magnetic field and separated from
the host ceramic (white). The microstructures of the Fe3sO4-rich (brown/purple/yellow)
and Fe3Og4-poor (white) regions are distinctly different. The FesO4-rich HA (Figure 5.5a)
has thick lamellar walls and large pores (20-50 pum), while the Fe3O4-poor HA (Figure
5.5b) has thin lamellar walls and small pores (10-20 um), similar to a pure HA scaffold.
The Fe304-rich ZrO, (Figure 5.5¢) is more dense with narrow lamellar walls aligned in
the direction of the magnetic field. The Fe3O4-poor ZrO, (Figure 5.5d) is a porous
structure with random alignment, similar to a pure ZrO, scaffold. The Fe3O,-rich Al;O3
(Figure 5.5e) has a dense microstructure with larger ridges aligned in the direction of the
magnetic field, while the Fe;0,4-poor Al,O5 (Figure 5.5f) has a random alignment similar
to a pure Al,O3 scaffold. This biphasic behavior was not observed in the scaffolds made
with no magnetic field. Instead, the two phases were well mixed and evenly distributed
throughout, resulting in the homogeneous microstructures shown in Figure 5.6a-c.

Table 5.1 lists the physical properties of the ceramic powders in the as-received
condition. Although the driving forces behind the FesO4-host, particle-particle
interactions observed in Figure 5.4 are not fully understood, it is known that the motion
of magnetic and nonmagnetic particles in a colloidal suspension under an external
magnetic field is governed by magnetic dipole, electrostatic, van der Waals, and
hydrodynamic forces [358-360]. Brownian motion, which dominates collisions of

colloidal particles <1 um, is dependent on the concentration, size, and density of the



109

particles [358]. There seems to be no relation linking the initial particle size or molar
mass to the biphasic behaviors observed in Figure 5.4a-c (compare with Table 5.1).
Therefore, it may be reasonable to assume that the similar densities of the Fe;O,4 (4.95
g/cm®) and TiO, (4.26 g/cm®) would allow for the homogeneous mixing seen in Figure
5.4d. The different crystal systems may also play a role in the particle-particle
interactions observed, but this has yet to be determined (see Chapter 7). Though it may be
useful to develop composite materials such as those with two distinct phases (Figure 5.5),
this was not main objective of this work. Thus, the remainder of this paper focuses on the

physical and mechanical properties of the TiO, scaffolds.

5.3.3. Magnetic alignment of TiO, scaffolds

X-ray diffraction patterns of TiO, scaffolds containing 3 wt% Fe;O,4 (Figure 5.7)
show that the crystal structure of the TiO, transformed from anatase before sintering to
rutile after sintering at 900°C. It is also apparent in Figure 5.7 that the Fe3O, initially
present before sintering was absorbed into the TiO, scaffolds after sintering, forming a
small amount of the iron titanium oxide, pseudobrookite (Fe,TiOs).

Figure 5.8 shows SEM micrographs of TiO, scaffolds containing 3 wt% Fe3O,
produced with no magnetic field (top), a static magnetic field (center), and a rotating
magnetic field (bottom). The scaffolds made with no magnetic field showed directional
alignment only in the longitudinal ice growth direction, represented by a green arrow.
Figure 5.8a shows the edges and some faces of lamellar sheets oriented in the
longitudinal YZ-plane. In the transverse XY -plane (Figure 5.8b), there is no uniform

alignment of the micro-channels, but several small domains (~100-500 pm) of similarly
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Figure 5.7. X-ray diffraction (XRD) patterns of TiO, scaffolds containing 3 wt% (~3
vol%) Fe;O4 before and after sintering at 900 °C for 3 hr. Before sintering the TiO; is
anatase (blue) and after sintering the TiO; is rutile (red). Peaks corresponding to
magnetite (FesO,4) and pseudobrookite (Fe,TiOs) are marked by the arrows in the XRD
patterns before and after sintering, respectively.
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Static field No magnetic field

Rotating field

Figure 5.8. SEM micrographs of TiO, scaffolds containing 3 wt% (~3 vol%) Fe;O, made
with no magnetic field (top), a static magnetic field of 0.12 T (center), and a rotating
magnetic field of 0.12 T at 0.05 rpm (bottom). Left images show microstructures in the
longitudinal YZ-plane. Right images show microstructures in the transverse XY-plane.
The ice growth direction is shown with green, vertical arrows. The magnetic field
direction is shown with blue, horizontal arrows. All micrographs were imaged at 15 mm
from the bottom of the scaffolds.
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Figure 5.9. Micro-computed tomography images of a sintered TiO, scaffold containing 3
wit% (~3 vol%) Fe;O4 made with a rotating magnetic field of 0.12 T at 0.05 rpm. (a) 3D
reconstruction of the scaffold showing the high-density (dark brown) and low-density
(light brown) regions. (b) Top view of the scaffold with opacity adjusted to show only the
high-density regions around the perimeter of the scaffold. (c) Image of the transverse
XY -plane perpendicular to the ice growth direction at 20 mm from the bottom of the
scaffold. The magnetic field direction is shown with the blue arrow. An aligned macro-
channel (~50 um wide) is noted with the white arrow.

oriented channels - an intrinsic property of most freeze-cast ceramics [289, 290, 306].
Scaffolds made with a static field of 0.12 T showed directional alignment in both the
longitudinal (Figure 5.8c) and transverse (Figure 5.8d) planes. The weak magnetic field,
represented by a blue arrow, introduced some order of channel alignment parallel to the
field direction. Figure 5.8c shows the faces of lamellar sheets propagating along the
longitudinal ice growth direction (green arrow). The magnetic field (blue arrow) forced
the lamellar sheets in orientations along the field direction. Although not all the lamellar
sheets were aligned throughout the entire scaffold, a vast majority of the micro-channels
showed preferred alignments parallel to the field direction, resulting in large domains
(>>500 um) of similarly oriented channels, as seen in Figure 5.8d. Scaffolds made with a

rotating magnetic field of 0.12 T at 0.05 rpm also showed some order of alignment in the
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longitudinal (Figure 5.8e) and transverse (Figure 5.8f) planes. The lamellar sheets of the
scaffolds with a rotating field seemed to be skewed by the field rotation, resulting in
slanted lamellar sheets oriented ~30° off-axis from the ice growth direction (green
arrow), seen in Figure 5.8e. Long-range alignment of the micro-channels (10-20 um
pores) in the transverse plane was not apparent in the scaffolds made with a rotating field.
Instead, aligned macro-channels (~50 um pores) were created by the magnetic field
rotation. Figure 5.9 shows HCT images of a sintered TiO, scaffold containing 3 wt%
Fe30, made with a rotating magnetic field. The 3D reconstruction (Figure 5.9a) and top
view (Figure 5.9b) of the scaffold show a spiraling perimeter of higher density material.
This helicoidal, high-density perimeter may add torsional rigidity to the scaffold. Figure
5.9¢ shows the larger macro-channels aligned in the direction of the magnetic field (blue
arrow). Interestingly, these macro-channels did not appear in the scaffolds made with no
magnetic field or a static magnetic field. It seems that the subtle movements and
realignments of the FesO, particles caused by the field rotation at the freezing front
disrupted the uniformity of ice crystal growth, resulting in the macro-channels observed
in Figure 5.9¢c. The high-density perimeter seen in Figure 5.9b, however, was similarly
observed in the scaffolds made with a static field, showing a slightly higher density at the

edges adjacent to the magnet poles.

5.3.4. Enhanced mechanical performance
Compression tests on the TiO, scaffolds were preformed on samples cut from the
central region of the cylindrical scaffolds (10 x 10 mm?) to avoid any edge effects from

the high-density perimeters. Figure 5.10 displays the results from compression tests on
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Ti0, scaffolds with 3 wt% Fe;04 made with no magnetic field (dotted lines, orange bars)
and a static magnetic field of 0.12 T (solid lines, purple bars). As seen in the
representative stress-strain plot (Figure 5.10a), the ultimate compressive strength of the
scaffolds made with no field (dotted lines) was ~7.5 MPa in the ice growth direction (2)
and <1 MPa in the transverse plane (X, Y). When the scaffolds were fabricated under a
static field (solid lines), the strength in the ice growth direction (Z) decreased slightly to
~6.5 MPa. Nevertheless, the strength and modulus in the direction of the magnetic field
(YY) was more than doubled. Figure 5.10b-c show the increases in compressive strength
and stiffness of the scaffolds made with a static magnetic field, respectively. The
directional alignment of the micro-channels in the scaffolds made with a static field
(Figure 5.8d) added significant strength and stiffness in the direction of the magnetic
field.

To see the effect of Fe3O,4 on the TiO, scaffolds, several samples with varying
concentrations of 0-9 wt% (0-8 vol%) Fe;O4 were prepared and tested. Figure 5.11
contains plots of the strength and modulus in the magnetic field (YY) and ice growth (Z)
directions versus initial concentration of Fe3O4 (Wt%). As seen in Figure 5.11a-b,
introducing a static magnetic field of 0.12 T doubled both the strength and modulus of the
scaffolds containing 1-9 wt% Fe3O, in the magnetic field direction (). The strength and
modulus in the ice growth direction (Z), on the other hand, decreased with the
introduction of a static magnetic field and increasing Fe;O,4 (Figure 5.11c-d). Table 5.3
summarizes the physical and mechanical properties of the TiO, scaffolds containing 0-9
wt% Fe30,4. The decrease in strength and stiffness of the TiO, scaffolds in the ice growth

direction (Z) with increasing Fe3O,4 concentration seems to be related to the decrease in
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density, and corresponding increase in porosity, of the scaffolds (Table 5.3). This trend is
most likely related to the sintering characteristics of the two phases. Figure 5.12 shows
SEM micrographs of the lamellar wall surfaces of TiO, scaffolds containing 0-9 wt%
Fes0, sintered at 900°C. As seen in Figure 5.123, the TiO, scaffold containing 0 wt%
Fe;0, is composed of small particles <<500 nm. The TiO, scaffolds made with 1-9 wt%
Fes04 showed significant grain growth with larger rod-like particles >>500 nm (Figure
5.12b-d). This observation is consistent with the fact that iron additives may be used as
sintering aids in ceramics processing to promote grain growth and agglomeration [361,
362]. Adding Fe3O, to the TiO, scaffolds increased the strength and stiffness at low iron
concentrations with and without a magnetic field (Table 5.3). In the magnetic field
direction (), increasing the Fe3O4 concentration from 1 to 9 wt% had very little effect on
the resulting mechanical properties (Figure 5.11a-b). Conversely, increasing the
concentration of Fe;O,4 from 1 to 9 wt% decreased the strength and stiffness of the
scaffolds in the ice growth direction (Z), especially when fabricated under a static
magnetic field (Figure 5.11c-d). The normal, directional alignment caused by the
magnetic field seems to have disrupted some of the long-range order produced by the
growing ice lamellae, which led to a decrease of mechanical integrity in the longitudinal,
ice growth direction.

The unusual phenomenon of decreasing density with increasing Fe3O,
concentrations (Table 5.3) agrees with observations reported by Zhang et al. [363] that an
increase in iron-doping (atom% Fe) of TiO, arrests nanocrystalline particle growth at
increased temperatures (> 500°C). Although iron additives can promote grain growth

during sintering, high concentrations of iron (>1 wt%) in the TiO, scaffolds may limit the
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Table 5.3. Density, porosity, and compressive mechanical properties of TiO, scaffolds
containing 1-9 wt% (0-8 vol%) Fe3;O4 made with no magnetic field and a static field of
0.12 T. The ultimate compressive strength and Young's modulus of the scaffolds were
measured in three directions: ice growth direction (Z), magnetic field direction (), and
transverse direction (X). Sample size: N = 10.

Density  Porosity Ultimate strength (MPa) Young's modulus (MPa)
(glem®) (%) X Y z X Y z
0 wit% Fe§Qi
. 053+ 87.6 + 0.6 0.6 4.7 48 48 144 +
No field
0.01 0.1 0.1 0.1 0.6 24 24 55
Satic field
1 wt% Feggé
. 055+ 87.1+ 11+ 11+ 89+ 58 £ 58 £ 430 £
No field
0.02 0.5 0.3 0.3 0.5 25 25 92
- 055+ 87.1+% 14+ 20+ 9.0+ 45 + 142 £ 412 +
Saticfield -, 5y 0.3 0.2 0.5 0.7 30 57 139
3 wWi% Fe§Qi
. 051+ 88.0 = 09z 09z 74+ 48 48 459 +
No field
0.01 0.3 0.3 0.3 0.2 20 20 74
Satic field 052+ 87.7 14+ 24+ 6.3+ 55+ 117 + 332+
0.01 0.2 0.2 0.6 0.7 29 42 95
9 wit% Feggé
No fidld 0.47 + 89.2+ 08+ 08+ 50+ 33+ 33+ 451 +
0.02 0.4 0.2 0.2 0.6 8 8 74
Saticfidd 047 + 89.2 + 09z 18+ 3.2+ 34+ 113 123 +
0.02 0.4 0.1 0.3 0.8 8 43 50

* All data reported as average * standard deviation.



117

12 - 3.0
g
2.0 -
10 - 2
E=
o
o b B
_ n
8 - No field
R ...-.0.’..' ................ (Z) OO r r T
© X Y X Y
o
= Static field ) b Nofield  Staticfield
4
n 150 -
4 T ~~
g
100
~~ ) 2
3
2 - 2X strength & modulus =
'8 50 -
X) =
',xs;;m:umnusss- (R XX L RN S ] (X’ Y)
O T T T 1 0
0 0025 005 0075 0.1 X Y X Y
a Strain (mm/mm) c Nofield Static field

Figure 5.10. Compressive mechanical properties of TiO, scaffolds containing 3 wt% (~3
vol%) Fe;0,. () Representative stress-strain curves for the scaffolds made with no
magnetic field (dotted lines) and a static magnetic field of 0.12 T (solid lines).
Compression tests were performed in three directions (see top schematic): ice growth
direction (Z, green), magnetic field direction (Y, blue), and transverse direction (X, red).
(b) Ultimate compressive strength and (c) Young's modulus in the transverse XY-plane
of the scaffolds made with no magnetic field (orange) and a static magnetic field of 0.12

T (purple).
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Figure 5.11. Compressive mechanical properties of TiO, scaffolds containing 0-9 wt%
(0-8 vol%) Fe3O,4 produced with no magnetic field (orange diamonds, dashed trend line)
and a static magnetic field of 0.12 T (purple squares, solid trend line). (a, b) Ultimate
strength and Young's modulus of scaffolds in the magnetic field direction (). Black
arrows indicate an increase in strength and modulus in the transverse Y-direction due to
the static magnetic field. (c, d) Ultimate strength and Young's modulus of scaffolds in the
ice growth direction (Z).

Figure 5.12. SEM micrographs of the lamellar wall surfaces of TiO, scaffolds sintered at
900°C, containing varying concentrations of Fe3Oa: (a) 0 wt% Fe3O4; (b) 1 wt% (~1
vol%) Fe;0q; (€) 3 Wt% (~3 vol%) Fes0q; (d) 9 wt% (~8 vol%) Fez0,.



119

size increase of nanocrystalline particles, which in turn, inhibits densification and
diminishes the mechanical properties. Therefore, increasing the FesO,4 concentration
decreased the density, strength, and stiffness of the TiO, scaffolds in the ice growth
direction, but not the magnetic field direction. The optimal concentration of Fe;0,4 added
to the TiO, scaffolds is ~1 wt%, since the mechanical properties are nearly doubled in the
magnetic field direction (Y) and remain unchanged in the ice growth direction (Z) with

the introduction of a static magnetic field of 0.12 T.

5.4. Conclusions

Magnetic field aligned freeze casting is a new method to fabricate anisotropic
ceramic scaffolds with highly porous, directionally aligned microstructures. The addition
of an external magnetic field to a conventional freeze casting unit allows the
interconnected pore channels to be aligned in two directions: (1) the ice growth direction
and (2) the magnetic field direction.

A variety of ceramic materials can be freeze cast into porous scaffolds. Under the
influence of a weak magnetic field (0.12 T), the inter-particle interactions between the
Fe30,4 nanoparticles and the host ceramic (hydroxyapatite (HA), ZrO,, Al,Os, or TiOy)
determine the final microstructures and mechanical properties of the freeze cast scaffolds.
Fes0,4 was well distributed throughout the TiO, scaffolds, but separated into distinctly
different phases in the HA, ZrO,, and Al,Oj3 scaffolds. The TiO, scaffolds fabricated with
a static magnetic field showed channel alignment in, not only the ice growth direction,
but also the magnetic field direction. The directional order induced by the static field

doubled both the strength and modulus in magnetic field direction of the TiO; scaffolds
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containing 1-9 wt% Fe;0,4. The mechanical properties in the ice growth direction
decreased by adding a magnetic field and increasing the Fe;O,4 concentration. Even so,
the loss in strength and stiffness in the ice growth direction was insignificant compared to
the gain measured in the magnetic field direction at low Fe3O4 concentrations (1 wt%).

The concept of magnetic freeze casting may be used in a variety of future
applications. The magnetic field strength and rotation speed may be adjusted to introduce
varying degrees of micro-/macro-channel alignment or spiraling regions of high-density
reinforced perimeters (Figure 5.9b) to make scaffolds with exceptional torsional rigidity.
Scaffolds composed of feeble magnetic ceramics, such as HA or Al,O3, may be aligned
similar the TiO, scaffolds reported here by coating magnetic nanoparticles before
freezing. High aspect ratio nanowires or nanotubes may be added and aligned in a
ceramic slurry to create "nano-bridges" between adjacent lamellae for enhanced strength
and toughness. Conductive nanostructures, such as carbon nanotubes or metallic
nanoparticles, may be added and aligned to improve the conductivity of scaffolds for
potential electronic and energy storage devices. Finally, magnetic hybrid composites
could be fabricated as high-performance, multifunctional materials for a variety of

structural or medical applications.
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CHAPTER 6:
TORSIONAL PROPERTIES OF HELIX-REINFORCED COMPOSITES

FABRICATED BY MAGNETIC FREEZE CASTING

6.1. Introduction

Helices are found in a variety of natural structures [364], such as the stems of
woody plants [365], the skeletons of silica sponges [366], and the tusks of narwhals
[367]. These naturally occurring structures grow in response to external stresses and
provide reinforcement against induced torsion. Similarly, the double-helix structure of
DNA governs its torsional rigidity, an important property that determines its superhelix,
tertiary structure [368]. Unlike spirals that have a continuously increasing radius of
curvature, such as those commonly found in mollusk shells [369, 370] and the horns and
antlers of many ruminant mammals [371], helices have a constant radius of curvature and
propagate along a central axis [364]. The growth, morphology, and mechanical advantage
of spirals and helices observed in natural structures have fascinated scientists for decades
[372, 373]. Skalak et al [372] and Harary and Tal [374] developed mathematical models
to describe, respectively, the surface growth and morphology of several biological
ultrastructures, such seashells, horns, and antlers. At the microstructural level, another
form of the helix present in many natural materials is the twisted-plywood or Bouligand
structure [148]. This helicoidal structure has been observed in the exoskeletons of
crustaceans [51, 144, 147] and the scales of fish [55, 145]. Recently, it was reported that
the twisted nature of the fibrous layers in these materials is mechanically advantageous,

enhancing their impact resistance and fracture toughness [51, 55].

121
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In modern architectural design, both spirals and helices appear in a variety of
synthetic structures, primarily for their natural beauty. However, the helix is also an
efficient mechanical design that provides an optimal distribution of stresses in structures
subjected to torsional loading (e.g., torsion springs) [375]. Drawing inspiration from this
natural design principle, engineering materials that are subjected to external torques may
benefit from similar helix-reinforced architectures. Few attempts to utilize the helix for
enhanced torsional rigidity in synthetic materials have been reported. Apichattrabrut and
Ravi-Chandar [376] and Cheng et al [377] fabricated helicoidal fiber-reinforced
composites that exhibited improved damage tolerance in response to tension, bending,
and impact. However, the torsional rigidity of the composites was not investigated [376,
377]. Several patents [378-382] on helical reinforced materials have been filed as well.
However, to the best of our knowledge, only the torsion transmitting glass shaft invented
by Rodgers and Howald [382] utilizes helix-reinforced architectures to improve the
torsional rigidity of cylindrical shafts.

Recently, Porter et al [88] invented a novel materials processing method, known
as magnetic freeze casting, to fabricate ceramic scaffolds with helical architectures. This
technique expands on conventional freeze casting - a popular method in which a colloidal
suspension, typically composed of ceramic particles and water, is directionally frozen,
then sublimated to remove the frozen solvent, and sintered to partially densify and
strengthen the porous constructs [90, 121]. During solidification, the particles are pushed
between and trapped within growing ice crystals, leading to lamellar pore channels that
are direct replicas of the frozen solvent [90, 121]. Subsequently, the porous ceramics can

be infiltrated with polymers or metals [75, 82, 84, 243], yielding hybrid composites with
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hierarchical architectures that mimic the natural features of bone (e.g., osteons) or
abalone nacre (e.g., brick-and-mortar structures). Although many freeze cast materials
exhibit high strength and toughness [75, 80, 84], these properties are generally limited to
a single direction - parallel to the direction of ice growth.

Magnetic freeze casting uses magnetic fields to manipulate magnetic
nanoparticles (i.e., Fes0O,4) during solidification. This process steers ceramic particles in
the direction of the magnetic flux path. Previously, this method was shown to enhance the
compressive strength and stiffness of ceramic scaffolds perpendicular to the direction of
ice growth, parallel to an applied magnetic field [88]. The enhanced compressive
properties obtained are due to the microstructural alignment of lamellar walls in two
perpendicular directions: (1) the ice growth direction and (2) the magnetic field direction.
In the same study [88], several cylindrical scaffolds with helical architectures were
fabricated by rotating magnetic fields about the solidification direction. These scaffolds
exhibited biphasic material properties. A circumferential helix composed of a higher-
density, FesO4-rich phase surrounded an interior lower-density, Fe3O4-poor phase. The
helix was composed of dense lamellar walls aligned parallel to the direction of the
prevailing magnetic field. It was proposed that this helical architecture may act as a
reinforcing structure, enhancing the torsional rigidity or shear modulus of the material
[88, 90].

We show herein, both experimentally and analytically, that these helical
architectures enhance the torsional rigidity of magnetic freeze cast composites. To do
this, it is necessary to compare the shear modulus of composites having identical material

compositions, with and without helical architectures. Although several shear test methods
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currently exist [383, 384], the solid-rod torsion test was selected for this work [385].
Previous investigations show that the torsion test is best suited to induce a state of pure
shear stress in cylindrical composite samples [385, 386]. The method predicts both the
shear strength and stiffness of a material from a single test [385, 386]. In addition, torsion
testing minimizes local material and stress concentration effects as well as unwanted
bending moments due to slight misalignments of the samples [385, 386]. Experimental
measurements of the torsional rigidity (i.e., shear modulus) versus the angle of helix-

reinforcement were compared to determine an optimal angle of reinforcement.

6.2. Materials and Methods
6.2.1. Magnetic freeze casting setup

Helix-reinforced composite samples were prepared using a custom built freeze
cast unit and rotating permanent magnet as previously described [88]. Figure 6.1 shows a
picture of the magnetic freeze casting setup. Briefly, the freeze cast unit consists of a
copper cold finger immersed in a liquid nitrogen bath. A band heater and thermocouple
linked to a PID controller are attached to the copper cold finger in order to control the
cooling rate of the copper surface at the bottom of a polyethylene (PE) mold with a 9 mm
inner diameter. The rotating permanent magnet is constructed from a 1.32 T neodymium
rare earth magnet, grade N42 (2.5 x 10 x 10 cm®) (Applied Magnets, Plano, TX). Two
cast iron channel arms, threaded stainless steel rods, and cast iron flux path distributors
are attached to the neodymium magnet to direct and concentrate the magnetic flux path
through the PE mold perpendicular to the ice growth direction (Z-axis). The magnetic

field strength was kept constant for all experiments at 0.12 T. The permanent magnet
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device was hung by a vertical aluminum shaft connectedtoa 3V, 1.6 A, 1.65 N-m
geared bipolar stepper motor (RobotShop Inc., Swanton, VT), controlled by an electronic
user interface, Arduino Uno-R3 (SparkFun Electronics, Boulder, CO), capable of rotating

the magnet 0.05-0.40 rpm about the y-axis.

Channel Neodymium

Electronic user Y Stepper motor arms magnet

interface

Magnet
rotation

Flux path
distributors

Magnetic flux path

Ice growth
direction

Thermocouple

Copper cold
finger

Band heater

Liquid nitrogen
bath

PID controller

Figure 6.1. Magnetic freeze casting apparatus, illustrating the magnet rotation, ice
growth, and magnetic flux path directions. The direction normal to the ice growth (y-axis)
and magnetic flux path (x-axis) directions is represented by the z-axis.
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6.2.2. Sample preparation

Aqueous slurries of 10 vol.% or 20 vol.% ZrO, powders (Sigma Aldrich, St.
Louis, MO), with an average diameter of 0.2-0.5 um, were mixed with 3 wt% (of the total
solids) Fe3;O,4 nanoparticles (Sigma Aldrich, St. Louis, MO), with an average diameter of
~50 nm, and 1 wt% of each: organic binders, polyethylene glycol (PEG) (Alfa Aesar,
Ward Hill, MA) and polyvinyl alcohol (PVA) (Alfa Aesar, Ward Hill, MA), and an
ammonium polymethacrylate anionic dispersant, Darvan® 811 (R. T. Vanderbilt
Company, Inc. , Norwalk, CT). The slurries were ball milled in an alumina grinding
medium for 24 hr, followed by degassing under low vacuum for 10-20 min.
Approximately 3 mL of the degassed slurries were poured into the PE mold and frozen at
a constant rate of 10°C/min. During solidification, a magnetic field of 0.12 T was rotated
about the ice growth direction (Z-axis) at 0.05 rpm, 0.20 rpm, or 0.40 rpm, resulting in
the helix-reinforced architectures. After freezing, the samples were removed from the
mold and lyophilized in a bench-top freeze dryer (Labconco, Kansas City, MO) at -50°C
and 350 Pa for 72 hr. The porous green constructs were then sintered in an open air
furnace for 3 hr at 1300°C with heating and cooling rates of £2°C/min.

Following the sintering process, the porous scaffolds were infiltrated with epoxy
(EpoxiCure Resin, Buehler, Lake Bluff, IL), resulting in ceramic-polymer composites
with varying volume fractions and angles of helix-reinforcement. To infiltrate the
scaffolds, the two-part epoxy solution was first mixed thoroughly for 2-3 min. Then, the
porous scaffolds were immersed in the liquid epoxy solution and subjected to a low
vacuum for 30 min to degas the solution and infiltrate the scaffolds. After complete

infiltration, the wet samples were removed from the liquid epoxy and set at room
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temperature for 24 hr, allowing the epoxy to harden and cure. For clarity, even though the
ceramic phase of all the composites contains 3 wt.% Fes;O,, it is simply referred to as

ZrO, throughout this study.

6.2.3. Material characterization

Scanning electron microscopy (SEM) images were taken at 15 kV on a Philips
XL30 field emission environmental scanning electron microscope (FEI-XL30, FEI
Company, Hillsboro, OR). For SEM preparation the samples were sputter-coated with
iridium using an Emitech K575X sputter coater (Quorum Technologies Ltd., West
Sussex, UK).

The thicknesses and angles of helix-reinforcement and the relative volume
fractions of the ZrO, and epoxy phases of the composites were measured from optical
images and scanning electron micrographs using ImageJ software (National Institutes of
Health, Bethesda, MD). The helices were measured from optical images using the
segment and angle measurements tools. The relative volume fractions were measured
from the cross-sections of the composites, where the thresholds of SEM images were
adjusted equally to measure the % area of each phase. Four different locations across
each cross-section were measured to determine the distribution of densities caused by the
rotating magnetic fields.

X-ray diffraction (XRD) was performed on a D2 Phaser X-ray diffraction tool
(Bruker AXS, Madison, WI). XRD experiments confirmed that the crystal structure of
the ZrO; phase remained monoclinic before and after sintering, while a small portion of

the Fe;0,4 phase transformed from magnetite (Fe3O,) before sintering to hematite (Fe;Os)
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after sintering at 1300°C. No apparent transformation due to interactions between the

ZrO, and Fe30,4 phases was observed.

6.2.4. Torsion testing

The torsional properties of the ZrO,-epoxy composites with varying volume
fractions and different angles of helix-reinforcement were compared using the solid-rod
torsion test. The torsion tests were performed on a custom built torsion testing device,
capable of twisting the cylindrical composites to induce a state of pure shear stress (see
Appendix).

To test the samples in torsion, the cylindrical ZrO,-epoxy composites were
aligned and mounted in epoxy "grips™ using a custom built mounting device. All the
composite samples were fabricated such that the regions of interest have a circular cross-
section of radius r; (~7.5 mm) and length L (~25 mm). The epoxy grips of the samples
have square cross-sections 24.5 mm x 24.5 mm with lengths of L, (~ 25 mm), fitting
neatly into the square mounts of the torsion tester. Refer to the Appendix for a complete
description of the torsion testing setup and calibration.

Using an empirically derived calibration constant (C = 9.03x10) and the
measured shear modulus of the epoxy grips (G, = 1.0 GPa), the ultimate shear stress and
shear strain at the surface of the ZrO,-epoxy composites were plotted from the
experimental data (refer to Appendix). For simplicity, micromechanics describing the
complex nature of the freeze-cast microstructures and the helix-reinforcements were
ignored. Instead, the ZrO,-epoxy composites were modeled as orthotropic, elastic

materials with unidirectional-reinforcement, similar to that reported by Adams and
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Thomas [385] and Hamed et al [387]. Because torsion testing a homogeneous cylinder
generates stresses and strains that vary linearly from the central axis of rotation to the
outer surface, the maximum shear stress and shear strain occur on the surface of the
cylindrical samples. Thus, their ratio, G (shear modulus), is constant, and therefore,
provides an accurate description of the torsional rigidity. These assumptions are
necessary to compare the effects of ceramic content and helix-reinforcement in the

cylindrical composites. Duplicates of each torsion test were run to ensure repeatability.

6.3. Results and Discussion
6.3.1. Architectural hierarchy

Figure 6.2 shows the profiles and cross-sections of eight different ZrO,-epoxy
composites fabricated by magnetic freeze casting. As seen in the figure, the two different
solid loadings of ZrO, (10 vol.% and 20 vol.% suspensions) used during the freeze
casting process resulted in two sets of composites with varying volume fractions of ZrO,
and epoxy. For clarity, the two sets are referred to as 40:60 and 60:40 composites
corresponding to the ZrO, and epoxy contents, respectively. That is, the 40:60
composites contain ~40 vol.% ZrO, and ~60 vol.% epoxy, while the 60:40 composites
contain ~60 vol.% ZrO, and ~40 vol.% epoxy (refer to Table 6.1). The composites have
four levels of structural hierarchy: (1) the helix-reinforcement due to the rotating
magnetic fields (Figures 6.3a-c); (2) the microstructural alignment due to freeze casting
(Figures 6.3d and 6.3¢e); (3) the layered ZrO,-epoxy interface due to polymer infiltration
(Figure 6.3f); (4) the ZrO, grain structure after sintering and polymer infiltration (Figure

6.3f).



130

Table 6.1. Material properties of the aluminum (Al 6061-T6), epoxy, and ZrO,-epoxy
composites, showing the rotation speed of the magnetic field and the resulting helix
angle, the average ZrO, volume fraction and the ZrO, volume fractions of the helix-
reinforced (A) and non-reinforced (B) regions corresponding to Figure 6.2, the twist
direction, and the mechanical shear properties.

Sample type

Al6061-T6
Epoxy

ZrO,-epoxy
composites
(40:60)

ZrO,-epoxy
composites
(60:40)

Rotation

speed
(rpm)
No field
0.05
0.20
0.40

No field
0.05
0.20
0.40
0.05

Helix ZrO, fraction (vol.%) Twis Shear Shear
angle ?ust‘ strength ® modulus ®
(degrees) Average® A B direction (MPa) (GPa)

- - CwW 2076 260+ 1.2
-- --- CwW 48+2 1.0+0.1
-- 37+4 --- CwW 360 2505
42 3810 47 29 CcwW 3742 3.1£03
73 36+£5 41 32 Ccw 467 2803
84 3746 42 32 Cw 48+ 1 2604
-- 58+4 --- CwW 3045 28+0.8
42 59+5 62 55 CW 51+13 55+0.7
73 57+5 61 54 CcwW 463 48+0.7
84 597 65 33 Ccw 5442 43+£0.5
42 63+2 65 61 CCW 35410 28%0.6

# measurements recorded as average + standard deviation (n = 4);
® measurements recorded as average + standard deviation for Al 6061-T6 (n = 6) and
epoxy (n = 6), and average * the range of duplicates for ZrO,-epoxy composites (n = 2).

No field

0.05 rpm

a  ZrO,-epoxy composites (40:60)

0.20 rpm 0.40 rpm

b  ZrO,-epoxy composites (60:40)

R

" £

¢ i 3

e Y U

{ a 3

; |

¢ % E,«j §

No field 0.05rpm 0.20 rpm 0.40 rpm

Figure 6.2. Representative images of the profiles and cross-sections of the ZrO,-epoxy
composites freeze cast under a rotating magentic field of 0.12 T at the varying rotation
speeds shown. (a) ZrO,-epoxy composites composed of ~40 vol.% ZrO, and ~60 vol.%
epoxy. (b) ZrO,-epoxy composites composed of ~60 vol.% ZrO, and ~40 vol.% epoxy.
The letters "A™ and "B" shown on the cross-sections represent the Fe3O4-rich helix-
reinforced regions and Fe;O4-poor non-reinforced regions, respectively. The diameters of
all the composites are ~7.5 mm.



131

Figure 6.3. Architectural hierarchy of the ZrO,-epoxy composites: (a-c) Representative
images of 40:60 composites, illustrating the angle of helix-reinforcement freeze cast
under a rotating magnetic field of 0.12 T at varying rotation speeds: (a) 0.05 rpm; (b)

0.20 rpm; (c) 0.40 rpm. (d-f) Representative SEM images of the composites freeze cast
under a rotating magnetic field of 0.12 T at 0.20 rpm: (d) 40:60 composites; (e) 60:40

composites; (f) magnified image of the ZrO,-epoxy interface. The light color is the ZrO,

phase and the dark color is the epoxy phase. (d,e) The scale bars are 50 um. (f) The scale

bar is 1pum.

The distribution of the Fe3O4-rich (brown color) and Fe;O4-poor (white color)
phases in the cross-sections of the composites varies considerably (see Figure 6.2), while
the volume fractions of the two phases on the outer surface were approximately equal
(V4 = Vg = 0.5). Figures 6.3a-c show magnified images of the 40:60 composites
illustrating the different angles of helix-reinforcement. Increasing the rotation speed of
the magnetic field increased the angle, but decreased the thickness of the helices. That is,
the 40:60 composites fabricated with a rotating magnetic field at 0.05 rpm had helices ~4

mm thick oriented at an angle of 42°, while those at 0.20 rpm were ~1 mm thick at 73°
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and those at 0.40 rpm were ~0.5 mm thick at 84°. Similar to that observed by Porter et al
[88], the 40:60 composites showed a distinct separation of the two phases, resulting in
biphasic material properties. The Fe3O4 phases in the 60:40 composites, on the other
hand, were more homogeneously distributed. However, both sets of composites contain
larger volume fractions of ZrO, in the helical regions. Thus, the helices are more dense
and expected to reinforce the structures. Table 6.1 contains the average volume fractions
of ZrO, in each composite as well as the distribution of ceramic content in the helix-
reinforced and non-reinforced regions (respectively labeled as regions A and B,
corresponding to Figure 6.2). As seen from the data in Table 6.1, the 40:60 composites
contain ~10-15 vol.% more ZrO, in the helix-reinforced regions (A) than the non-
reinforced regions (B), while the 60:40 composites contain only ~5-10 vol.% more ZrO,
in the helix-reinforced regions (A) than non-reinforced regions (B).

Figures 6.3d-f show representative SEM images of the ZrO, scaffolds after
infiltration with epoxy, showing the difference in microstructure and ceramic content in
the Fe304-poor regions of the 40:60 composites (Figure 6.3d) and 60:40 composites
(Figure 6.3e). Similarly, the microstructures of the FesO4-rich regions resemble those
shown in Figure 6.3d and 6.3e, with slightly higher ceramic contents and some degree of
lamellar wall alignment as previously described by Porter et al [88]. Figure 6.3f shows
that the infiltrated epoxy is well bonded to the ZrO; scaffolds, completely filling the open
porosity. However, the epoxy did not fill any remaining closed porosity existing in the
interior of the lamellar walls after sintering the ZrO, scaffolds. These structural
characteristics, namely the helix-reinforcement angle and the relative volume fractions of

ZrQ,, affect the torsional properties of the composites.
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6.3.2. Torsional properties

Because the ZrO,-epoxy composites are reinforced by a single, continuous helix
oriented in a right-handed or clockwise (CW) fashion (from the bottom up), the torsional
properties of the composites are significantly different depending on the direction of
applied torque and the angle of reinforcement. Similarly, the off-axis mechanical
behavior of fiber-reinforced laminate composites are dependent on the direction of
applied stress and the angle of fiber reinforcement [150]. Therefore, it is convenient to
analyze the stress state at the outer surface of the helix-reinforced composites in an

analogous fashion to that of a unidirectionally-reinforced plate.

6.3.2.1. Direction of applied torque

Figure 6.4a compares three 60:40 composites: one with no helix-reinforcement
and two with identical helix-reinforcement angles of 42° twisted CW and
counterclockwise (CCW) (see Table 6.1 for details). The helix-reinforced composite that
was twisted in a CCW fashion shows little to no improvement over the composite without
helix-reinforcement. However, when twisted in the CW direction, the 42° helix provides
a significant amount of reinforcement, with nearly twice the effective shear modulus
(refer to Table 6.1).

This result is due to the fact that torsion testing induces a state of pure shear stress
in the cylindrical samples, as illustrated in Figures 6.4b and 6.4c. Accordingly, the
maximum compressive and tensile stresses occur on the surface of the cylindrical

samples at +45° (see Figures 6.4b and 6.4c). For isotropic materials, the shear modulus
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(G) is proportional to the elastic modulus (E) and Poisson's ratio (v), according to
Equation 6.1:

‘- E
21 +v)

(6.1)
Hence, the composite shear modulus can be considered proportional to its elastic
modulus (G « E).

To verify the experimental results observed in Figure 6.4a, the direction of
applied torque was analyzed according to the schematics shown in Figures 6.4b-e, where
a composite with an angle of helix-reinforcement at 45° is twisted: (a) CW and (b) CCW.
Assuming the applied torque induces a state of pure shear and plane stress at the surface
of the cylindrical composites, the stress elements shown can be rotated 45° such that the
maximum shear stresses (T,,4,) become maximum compressive and tensile stresses (o,
and oy, respectively), as illustrated in Figures 6.4b-e. Now, it becomes convenient to
apply the rule-of-mixtures to resolve the compressive and tensile elastic moduli of the
composites in directions parallel and perpendicular to the helix-reinforcement [150].
Because the composites are composed of two continuously interpenetrating networks of
ZrO, and epoxy, the compressive stiffness (E.) is dominated by the elastic modulus of
the ZrO, phase, while the tensile stiffness (E7) is dominated by the ZrO,-epoxy
interfacial adhesion (i.e., interfacial shear or tensile strengths). This suggests that the
compressive modulus is much greater than, and dominates, the tensile modulus, such that
E: >» E;. Therefore, according to the Voigt and Reuss models for unidirectionally-
reinforced composite materials [388], and neglecting the tensile moduli, the compressive

moduli of the composites can be represented as follows (refer to Figures 6.4d and 6.4e):
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Figure 6.4. (a) Surface shear stress-strain curves illustrating the torsional behavior of
ZrO,-epoxy (60:40) composites twisted in different directions. The green curves
correspond to 42° helix-reinforced composites and the red curve corresponds to a

composite without helix-reinforcement. The helix-reinforced composite was nearly twice
as rigid in torsion when twisted in the clockwise (CW) direction, as opposed to the
counterclockwise (CCW) direction. (b-c) Schematics of helix-reinforced composites
subjected to a torque (T) rotated: (b) CW and (c) CCW. (d-e) Schematics of a
unidirectionally-reinforced plate, illustrative of a stress element at the outer surface of the
cylindrical composites, subjected to pure shear and plane stress when twisted: (d) CW
and (e) CCW. The representative stress elements are rotated such that the pure shear
stresses (Tmax) become pure compressive and tensile stresses (oc and o, respectively).
The letters "A" and "B" represent the helix-reinforced regions (brown) and non-

reinforced regions (white), respectively.
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(d) The compressive modulus parallé to the helix-reinforcement dominates when
the applied torque is in the CW direction (Voigt model):
Ecw = V4Ea + VzEp (6.2)
(e) The compressive modulus perpendicular to the helix-reinforcement dominates
when the applied torque is in the CCW direction (Reuss model):

1V, V

==+
ECCW EA EB

(6.3)

where E; is the compressive elastic modulus and V; is the volume fraction of regions A
and B, referring to the helix-reinforced and non-reinforced regions, respectively. As seen
in Figures 6.4b-e, depending on the direction of applied torque, the maximum
compressive stresses are oriented (a) parallel or (b) perpendicular to the direction of helix
reinforcement. Assuming the increased content of ZrO, in the helix-reinforced regions
increases the elastic modulus of these regions (E,), it is concluded that the elastic
modulus of the reinforced region is greater than the non-reinforced region (E, > Ejp).
Thus, the composite must be stiffer when twisted in the CW direction, such that E,, >
Eccw - Based on the assumption from Equation 6.1, providing that G « E, the shear
modulus is significantly greater when the applied torque induces a maximum
compressive stress parallel to the helix-reinforcement, such that G¢yy > Geew. In
conclusion, the experimental observations presented in Figure 6.4a agree with the results

predicted by this simplified analysis.
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6.3.2.2 Angle of helix-reinforcement

In addition to the direction of applied torque, the angle of helix-reinforcement
also affects the torsional properties of the composites. To verify this, three composites
from each set (40:60 and 60:40) with different angles of helix-reinforcement were twisted
in the CW direction. Figure 6.5 shows the shear stress-strain curves for the 60:40
composites with helix-reinforcement angles of 42°, 73°, and 84°. Comparing the slopes
(i.e., shear modulus) of the stress-strain curves, it is obvious that pure epoxy (orange
curve in Figure 6.5) has the lowest shear modulus (slope) followed by the composite
without helix-reinforcement (red curve in Figure 6.5), while the 42° composite (green
curve in Figure 6.5) has the largest shear modulus (refer to Table 6.1). Figure 6.6a
contains a plot of the measured shear modulus (Gxy) versus the angle of helix-
reinforcement for both the 40:60 and 60:40 composites. As seen in this plot, it is clear the
optimal angle of helix-reinforcement is at 45°. Analogous to the trends predicted by
Hamed et al [387] for filament wound composite tubes, the shear modulus of the 60:40
composites with a reinforcement angle of ~45° (~6 GPa) is roughly twice that of the
composites with reinforcement angles of 0° and ~90° (~3 GPa) (refer to Figure 6.6a).
Moreover, increasing the volume fraction of ZrO, increased the global shear modulus of
the composites, as shown in Figure 6.6a. This is because a larger fraction of ceramic in
the helical region on the outer surface of the composites carries a greater amount of the
induced maximum shear stresses, since the shear modulus of ZrO, is ~90 GPa [389],
nearly 100 times greater than that of epoxy (~1 GPa).

Again, assuming a state of pure shear and plane stress at the surface of the

cylindrical composites, the results shown in Figure 6.6a are confirmed by a modified
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composite laminate theory, following Hyer [150] (refer to Appendix for complete
analysis). Several assumptions were made to simplify the analysis (see Appendix). Two
orthogonal coordinate systems were chosen according to the schematic in Figure 6.6b.
The local material coordinates (1, 2, 3) are orthogonal and oriented such that the 1-axis is
parallel to the direction of helix-reinforcement. The global material coordinates (X, Y, Z)
are orthogonal and oriented such that the X-axis is in the circumferential direction, the Y-
axis is parallel to the cylindrical axis (ice growth direction), and the Z-axis, equivalent to
the 3-axis, is in the radial direction. The angle of helix-reinforcement (¢) is expressed as
the angle, rotated about the Z-axis, between the cylindrical axis (Y-axis) and the

reinforcement (1-axis), such that (refer to Figure 6.6b):

m = cos (g — (p) ; (6.4)
n = sin (g — (p) . (6.5)

According to the analysis presented in the Appendix, the normalized shear
modulus (Gyy/G1,) can be expressed in terms of the angle of helix-reinforcement and the

material properties in the local coordinate system [150]:

1

Gxy/G1z = (6.6)

m* +n* + 2m?n? (2%(1 +2v1,) +2%— 1)
1 2

where Gyy is the effective shear modulus of the composite in the XY-plane, G, and v,

are the shear modulus and Poisson's ratio in the 12-plane, respectively, and E; and E, are
the elastic moduli of the composite parallel and perpendicular to the helix-reinforcement,
respectively, which can be approximated from Equations 6.2 and 6.3, such that E; « E.y,

and E, « E.qy . Figure 6.6b shows a plot illustrating how the global shear modulus (Gyy)
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on the outer surface of the composites varies with respect to the angle of helix-
reinforcement (¢), according to Equations 6.4-6.6. This trend was plotted by ignoring the
effect of Poisson's ratio (v,, = 0) and approximating the elastic properties in the local
coordinate system as follows: E; = E¢y, E; = Eccw, and Gy, = E, /2 (refer to
Equations 6.1-6.3), where V, = Vz = 0.5 and E; = 10 > E5 = 1. As seen in the plot, the
maximum value of the normalized shear modulus (Gxy/G1,) occurs at an angle of helix-
reinforcement of 45°, in agreement with the experimental results (Figure 6.6a).

Another interesting phenomenon observed in Figure 6.5 is that the shear strength
of the composites increases as the helix-reinforcement angle increases. This can be
explained by the fact that brittle materials subjected to torsion fail in the direction of
maximum tension, at 45° to the axis of rotation (refer to Figures 6.4b and 6.4c). Most
likely, as the angle of the helix-reinforcement approaches 90°, the higher-density, helix-
reinforced region deflects or redirects the tensile stresses that occur along the surface of
the cylindrical samples. Accordingly, the composites with helix-reinforcement angles at
42° have the lowest shear strength because the helical interface at the Fe3O,4-rich and
Fe304-poor phases is the weakest point of the structure. When this interface is oriented
perpendicular to the maximum tensile stresses, brittle failure occurs at the interface, as

explained in the following section.
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Figure 6.5. Surface shear stress-strain curves illustrating the torsional behavior of ZrO,-
epoxy (60:40) composites with different angles of helix-reinforcement. The different
curves correspond to the different angles of reinforcement, illustrating that the shear

modulus (slope) increases as the angle of reinforcement approaches 45°, while the shear

strength (maximum stress) increases as the angle of reinforcement appraoches 90°. The
dashed orange line shows the slope of pure epoxy subjected to torsion.



Shear modulus (GPa)
- M w E [4)] (2] |

o

Normalized shear modulus,
Gxy/G12

141

< "/_T

a / g —
| = 69}339""- ~-_~\+\ _;
IS .1
¢ S
0 15 30 a5 " - |

Helix-reinforcement angle (degrees)
Txy

30 45 60 90

Helix-reinforcement angle, ¢

Figure 6.6. (a) Plot of the experimental average shear modulus versus the angle of helix-
reinforcement for the 60:40 composites (dashed green line) and the 40:60 composites
(dotted purple line). The error bars represent the range of data collected for the duplicate
samples (n = 2). (b) Schematic of the global (X, Y, Z) and local (1, 2, 3) coordinate
systems (upper righthand corner), illustrating the angle of helix-reinforcement (¢) and
direction of applied shear stress (txy). The plot shows the theoretical normalized shear
modulus (Gxvy/G12, Equations 6.4-6.6) versus helix-reinforcement angle (¢), assuming the
outer surface of the composites as a unidirectionally-reinforced plate subjected to pure

shear and plane stress.
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6.3.3. Fracture behavior

In torsion, brittle materials typically fail along a 45° angle in the direction of
maximum tension (refer to Figures 6.4b and 6.4c). Ductile materials, on the other hand,
typically fail in the direction of maximum shear, at an angle of 90° to the rotation axis of
the applied torque. Figures 6.7a-h show the fracture surfaces of the ZrO,-epoxy
composites. Accordingly, all of the composites fractured at 45° to the rotation axis,
perpendicular to the induced maximum tensile stresses (regardless of the twisting
direction), suggesting brittle failure. However, upon closer observation of the crack paths
(Figures 6.7i-1), it appears that some degree of brittle as well as shear failure occurs in the
different composites. Most notably, Figures 6.7j and 6.7k show interesting phenomena. In
the 42° helix-reinforced composites (Figure 6.7j), failure occurs at the interface between
the helix-reinforced and non-reinforced regions, in the direction of the induced maximum
tensile stress. Therefore, the interface separating the two phases (i.e., Fe3O4-rich and
Fe304-poor) must be the weakest point of the structure in tension. In the 73° and 84°
composites (refer to Figure 6.7k), the angle of the crack path deviates across each region.
This suggests two modes of failure - brittle failure and shear failure - clearly observed in
Figure 6.7k, and to a lesser extent in Figure 6.71. As noted above, the shear strength of the
composites increases as the angle of helix-reinforcement increases beyond 45°. Because
the maximum tensile stresses induced by torsion are oriented at 45°, characteristic brittle
failure seems to occur at the more stiff, but brittle, helix-reinforced (FeszO,-rich) regions,
while some instances of shear failure are observed across the non-reinforced regions (see
Figure 6.7k). A possible explanation for this observed crack deflection is that brittle

tensile failure in the reinforced regions occurs first and initiates post shear failure in the
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non-reinforced regions, bridging the crack. This type of crack deflection is commonly
observed in a variety of natural materials, such as bone and nacre [46], leading to
enhanced strength and toughness.

The modes of failure observed result from mechanisms originating at the
microstructural level (Figure 6.8). Tensile stresses cause delamination of the epoxy from
the ZrO, as shown in Figure 6.8a. The debonding of the two phases concentrates local
stresses through the ceramic walls, no longer allowing the epoxy to dissipate energy that
accumulates between adjacent lamellae. The more prominent mode of failure observed in
the composites is brittle fracture. Following delamination, the ceramic walls may be
subjected to tensile or compressive stresses (depending on lamellae orientation and
loading direction). In the direction of tensile loading, the lamellae exhibit brittle tensile
fracture, while in the direction of compressive loading the lamellae buckle. Figure 6.8b
shows a lamellar wall of ZrO, that has collapsed and crumbled due to brittle failure. In
freeze cast ceramics, it is known that lamellar walls fail by local Euler buckling when
subjected to compressive loading [89]. Therefore, after delamination, in the direction of
maximum compressive stress, the ZrO, lamellae may buckle and collapse in a similar
manner to that shown in Figure 6.8b. On the other hand, cracks that resemble shear
failure (refer to Figure 6.7k) are caused by interlamellar shearing, which promotes crack
propagation through the delaminated ceramic walls as they slide past each other. In
conclusion, following delamination due to tensile stresses (Figure 6.8a), the brittle
fracture behavior observed in the helix-reinforced composites (Figure 6.8b) is governed

by two mechanisms occurring in the ceramic phase at the microstructural level: (1) brittle
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fracture due to tensile or compressive loading of the lamellae and (2) interlamellar

shearing of adjacent lamellae.

Fracture Surfaces
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Figure 6.7. (Top) Images of the fracture surfaces of ZrO,-epoxy composites loaded in
torsion: (a-d) 40:60 composites; (e-h) 60:40 composites; (a, €) no magnetic field; (b, f)
42° helix-reinforcement; (c, g) 73° helix-reinforcement; (d, h) 84° helix-reinforcement.
All scale bars are 5 mm. (Bottom) Representative images of the crack path and different

failure mechanisms (yellow) due to the torsional loading of ZrO,-epoxy (40:60)
composites with different angles of helix-reinforcement: (i) no magnetic field; (j) 42°; (k)
73°; (1) 84°. Images of the cylindrical composites (left) show the direction of applied
torque (red arrows) and magnified regions of interest (boxes). Scale bars are 500 um.

Figure 6.8. Fracture surfaces of the ZrO,-epoxy composites, illustrating the two modes
of failure: (a) delamination of the epoxy from the ZrO,; (b) crumbling of the ZrO;
lamellar walls due to brittle failure.
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6.4. Conclusions

Helix-reinforced ZrO,-epoxy composites fabricated by magnetic freeze casting
and subsequent polymer (epoxy) infiltration exhibited exceptional torsional properties.
Magnetic fields rotated at different speeds about the ice growth direction were applied to
a freeze casting process to steer the magnetic nanoparticles during solidification. The
composite materials had hierarchical architectures, with helices composed of higher-
density ceramic regions oriented at different angles. Larger volume fractions of the
ceramic phase (from ~40 vol.% to ~60 vol.%) nearly doubled the shear modulus of the
composites. The helix-reinforced structures oriented at ~45° to the axis of applied torque
provided the greatest torsional rigidity when twisted in the clockwise direction, such that
the induced maximum compressive stresses propagated parallel to the helix-
reinforcement. All of the materials exhibited brittle fracture, primarily governed by three
failure mechanisms: delamination of the epoxy from the ZrO,, brittle fracture of ZrO,
lamellae, and interlamellar shearing of adjacent lamellae.

Hybrid composites with hierarchical architectures are promising structural
materials for a variety of potential applications [84]. Introducing helix-reinforced
structures, as an additional level of hierarchy, may prove beneficial for applications
requiring enhanced torsional rigidity. Such applications may include cylindrical shafts
used in torque converters for combustion engines and electric motors, sports equipment
such as golf clubs or tennis racquets, and axles for wheeled vehicles. Other, less obvious
technologies may also benefit from helix-reinforced structures. Freeze cast materials have
been proposed as bone implants, having compressive strengths and stiffnesses that nearly

match those of natural bone [75, 329]. For the practical use of these materials as bone
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replacements, it becomes necessary to optimize all their mechanical properties, including
the torsional rigidity. The method of magnetic freeze casting introduced here is an

efficient means to accomplish this goal.

6.5. Appendix
6.5.1. Torsion testing and calibration

The ZrO,-epoxy composites were tested in torsion using a custom built torsion
testing device (Figure 6.9). The device was attached to the crossheads of a uniaxial
Instron materials testing machine (Instron 3367, Norwood, MA) and converts the applied
linear displacement of the crosshead to a rotational displacement through a rack and
pinion (SR5-500 and SS5-40, Quality Transmission Components, Garden City Park,
NY). The rack, attached to the upper crosshead, moves linearly with a tensile (or
compressive) load (F) and displacement (d), recorded as a force and displacement by the
data acquisition software (Bluehill 2, Instron, Norwood, MA). The linear motion of the
rack turns the pinion, converting the applied linear motion to an applied torque (T') and
angle of twist (¢p), such that:

T =FRcosf (6.7)

(6.8)

|

¢ =

where R is the pinion radius (100 mm) and 6 is the pitch angle of the gear teeth (20°).
To convert the torque-rotation data to shear stress-strain data, an empirical

calibration constant (C = 9.03x10™) and the shear modulus of the epoxy grips (G =1.0

GPa) are determined. Therefore, to properly calibrate the torsion testing device, a series
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Figure 6.9. Torsion testing device, showing the rack and pinion connected to the Instron
materials testing machine (right) and a typical torsion sample showing the conversion of
force and displacement (F, d) to torque and rotation (T, ¢).

of six aluminum (Al 6061-T6) samples with a known shear strength (207 MPa), shear
modulus (26 GPa), lengths of approximately 40 mm and varying diameters (6 mm, 9 mm,
12 mm) were twisted in the device. The torque-rotation data collected for the aluminum
samples was converted to shear stress-strain data:

Tcq

= (6.9)

Ts
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_ ¢s Cs
L

Vs (6.10)

where 7, is the shear stress, y, is the shear strain, c, is the radial distance to the outer

most surface of the composite, which is equal to the sample radius (cs = 15), /5 is the

polar moment of interia of the sample (for a circular cross-section: j; = %cs‘*; for a

4
square cross-section: J; = %, where b is the square width of the grips), and L is the

sample length. Assuming that the total angle of twist (¢) is the sum of the angles of twist

for all of the components subjected to a torque (T') (refer to Figure 6.9):
=) §i= b5+ 20y + ber + bea (6.11)
i

the angle of twist of each component can be calculated as:

TL
JiG;

b (6.12)

where ¢; is angle of twist, L; is the length, J; is the polar moment of inertia, and G; is the
shear modulus of component i - referring to the sample of interest (s), the square grips
(g), and the device mounts (c1 and c2), according to Figure 6.9. Assuming that the
geometry and compliance of all the components of the torsion testing device (e.g.,
mounts) are constant, ¢.; and ¢., can be combined into a single constant value, such

that Equation 6.12 can be rewritten as:

¢—T<LS+2 Lo +c> (6.13)
]sGs ]gGg '
where
L L
c L4 (6.14)

B ]chcl ]CZGCZ .
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Next, Equation 6.13 is differentiated with respect to the torque to determine the
shear modulus of the sample (G) with respect to the slope of the stress-strain curve

(0¢/0T) and the calibration constant (C):

09 _ 20 T LS+2 Lo +C 6.15
oT  oT| \UsGs ~J,G, ' (6.15)

Then, setting G, = G, because the sample grips and the region of interest of the

aluminum samples are composed of the same material, Equation 6.15 can be rewritten as:

Ls 5L
c s o (6.16)
S a_d)_c

aT

where d¢/aT is the inverse of the slope of the linear regime of the torque-rotation curve,
the values L, Ly, /s, and ], are all measurable parameters that describe the geometry of
the sample, and C is a calibration constant that accounts for the geometry and stiffness of
the torsion testing device. Therefore, the ultimate shear stress and shear strain can be

plotted using Equations 6.9 and 6.10, where:

co=1 (6.17)
Lg

¢S:l¢—T<275-+cﬂ. (6.18)
g-g

Figure 6.10a shows a plot of the calculated stress-strain curves of the six aluminum
samples, using the empirically derived calibration constant:

C =9.03 x107%
As seen in the plot (Figure 6.10a), the measured shear strength and modulus of aluminum

samples are nearly equal to their known values.
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Figure 6.10. Shear stress-strain curves: (a) aluminum (Al 6061-T6) samples used to
determine the calibration constant (C = 9.03x10™); (b) epoxy samples used to determine
the shear modulus of the epoxy grips (G;=1.0 GPa). The insets show representative
images of the dumbbell shaped samples.

Next, to determine the torsional properties of the epoxy used as grips when testing
the composites, pure epoxy samples were fabricated and tested. A two part epoxy resin
(EpoxiCure Resin, Buehler, Lake Bluff, IL) was degassed under low vacuum and poured
into 3D printed molds to form dumbbell shaped samples, like that shown in Figure 6.10b.
Six epoxy samples with lengths of approximately 40 mm and varying diameters (6 mm, 9
mm, 12 mm) were tested in torsion. Figure 6.10b shows the shear stress-strain curves of
the epoxy samples, using the above calibration constant. The shear strength and modulus
of the epoxy were determined from the plot to be ~48 MPa and ~1.0 GPa, respectively.

Finally, using the empirically derived calibration constant (C = 9.03x10#) and the
shear modulus of the epoxy grips (G, = 1.0 GPa), the ultimate shear stress and shear
strain of the ZrO,-epoxy composites can be plotted from the experimental data using

Equations 6.9, 6.10, 6.17, and 6.18. Accordingly, the composite maximum shear strength
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(Tmax) and shear modulus (G;) of the ZrO,-epoxy composites can be calculated as

follows:
Tr.
Tomax = ]_S (6.19)
S
oo L/l
s a_¢_2 Ly —C. (6.20)
oT 14Gg

6.5.2. Angle of helix-reinforcement analysis
Referring to Section 6.3.2.2 and Figure 6.6b, the global elastic moduli (Ey, Ey)
and shear modulus (Gyy) of the composites can be predicted analytically, as a function of
the angle of helix-reinforcement (¢). Assuming the outer surface of the cylindrical
composites is a unidirectionally-reinforced plate subjected to a state of pure shear and
plane stress, as illustrated in Figure 6.6b, the stresses on the plate may be reduced as
follows:
Ox =0y =07 =Txz =Tyz =0 (6.21)
and
03 = Ty3 = T3 = 0. (6.22)
However, it is important to note that, with the assumption of plane stress, the out-
of-plane normal strain is not negligible (&3 # 0), while the out-of-plane shear strains are
reduce to zero (y,3 = Y13 = 0) [150]. Now, the stresses and strains in the local
coordinate system (1, 2, 3) can be expressed in terms of the global coordinate system (X,

Y, Z), using the transformation matrix [150]:
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2

n? m? =2mn

—mn mn m?®—n?

[T] = (6.23)

m n? 2mn ]
)

where m = cos (g — (p) and n = sin (g — (p), such that:

01 Ox
(02 ) = [T] < Oy ) (6.24)
T12 Txy

and
&1 Ex
& &
L= (6.25)
E Y12 E Yxy

where o; and 7;; are the normal and shear stresses, and ¢; and y;; are the normal and
shear strains in the (1, 2, 3) and (X, Y, Z) directions, respectively. The relationship
between the stresses and strains in the local coordinate system (1, 2, 3) can be expressed

by the reduced compliance matrix [S] [150]:

& S11 Si2 0 o
& S S 0
1 2 — 12 22 1 (0-2 ) (626)
5 V12 0 0 5566 T12
where
1
S11= E_;
1
V12 V21
S12 = TE T _E_;
1 2
(6.27)
1
S22 = E_;
2
1
Se6 = =
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and v;; is Poisson's ratio, E; is the elastic modulus, and G;; is the shear modulus in the (1,
2, 3) directions, respectively. However, it is necessary to express the global material
properties, namely the elastic moduli (Ey, Ey) and shear modulus (Gyy), as functions of
the angle of helix-reinforcement (¢) to determine how this angle influences the overall
strength and stiffness of the composites subjected to an applied torque. Thus, combining

Equations 6.23-6.26 yields:

€x S11 Si2 0 oy

£ S S 0
T el R R v <Gy>, (6.28)
EVXY 0 0 5566 Txy

which can be rewritten as the transformed reduced compliance matrix [S] [150]:
&x 5j11 5j12 5j16 Ox
Yxy 516 526 566 Txy
where
.§11 = 511m4 + (2512 + 566)m2n2 + 522714;
Si2 = (811 + Sz3 — Seg)m? n® + S;,(n* + m*);
Si6 = (2511 — 28515 — See)m3n — (2, — 281, — Seg)mn?;
(6.30)
‘S_'ZZ = 511n4 + (2512 + 566)m27’l2 + 522m4;
S26 = (2511 — 2815 — Sge)mn® — (285, — 251, — Sge)m*n;
§66 = 2(2511 + 2522 - 4‘512 - 566)m2n2 + 566(714 + m4).
By analogy (refer to Equations 6.26 and 6.27), the elastic moduli (Ey, Ey) and
shear modulus (Gyy) in the global coordinate system can be expressed in terms of the

transformed reduced compliance matrix [S] [150]:
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1 E;
EX = == ; 1
S11 4 + m2n2 (5_1 — 2V12) + n4% (6.31)
12 2
o=t Er . (6.32)
Y8 4y 22 (B2 1B’
22 m*+men (G——2v21)+nE—
12 1
Cow = i _ G2 (6.33)
XY 5_‘66 4 4 2212 @ @_ .
m* +n* 4+ 2m?n ZE (1+2v12)+2E 1
1 2

Finally, dividing Equation 6.33 by the local material shear modulus (G;) yields the
normalized shear modulus shown in Equation 6.6 and plotted in Figure 6.6b:
1 (6.34)

m* + n* + 2m?2n? 2@(1 + 2v45) 420124
E; E;

GXY/Glz =
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CHAPTER7:

MAGNETIC ALIGNMENT OF ICE TEMPLATED CERAMICS

7.1. Introduction

Methods for tailoring the microstructures of ceramic scaffolds or hybrid
composites allow engineers to produce designer materials with enhanced mechanical
properties for specific functions. Ice-templating (or freeze casting) has gained
tremendous popularity, in recent years, as a convenient method to fabricate porous
scaffolds with highly anisotropic, interconnected pore channels or hybrid composites
with interpenetrating networks of two constituent phases (upon infiltration of the
scaffolds with a second phase) [75, 80, 84, 89, 287, 288]. Freeze cast materials have been
shown to exhibit exceptional unidirectional strength, stiffness, and toughness [75, 80, 84],
mimicking many of the structural features of natural biological materials, such as the
lamellar walls, mineral bridges, and surface asperities of abalone nacre or the osteonal
and trabecular architectures of bone [90]. However, the mechanical properties
perpendicular to the direction of ice growth are generally poor - due to a lack of
microstructural alignment and uniformity in these directions [88, 306]. Although there
have been many attempts to tailor the pore architectures of freeze cast scaffolds [90, 121,
222, 304], few have successfully achieved a high degree of long-range microstructural
alignment perpendicular to the ice growth direction [80, 88, 306].

Recently, Porter et al. [88, 91] applied external weak magnetic fields (~0.1 T) to
the ice templating process to further control the microstructural evolution of porous

ceramics and ceramic-polymer composites. They showed that static and rotating



156

magnetic fields propagating perpendicular to the ice growth axis aligned a variety of
structural features, leading to improved compressive and torsional properties,
respectively. These examples [88, 91] prove that the magnetic alignment of ice templated
ceramics (or magnetic freeze casting) is an excellent method to form bulk ceramic
materials with tailored architectures oriented in prescribed directions.

Magnetic fields have also been used to control the microstructural alignment, and
consequently improve the mechanical properties and functionality, of bulk ceramics
[350-356, 390-394], alloys [395, 396], and carbon-reinforced polymers [397-401]. Using
high magnetic fields up t010 T, Suzuki, Uchikoshi and coworkers [352-356] and Sassa,
Asai and coworkers [392-394] successfully aligned a variety of paramagnetic and
diamagnetic materials to form compact polycrystalline ceramics with magnetically
controlled crystallographic orientations. Wang and coworkers [395, 396] applied high
gradient magnetic fields up to 12 T to form functionally graded alloys with continuously
varying morphological compositions. Several other groups [397-401] utilized strong
magnetic fields (3-25 T) to align carbon nanotubes or carbon nanofibers in polymer
matrices. Although these methods result in bulk materials with highly-oriented crystalline
microstructures, functionally graded morphologies, aligned reinforcements, or enhanced
mechanical properties, the use of strong magnetic fields (>>1 T) has several
disadvantages, including high cost, high energy consumption, and safety concerns.
Therefore, fabrication processes that utilize weak magnetic fields (<<1 T) to align the
microstructures of ceramics or composites are advantageous for the efficient and scalable

manufacturing of bulk structural materials.
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A few groups have utilized weak magnetic fields (<<1 T) to fabricate ceramic
composites [48, 49, 81, 83, 402-407]. Of those, Yan and coworkers [405-407]
successfully demonstrated slip casting in the presence of gradient magnetic fields (0-0.15
T) to fabricate Ni-ZrO, composites with functionally graded microstructures and
continuously varying mechanical properties. Studart and coworkers [48, 49, 81, 83, 402-
404] used ultralow magnetic fields (0.001-0.01 T) to align high aspect ratio ceramic
platelets and rods in polymer matrices, resulting in particulate composites with enhanced
stiffness, strength, hardness, wear resistance, localized reinforcement, and shape memory
effects [48, 81]. Similarly, Sommer et al. [408] developed injectable materials with
aligned pores, using magnetically responsive rods as sacrificial pore formers.

In comparison to those methods [48, 49, 81, 83, 402-408], magnetic freeze casting
is a more flexible method to fabricate a variety of advanced structural materials with
designer architectures (i.e., porous scaffolds and hybrid composites). The continuity,
interconnectivity, and directional alignment of the lamellae and other structural features
enhance the performance of these materials significantly, compared to those composed of
discrete elements or particles [88, 91]. These intricate structural features may be designed
with great precision utilizing different magnetic materials, field orientations, and freeze
casting techniques. Magnetic freeze casting may also be combined with other freezing
and post processing techniques (e.g., flow freezing, infiltration, pressurized sintering) to
fabricate high-performance, hierarchical materials with aligned crystals [303, 305],
interpenetrating networks of different material constituents [82, 243], or high relative

fractions of ceramic (>98%) [80].
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Here we review three modes of magnetically induced microstructural alignment in
ice templated ceramics: (1) lamellar wall alignment; (2) mineral bridge alignment; (3)
biphasic reinforcement. Uniform, gradient, and rotating weak magnetic fields (< 0.12 T)
were applied to colloidal mixtures of magnetite (Fe30,4) and paramagnetic (TiO;) or
diamagnetic (ZrO,) particles during unidirectional freezing to compare the effects of the
magnetic fields and casting materials on the resulting scaffold architectures and
mechanical properties. Adding magnetic fields that propagate perpendicular to the freeze
casting direction shows great potential, as a simple and convenient method, to form
ceramic materials with continuous, interconnected microstructural features aligned by

two mechanisms: (1) ice growth and (2) magnetic fields.

7.2. Materials and Methods
7.2.1. Magnetic freeze casting setup

The magnetic freeze cast scaffolds were prepared using a custom built freeze cast
unit and rotating permanent magnet, as previously described [88]. Briefly, the freeze cast
unit consists of a copper cold finger immersed in a liquid nitrogen bath. A band heater
and thermocouple linked to a PID controller are attached to the copper cold finger in
order to control the cooling rate of the copper surface at the bottom of polyethylene (PE)
molds with 4 mm, 9 mm, and 20 mm inner diameters. A permanent magnet propagates a
gradient magnetic field through the colloidal suspensions, perpendicular to the ice growth

direction.
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Table 7.1. Properties of ceramic powders, as received. Information reported by
manufacturers unless otherwise noted.

Magnetite Titania Zirconia
(FesOy) (TiOy) (Zr0,)

Crystal system? Cubic Tetragonal Monoclinic
Density (g/cm®) 4.95 4.26 5.89
Molar mass (g/mol) 231.53 79.87 123.22
Particle size (um)° <0.05 0.2-0.5 0.2-0.5
Magnetic susceptibility +5.9 x 10° -13.8 x 10°®
(cm*/mol)® (ferrimagnetic) (paramagnetic) (diamagnetic)

& Crystal systems confirmed by XRD measurements.
® Magnetic molar susceptibility, taken from [409].
¢ Particle sizes measured from SEM micrographs.

7.2.2. Sample Preparation

To compare the effects of colloidal suspensions composed of Fe3O,4 +
paramagnetic (TiOy) particles and Fe;O, + diamagnetic (ZrO,) particles, Fez0O4
nanoparticles (< 50 nm) (Sigma Aldrich, St. Louis, MO) were mixed in deionized water
with TiO, (paramagnetic, Sigma Aldrich, St. Louis, MO) or ZrO, (diamagnetic, Sigma
Aldrich, St. Louis, MO) particles of equal size (0.2-0.5 pm). All the ceramic particles
investigated here are spherical. The aqueous slurries contained 10 vol.% TiO; or ZrO,, 0-
9 wt.% Fe304, plus 1 wt.% of each: organic binders, polyethylene glycol (PEG) (Alfa
Aesar, Ward Hill, MA) and polyvinyl alcohol (PVA) (Alfa Aesar, Ward Hill, MA), and
an ammonium polymethacrylate anionic dispersant, Darvan® 811 (R. T. Vanderbilt
Company, Inc. , Norwalk, CT). Table 7.1 shows the physical properties of the ceramic
powders, as received. As seen in the table, the major difference between the two
nonmagnetic particles investigated here is that the TiO, is has a positive susceptibility
making it paramagnetic, while the ZrO, has a negative susceptibility making it

diamagnetic.
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The slurries were ball milled in an alumina grinding medium for 24 hours,
followed by degassing under low vacuum for 10-20 min. Approximately 1-10 mL of the
degassed slurries were poured into the PE molds and frozen at a constant rate of
10°C/min. Several samples were frozen under four different magnetic field conditions:
(1) no magnetic field; (2) uniform magnetic fields of ~0.1 T; (3) gradient magnetic fields
of ~0.1 T; and (4) rotating gradient magnetic fields of ~0.1 T at 0.05 rpm. The gradient
magnetic fields were achieved by placing a large mold (20 mm) in between the poles,
while the uniform magnetic fields were achieved by placing smaller molds (4 mm and 9
mm) in between the poles where the fields were nearly constant (refer to Figure 7.2).
After freezing, the samples were removed from the molds with a hydraulic press and
lyophilized in a bench-top freeze dryer (Labconco, Kansas City, MO) at -50°C and 350
Pa for 72 hr. The porous green constructs were then sintered in an open air furnace for 3
hr at predetermined temperatures of 900°C for TiO, and 1300°C for ZrO, and with
heating and cooling rates of 2°C/min. For clarity, even though the ceramic scaffolds
contain 0-9 wt.% Fe304, they are simply referred to as TiO, (paramagnetic) or ZrO,

(diamagnetic) scaffolds throughout this report.

7.2.3. Microscopy

Optical microscopy images were taken with a VHX-1000 digital microscope
system equipped with a CCD camera (KEYENCE Corporation, Osaka, Japan). Scanning
electron microscopy (SEM) images were taken at 15 kV on a Philips XL30 field emission
environmental scanning electron microscope (ESEM) (FEI-XL30, FEI Company,

Hillsboro, OR). For SEM preparation the samples were sputter-coated with iridium using
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an Emitech K575X sputter coater (Quorum Technologies Ltd., West Sussex, UK).
Energy-dispersive X-ray spectroscopy (EDX) was performed on the ESEM. Coloring of
the orientation domains was performed manually, to distinguish the lamellar wall

alignment angles, using Jasc Paint Shop Pro.

7.2.4. Micro-computed tomography

One TiO; scaffold containing 10 vol.% TiO, and 3 wt.% Fe30,, cast in a 20 mm
mold with a rotating magnetic field of ~0.1 T at 0.05rpm, was scanned on a micro-
computed tomography (micro-CT) unit, Skyscan 1076 (Bruker Biospin, Kontich,
Belgium). The scaffold was imaged at 9 um isotropic voxel size, applying an electric
potential of 70 kV and a current of 200 pA, using a 1 mm aluminum filter. Two TiO,
scaffolds containing 10 vol.% TiO, and 5 wt.% Fe30y, cast in 4 mm molds with (1) no
magnetic field and (2) a uniform magnetic field of ~0.1 T, were scanned on a high
resolution micro-CT unit, Skyscan 1272 (Bruker Biospin, Kontich, Belgium). The two
scaffolds were imaged at 0.5 um isotropic voxel size, applying an electric potential of 70
kV and a current of 142 pA, using a 0.5 mm aluminum filter. A beam hardening
correction algorithm was applied during image reconstruction. Images and 3D rendered

models were developed using Skyscan's Dataviewer and CTVox software.

7.2.5. X-ray diffraction
X-ray diffraction (XRD) on the TiO, scaffolds was performed with a Miniflex Il
XRD machine (Rigaku, The Woodlands, TX). XRD experiments confirmed that the

crystal structures of all the TiO, scaffolds transformed from anatase before sintering to
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rutile after sintering at 900°C, while a small portion of the Fe;O, phase was absorbed into
the TiO, scaffolds after sintering, forming a small amount of the iron titanium oxide,
pseudobrookite (Fe,TiOs) [88]. XRD on the ZrO, scaffolds was performed on a D2
Phaser X-ray diffraction tool (Bruker AXS, Madison, WI). XRD experiments confirmed
that the crystal structure of the ZrO, scaffolds remained monoclinic before and after
sintering at 1300°C, while a small portion of the Fe;O, phase transformed from magnetite
(Fe304) before sintering to hematite (Fe,Os) after sintering [91]. No apparent

transformation due to interactions between the ZrO, and Fe;O,4 phases was observed [91].

7.2.6. Mechanical testing

Compression testing of the scaffolds was performed on an Instron materials
testing machine (Instron 3342, Norwood, MA) with a 500 N load cell at a crosshead
velocity of 0.005 mm/sec, as previously described [88]. Briefly, the scaffolds were cut
into small samples of approximately 5 x 5 x 5 mm?® and compressed parallel to the ice
growth or magnetic field directions. The compressive ultimate strength and Young's
modulus were determined from the maximum stress and the linear slope of the stress-
strain curves, respectively.

Torsion testing of the composites with different angles of helix-reinforcement
were compared using the solid-rod torsion test. The torsion tests were performed on a
custom built torsion testing device, capable of twisting the cylindrical composites to
induce a state of pure shear stress, as previously described [91]. Briefly, the cylindrical
composites were aligned and mounted in epoxy "grips™ using a custom built mounting

device. All the composite samples were fabricated such that the regions of interest have a
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circular cross-section of radius r; (~7.5 mm) and length Lg (~25 mm). The epoxy grips of
the samples have square cross-sections 24.5 mm x 24.5 mm with lengths of L, (~ 25

mm), fitting neatly into the square mounts of the torsion tester.

7.3. Results and discussion
7.3.1. Ice templated scaffolds

As previously discussed, ice templated scaffolds have continuously
interconnected pore channels that are aligned parallel to the direction of ice growth. This
unidirectional alignment is the key structural mechanism responsible for the
extraordinary strength and stiffness of these highly porous ceramic materials. Figure
7.1a-b shows stress-strain curves for two scaffolds freeze cast at 10°C/min under no
magnetic field. As seen in the plots, the scaffolds are approximately 10 times stronger
and stiffer when compressed parallel to the ice growth direction than perpendicular
(transverse direction). This is the consequence of the long-range microstructural
alignment and interconnectivity of the lamellar walls in a single (ice growth) direction
(see Figure 1c-d). The different compressive properties observed in these plots are due to
the different material compositions (TiO; and ZrO,) and sintering temperatures (900°C
and 1300°C, respectively). However, these plots illustrate the fact that the compressive
properties parallel to the direction of ice growth are always greater than those

perpendicular, regardless of the material composition or post processing conditions.
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Figure 7.1. (a-b) Representative stress-strain curves illustrating the compressive
behavior of (a) TiO, and (b) ZrO; scaffolds (each containing 3 wt.% Fe30,) in the ice
growth (blue solid line) and transverse (perpendicular to the ice growth, orange dotted

line) directions. (c-d) Representative pCT images of a freeze cast scaffold (with no
magnetic field), illustrating the direction of ice growth with respect to the different
compressive loading conditions: (c) parallel and (d) perpendicular.

7.3.2. Uniform and gradient magnetic fields
Figure 7.2 shows the magnetic freeze casting setups. The flux density of the
magnetic field (B,,,q4) across the separation gap (G) between the poles (N, S) can be

theoretically determined by the following equation [Furlani 2001, Joshi 2013]:
G G
Binag(Y) = B’ (5 + y) + B (5 _ Y), (7.1)
where B'(y) is the flux density of each of the two poles, approximated as individual

rectangular magnets with remanent flux densities (B,.), lengths (21) and widths (2w),

magnetized through the thicknesses (t), such that [Furlani 2001, Joshi 2013]:
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Figure 7.2. Effect of (a-c) uniform magnetic fields and (d-f) gradient magnetic fields on
the distribution of Fe;O4 (magnetic nanoparticles) with (b, e) TiO, (paramagnetic) and (c,
f) ZrO, (diamagnetic) particles during the ice templating process. (a, d) Schematics of the

magnetic freeze casting setups in order to produce (a) uniform magnetic fields and (d)
gradient magnetic fields through the colloidal slurries. The orange arrow represents the
magnetic field direction and the blue arrow represents the ice growth direction. The
purple arrow shows where the images of samples (b-f) were approximately taken.
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(7.2)

lw lw

B + )12 +w? + (y +t)? 12+ w? + y?
B'(J’)z;r[tan*((y )\/ id & ))—tan‘1<y i y).

Using these equations, the magnetic field strength (magnetic flux density, B,,q4) Was

plotted as a function of the distance across the separation gap (Y), shown to the right of
the images in Figures 7.2a and 7.2d. The dotted line represents the theoretical flux
density across a gap of 30 mm, assuming the magnetic poles are rectangular magnets
with remanent flux densities of 0.2 T and cross-sections 25.4 mm wide by 50.8 mm long.
The thicknesses were assumed to be sufficiently large, such that t — oo, which
reasonably accounts for the custom design of the magnetic flux path distributors, as
previously described [88]. Also shown on the plots are the actual values of the magnetic
field strength measured by a Gauss meter (hollow circles), which are in good agreement
with the theoretical predictions (dotted line).

When the separation gap between the magnet poles (N, S) is 30 mm, a gradient
magnetic field is produced, varying through the center from ~0.12 T near the poles (Y =
+15 mm) to ~0.08 T at the midpoint (Y = 0 mm). To compare the behavior of the
different colloidal suspensions under both uniform and gradient fields, two small molds
(4 mm and 9 mm inner diameters, Figure 7.2a) and a large mold (20 mm inner diameter,
Figure 7.2d) were used during the freeze casting processes. Outlines of the respective
molds containing the aqueous slurries are shown in the plots to illustrate the nearly
uniform magnetic field that passes through a small mold (9 mm) and the steep gradient
magnetic field that passes through a large mold (20 mm).

In the presence of uniform magnetic fields (~0.1 T), two different mechanisms of

microstructural alignment were observed: lamellar wall alignment (Figure 7.2b) and
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mineral bridge alignment (Figure 7.2c) - refer to Section 7.3.4.2 for more details.
Conversely, gradient magnetic fields (0.08-0.12 T) led to a redistribution of the colloidal
particles, resulting in density gradients (Figure 7.2e) and biphasic composition gradients
(Figure 7.2f). Using Monte Carlo simulations, Peng et al. [359, 360] illustrated the
behavior of colloidal suspensions containing magnetic and nonmagnetic particles
subjected to uniform and gradient fields. Under uniform fields, magnetic particles tend to
form branched clusters and linear chains aligned in the field direction [359]. Under
gradient fields, magnetic particles tend to cluster and aggregate in the direction of the
increasing field [360]. These behaviors are observed in the scaffolds freeze cast under the
different magnetic fields (Figure 7.2). The scaffolds in Figures 7.2b-c exhibit some
degree of alignment parallel to the direction of the uniform field, while the scaffolds in
Figures 7.2e-f exhibit graded structures parallel to the gradient field, similar to those
predicted by Peng et al. [359, 360]. Moreover, different microstructural features aligned
parallel to the magnetic fields are present in all the scaffolds (Figures 7.2), which are

further described in the following sections.

7.3.3. Magnetic response of paramagnetic and diamagnetic colloids

An interesting phenomenon was discovered when freeze casting the paramagnetic
colloids, as compared to the diamagnetic colloids. As previously introduced by Porter et
al. [88], mixtures of TiO, and Fe3O, did not seem to separate into different phases in the
presence of a gradient magnetic field (refer to Figure 7.2e). On the other hand, mixtures
of ZrO,, Al,O3, and hydroxyapatite (HA) with Fe;O,4 separated into two distinct phases:

Fe304-rich and Fe;O4-poor [88]. Figure 7.2f shows this biphasic separation of Fe3Oy4-rich
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(brown) and Fe3O4-poor (white) phases in the ZrO, scaffolds freeze cast under a gradient
magnetic field. Although not previously understood, this phenomenon is now realized to
be due to the paramagnetic susceptibility of TiO,, when compared to the diamagnetic
susceptibilities of ZrO,, Al,O3, and HA (refer to Table 7.1) [Mag Suscept, Fatemi-
Ardekani Thesis 2010].

It is well known that diamagnetic materials, such as ZrO,, do not exhibit a
magnetic dipole-dipole response under weak magnetic fields (<1 T), nor do they interact
with neighboring particles that do exhibit a magnetic response [405]. However, numerical
simulations of paramagnetic particles in viscous fluids have demonstrated motion and
clustering of the particles under uniform magnetic fields [410]. Paramagnetic particles
have also been shown to flocculate with Fe;O,4 particle clusters in the presence of weak to
moderate fields [411-413]. Since Fe3O4 exhibits a strong magnetic response to weak
external fields, aggregating into long particle chains or branched clusters [347, 349, 414-
416], it is expected that these magnetic aggregates will attract neighboring paramagnetic
(TiOy) particles during the ice templating process. This attractive particle-aggregate
interaction produces a more homogeneous mixture of magnetic (FesO,) and paramagnetic
(Ti0,) particles, resulting in more uniform microstructural alignment throughout the
scaffold cross-sections (refer to Figure 7.2b,e). On the other hand, no attractive forces
between the magnetic (Fe3O,) and diamagnetic (ZrO,) particles occur, leading to the

biphasic separation observed in Figure 7.2f and, to a smaller degree, in Figure 7.2c.
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7.3.4. Magnetic Alignment Mechanisms
7.3.4.1. Lamellar wall alignment (paramagnetic particles, uniform magnetic fields)
Figure 7.3 shows uCT and SEM images of TiO, (+ 5 wt.% Fe30,) scaffolds
freeze cast under no magnetic field (a-b) and a uniform magnetic field of ~0.1 T (c-d).
Typically, ice grows in discrete orientation domains, several millimeters long, parallel to
the ice growth direction, and several micrometers wide, perpendicular to the ice growth
direction [289, 290]. The extraordinary mechanical properties usually reported for ice
templated ceramics are due to the long-range uniformity of these domains parallel to the
ice growth axis (refer to Figure 7.1). As seen in Figures 7.1c-d, it is apparent that the
lamellar walls are oriented parallel to the ice growth axis, but not in the transverse
direction. The random alignment of the orientation domains perpendicular to the ice
growth axis generally results in a complete lack of long-range, cross-sectional uniformity.
Figures 7.3a-b illustrate the lack of uniform alignment in a TiO; scaffold freeze
cast under no magnetic field. As seen in Figure 7.3a, the different orientation domains are
colored according to their angle of directional alignment, ranging from -90° to +90°. A
magnified image of the lack of cross-sectional alignment in the scaffold is shown in
Figure 7.3b. In contrast, the scaffold freeze cast under a uniform field (Figures 7.3c-d)
showed considerable long-range alignment parallel to both the ice growth and magnetic
field (orange arrow) directions. In fact, ~75% of the scaffold cross-section is aligned
within £5° of the magnetic field (refer to Figure 7.3c). Figure 7.3d shows a magnified
image of the scaffold cross-section with lamellar walls aligned parallel to the uniform

magnetic field.
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a No magnetic field C Magnetic field

Figure 7.3. Representative images of TiO, (+ 5 wt.% Fe30,) scaffolds freeze cast under:
(a-b) no magnetic field and (c-d) a uniform magnetic field of ~0.1 T. The uCT images
(top) are colored according to the parallel alignment of lamellar walls from -90° to +90°,
corresponding to the color wheels (top right). The SEM micrographs show representative
images of (b) randomly oriented and (d) aligned lamellar walls. The orange arrow in (c)
represents the direction of the magnetic field.
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Figure 7.4. (a) Micrograph of a magnetically aligned TiO, (+ 3 wt.% Fe30,4) lamellar
wall, illustrating the fractions of iron (Fe) concentrated in the lamellar wall (4.7 wt.%)
and a mineral bridge (0.8 wt.%). The orange arrow represents the direction of the
magnetic field. (b) Elemental map of the scaffold in shown in (a), illustrating the
concentration distribution of Fe throughout the microstructure, according to the color
scale (top right).

As previously reported [88], the alignment of lamellar walls was only observed in
the TiO, scaffolds. This effect is due to the paramagnetic susceptibility of TiO; and its
tendency to interact with Fe;O, clusters in the presence of a magnetic field [411-413].
Figure 7.4 proves that a higher concentration of iron (Fe) is observed in the lamellar
walls, as opposed to the mineral bridges. Therefore, it is reasonable to conclude that
linear chains of Fe3O4 nanoparticles aggregate with TiO, particles, because of their

paramagnetic susceptibility. This linear agglomeration of particles forms under the
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influence of a uniform magnetic field and forces the lamellar walls to bi-align with the
growing ice crystals and prevailing magnetic field.

Itis likely that, because the colloidal particles act as nucleation sites for the
growth of new ice crystals in the slurry [301], the aligned chains of colloids force the
nucleation of pseudo-magnetically aligned ice crystals. However, there is a precise
balance of colloidal energies that must be taken into account. Preliminary experimental
observations suggest that at high freeze rates (~10 °C/min) very little magnetic alignment
occurs, while at low freezing rates (<10 °C/min) a significant amount of lamellar wall
alignment occurs. Thus, there should be optimal freezing rates, magnetic field strengths,
and colloidal compositions that lead to the highest degree of lamellar wall alignment (the

topic of ongoing research).

7.3.4.2. Mineral bridge alignment (diamagnetic particles, uniform magnetic fields)
Unlike paramagnetic particles, diamagnetic particles, such as ZrO,, exhibit no
magnetic response in weak fields. Therefore, the resulting microstructural alignment of
the ZrO, scaffolds in the presence of uniform magnetic fields is quite different from that
observed in the TiO, scaffolds. Figure 7.5 shows electron micrographs of ZrO, (+ 5 wt.%
Fe;0,) scaffolds freeze cast under no magnetic field (a-b) and a uniform magnetic field of
~0.1 T (c-d). The scaffold freeze cast with no magnetic field shows no significant cross-
sectional alignment, other than the randomly aligned orientation domains spanning
several hundred micrometers (Figure 7.5a-b). On the other hand, the scaffold freeze cast
under a uniform magnetic field, shows a high degree of cross-sectional alignment across

the entire sample (Figure 7.5c). However, unlike the lamellar wall alignment observed for
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the TiO, scaffolds, the ZrO, scaffolds exhibit a different type of magnetic alignment -
mineral bridge alignment (refer to yellow arrows in Figure 7.5d).

To illustrate this order of alignment, the scaffold cross-sections are colored
according to the orientation of the lamellar walls in Figure 7.5a and the mineral bridges in
Figure 7.5c. Referring to Figure 7.5d, it is clear that long, continuously connected mineral
bridges, aligned parallel to the magnetic field, span several lamellar walls regardless of
their orientation (see yellow arrows). If fact, ZrO, (+ 3 wt.% Fe;0,) scaffolds fabricated
with no magnetic field were found to have mineral bridges spanning ~2 £ 1 (average *
standard deviation, N=40) lamellar walls, while those fabricated under a uniform
magnetic field of ~0.1 T had mineral bridges spanning ~5 + 4 (average + standard
deviation, N=40) lamellar walls. In contrast to Figure 7.4, Figure 7.6 proves that a higher
concentration of iron (Fe) is observed in the mineral bridges of the ZrO, scaffolds, as
opposed to the lamellar walls. It is also obvious that the mineral bridge (~5 pm) is much
thicker than the lamellar walls (~1 pum).

Experimental observations show that increasing the concentration of FezO4
nanoparticles or the field strength results in longer and thicker mineral bridges. This
phenomenon is due to the distinct phase separation that occurs between the magnetic
(Fes04) and diamagnetic (ZrO,) particles during the freezing process. According to
solidification theory (refer to Chapter 3), larger particles are more likely to be trapped by
the approaching ice front, leading to the formation of mineral bridges [75]. That is,
particle rejection (formation of lamellar walls) and entrapment (formation of mineral

bridges) is governed by the critical velocity of the freezing front [78]:
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Figure 7.5. Representative images of ZrO, (+ 5 wt.% Fe;0,) scaffolds freeze cast under:
(a-b) no magnetic field and (c-d) a uniform magnetic field of ~0.1 T. The SEM images
(top) are colored according to the parallel alignment of (a) lamellar walls and (c) mineral
bridges from -90° to +90°, corresponding to the color wheels (top right). The SEM
micrographs show representative images of (b) randomly oriented lamellar walls and (d)
aligned mineral bridges. The orange arrow in (c) represents the direction of the magnetic
field. The yellow arrows in (d) point out several aligned mineral bridges.
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Figure 7.6. (a) Micrograph of a magnetically aligned ZrO, (+ 3 wt.% Fe30,4) mineral
bridge, illustrating the fractions of iron (Fe) concentrated in the mineral bridge (4.9 wt.%)
and a lamellar wall (1.0 wt.%). The orange arrow represents the direction of the magnetic

field. (b) Elemental map of the scaffold in shown in (a), illustrating the concentration
distribution of Fe throughout the microstructure, according to the color scale (top right).

-

(7.3)
where Agy is the thermodynamic free energy of the system, d is the liquid layer thickness
between the particle and the freezing front, a, is the mean distance between molecules in
the liquid layer, n an exponential correction value, n is the dynamic viscosity of the
liquid, and r is the particle radius. From this equation, it is apparent that increasing the

colloid particle size (1r) will decrease the critical velocity for particle entrapment (| v,,.),

leading to more mineral bridging. Following this theory, the magnetic aggregation of
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particle chains or clusters will increase the apparent radii (r) of the colloids, leading to a
higher degree of particle entrapment. Because these clusters (with large apparent radii)
are linearly aligned parallel to the magnetic field, they are entrapped by the approaching
ice front, regardless of the orientation and size of the growing ice crystals. The
diamagnetic (ZrO,) particles, however, are unaffected by the magnetic field and form

characteristic, randomly oriented domains of parallel lamellar walls.

7.3.4.3. Biphasic reinforcement (gradient magnetic fields)

The resulting microstructural organization of scaffolds freeze cast under gradient
magnetic fields is quite different from those of uniform magnetic fields. As shown in
Figures 7.2 e-f, gradient magnetic fields produce biphasic density gradients in the TiO,
scaffolds (Figure 7.2e) and biphasic composition gradients in the ZrO, scaffolds (Figure
7.2f). To better illustrate these structural differences, Figure 7.7 compares the structural
hierarchy of two cylindrical scaffolds freeze cast under identical conditions at 10 °C/min
with rotating magnetic fields of ~0.1 T at 0.05 rpm.

Again, it is obvious from the color of the TiO, scaffold that the Fe3O4 and TiO,
(paramagnetic) particles do not separate into two distinct compositional phases (see
Figures 7.7a-b). However, upon observation of a uCT scan (Figure 7.7c), it becomes
apparent that there is a distinct density separation from the central region (green,
corresponding to a porosity of ~65%) to the helical region (orange, corresponding to a
and porosity of ~60%). This redistribution of density occurs because the magnetic
particles attract and aggregate with paramagnetic particles near the poles of the magnet

with higher field strengths (refer to
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Figure 7.2d). Regardless of this density redistribution, the general microstructure of the
TiO, scaffold throughout its cross-section is fairly uniform, similar to that shown in
Figures 7.7d-e.

Conversely, the different colors (brown and white) of the ZrO, scaffolds shown in
Figures 7.7f-g clearly show that there is a the distinct compositional phase separation
between the helical, Fe3O4-rich (brown) and central, Fe;04-poor (white) regions. Figures
7.7h-i show representative micrographs of these regions, respectively. Similar to the
scaffolds fabricated under a uniform magnetic field (refer to Figure 7.5c-d), the cross-
section of the helical region (brown) contains several long, continuously connected
mineral bridges aligned parallel to the direction of the magnetic field (see Figure 7.7h).
On the other hand, the central region (white) does not show any degree of magnetic
alignment (Figure 7.71). In addition, the ZrO, scaffold (Figure 7.7f-j) shows a large
variation of porosity, from ~70% in the central (white) region to ~50% in the helical
region.

Recently, Porter et al. [91] demonstrated that ZrO, scaffolds with similar helical
architectures have a lower porosity in the helical regions (brown) than in the central
region (white) as well. Utilizing this helical redistribution of material, they [91]
determined that the helical perimeter acts as a type of reinforcing structure against
torsional moments. By that notion, gradient magnetic fields could be used to locally
redistribute ceramic particles in freeze cast scaffolds, thereby changing the localized
response of particular features - a concept recently demonstrated by Erb et al. [81] for

platelet-reinforced composites.
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5mm

Figure 7.7. Structural hierarchy of (a-e) TiO, scaffolds and (f-J) ZrO, scaffolds, both
containing 3 wt.% Fe3O,4 and freeze cast at 10°C/min under a rotating magnetic field of
~0.1 T at 0.05 rpm: (a, f) macro images of the cylindrical scaffolds before (back) and
after (front) sintering at predetermined temperatures of 900°C and 1300°C, respectively;
(b, g) macro images of the scaffold cross-sections; (c) UCT image of the sintered TiO,
scaffold shown in (a), where orange represents the higher-density helical region and
green represents the lower-density central region; (d, €) representative micrographs of the
TiO, scaffold (d) cross-section and (e) lamellar wall in the helical region; (h-j)
representative micrographs of the ZrO, scaffold (h) cross-section in the helical region, (i)
cross-section in the central region, and (j) lamellar wall in the helical region. The letters
in (b) and (g) correspond to the imaging locations of the micrographs shown in (d), (h),
and (i).
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7.3.5. Enhanced mechanical performance

In summary, uniform and gradient external magnetic fields may be applied to the
ice templating process to align a range of microstructures in freeze cast scaffolds:
lamellar walls, mineral bridges, and biphasic reinforcements. But, how do these
microstructures affect the mechanical performance?

Figure 7.8 contains plots showing how the magnetic alignment of ice templated
ceramics leads to enhanced mechanical performance. Under static uniform magnetic
fields, the alignment of lamellar walls (blue) and mineral bridges (red) in TiO; and ZrO,
scaffolds, respectively, both lead to increased strength (Figure 7.8a) and stiffness (Figure
7.8b) when compressed parallel to the magnetic field and perpendicular to the ice growth
direction. Under rotating gradient magnetic fields, ZrO,-epoxy composites twisted along
the ice growth axis showed enhanced torsional rigidity (effective shear modulus), varying
with the angle of helix-reinforcement (Figure 7.8c), as previously reported [91]. Although
these magnetic alignment mechanisms may slightly alter the continuity of microstructural
alignment in the ice growth direction, the change in mechanical performance is negligible
compared to the increase in performance experienced in the transverse (magnetic field)
directions (depending on the exact processing conditions, of course) [88]. Thus, these
alignment mechanisms, and several others that have yet to be discovered, are effective
means to reinforce ice templated ceramics.

When comparing the mechanical effect of the lamellar wall and mineral bridge
alignment mechanisms (Figures 7.8a-b), it is apparent that increasing the concentration of
Fe30, in the scaffolds changes the compressive performance parallel to the magnetic field

direction. Even though it seems that the mineral bridge alignment leads to better



180

18 1400 8

a >~ b e C
; B s B
i & SRV \ B
% e 1200 ] )
& -
2O 2%
14 SO g | A — . .
= et - o © 5 - Rot_atlngmagnet\cfle_ld
o “\?\0‘,\-"'/ o 1000 - W Lo % (biphasic reinfarcement)
= &> = 8 1=
£ 12 @ f = g f Y
£ 2 - =254
2 - 3 3
S0 3 800 g
2 2 g
[ [ 600 | Zro, 5 /
£ . Zro, g Nomagneticield o @3 Nomagneficfield
£ LJ____ Nomagneticfield £ R R ° ZrO,-epoxy
S I i o 400 @
o ! oo g2
] TiO, Magnetic field ‘ Tio Magnetic field ‘ Pure Epoxy
ﬁlﬂwew—_@r%‘ 200 4 2 (lamellar wall alignment) P S (no reinforcement) .
2 § > ® 7y d
o @——-9‘-‘.’7@“.90.%'1?!16_*:' _ (E — o..Nomagnetc fielg 5
0. ; 0 -+ ; ; : ‘ 0 - ; ; ; ; ;
1 3 5 9 1 3 5 7 9 0 15 30 45 60 75 90
Fe;0,concentration (wt %) Fe,0, concentration (wt.%) Helix-reinforcement angle (°)

Figure 7.8. Mechanical properties of magnetically aligned ice templated ceramics: (a-b)
Strength and modulus of TiO, (blue) and ZrO; (red) scaffolds compressed parallel the
magnetic field (orange arrow), perpendicular to the ice growth direction (blue arrow). All
scaffolds were freeze cast at 10°C/min under a uniform magnetic field of ~0.1 T. All
scaffolds were ~90% porous. Each data point corresponds to the average of three samples
(N=3). (c) Torsional properties of pure epoxy (green) and ZrO,-epoxy composites
(purple) with varying angles of helix reinforcement, twisted about the ice growth axis.
All composites contain ~60 vol.% ZrO, and ~40 vol.% epoxy. The dashed purple line
represents a ZrO,-epoxy composite fabricated under no magnetic field. Data adapted
from [91].

compressive properties, over the lamellar wall alignment, it should be noted that in both
cases (with the addition of 3 wt.% Fe3;0,) the compressive strength and stiffness of the
scaffolds is nearly doubled when subjected to a static, uniform magnetic field (refer to
Figure 7.8a-b). In the TiO, scaffolds, increasing the FesO4 concentration does not
increase the mechanical properties any more than a small addition (1 wt.%) of Fe;O,
nanoparticles (blue lines, Figure 7.8a-b) [88]. This is because the compressive properties
are dependent on the alignment of the lamellar walls in the scaffold. Once an optimal

concentration (~1 wt.%) of Fe3O, is added to the colloidal suspension, linear clusters (or
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chains) of magnetic and paramagnetic particles form nucleation sites for the growth of
parallel ice crystals. Increasing the concentration of Fe3O4 will not add any further
reinforcement, as the orientation of the lamellar walls governs the mechanical behavior.
In contrast, increasing the FesO,4 concentration in the ZrO, scaffolds leads to longer and
thicker aligned mineral bridges, resulting in enhanced compressive properties (red lines,
Figure 7.8a-b). This is because the mechanical performance of the scaffolds in the
magnetic field direction is directly dependent on the orientation, continuity, length, and
thickness of the mineral bridges. Therefore, adding more Fe3O, to a freezing colloidal
suspension allows for the entrapment of larger particle chains that form aligned mineral
bridges.

In the case of biphasic helical reinforcement (Figure 7.8c), Porter et al. [91]
compared experimental results with simplified analytical theories to explain why the
helical reinforcement enhanced the torsional properties of ZrO,-epoxy composites (refer
to Chapter 6). In conclusion, an optimal helix-reinforcement angle of 45° was determined
to stiffen the composite cylinders in torsion, leading to an effective shear modulus nearly
double that of an equivalent composite freeze cast under no magnetic field (refer to
Figure 7.8c) [91]. Using gradient magnetic fields in a similar manner, different types of

biphasic or localized reinforcement may also be possible (the topic of ongoing research).

7.4. Conclusions
The magnetic alignment of ice templated ceramics (or magnetic freeze casting) is
an efficient means to control the microstructural orientation and mechanical properties of

ceramic scaffolds and hybrid composites (upon infiltration of the scaffolds with a second
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phase) in prescribed directions. Since the innovation of magnetic freeze casting in 2012
[88], three distinct types of magnetically-induced architectural alignment have been
discovered: (1) lamellar wall alignment, (2) mineral bridge alignment, and (3) biphasic
reinforcement. Under a static, uniform magnetic field (~0.1 T), TiO, (paramagnetic)
particles aggregate with linear chain-like clusters of FesO4 nanoparticles, leading to the
evolution of lamellar walls aligned parallel to the magnetic field. When ZrO,
(diamagnetic) particles are freeze cast with Fe;O,4 nanoparticles under a static, uniform
magnetic field (~0.1 T), the magnetic (Fe3O,4) and diamagnetic particles segregate into
two distinct phases, leading to the formation of long, continuously aligned mineral
bridges. Both the alignment of lamellar walls and mineral bridges enhance the strength
and stiffness of scaffolds compressed parallel to the magnetic alignment direction. The
third order of alignment discovered, biphasic reinforcement, occurs when a colloidal
solution is frozen under the influence of a gradient magnetic field. In the presence of a
gradient magnetic field, TiO, (paramagnetic) scaffolds form biphasic density gradients,
while ZrO, (diamagnetic) scaffolds form biphasic composition gradients. After
infiltration with epoxy, ZrO,-epoxy composites with helical reinforcements, formed by a

rotating, gradient magnetic field, show enhanced torsional properties [91].
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CHAPTER 8:

CONCLUDING REMARKS AND FUTURE WORK

8.1. Summary

Bioinspired design is a creative, cross-disciplinary field that shares knowledge
between engineering and biology disciplines to inspire new engineering technologies and
explore undiscovered biological phenomena. Research in this area has led to novel
bioinspired materials that mimic the structures, properties, or functions of different
natural biological materials. For instance, synthetic thin films, porous scaffolds, and bulk
composites that draw inspiration from the microstructural organization and mechanical
properties of bone and abalone nacre have been developed through a variety of different
materials processing routes. Of those, two materials processing techniques stand out as
simple and convenient methods to control the architectures and microstructural alignment
of ceramic-based materials: (1) freeze casting and (2) magnetic alignment.

This dissertation introduces magnetic freeze casting, a materials processing
method to fabricate ceramic scaffolds and composites that draw inspiration from the
microstructural alignment of bone, nacre, and other hard biological materials. Freeze
casting utilizes the unidirectional growth of ice to carve out micro-architectures in
freezing colloidal suspensions. Once frozen the ice is removed via lyophilization, and
different post processing techniques (sintering or infiltration) can be applied to fabricate
porous scaffolds or hybrid composites with unidirectionally aligned microstructures.
Adding external magnetic fields to the freeze casting process allows for controlled

microstructural alignment in multiple directions: ice growth and magnetic fields.
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To date, three types of architectural alignment mechanisms have been discovered
in magnetically aligned ice templated scaffolds: lamellar wall alignment, mineral bridge
alignment, and biphasic reinforcement. Applying static uniform magnetic fields to
mixtures of magnetic and paramagnetic colloids leads to scaffolds with lamellar walls
aligned parallel to the ice growth and magnetic field directions. Applying static uniform
magnetic fields to mixtures of magnetic and diamagnetic colloids leads to scaffolds with
mineral bridges aligned parallel to magnetic field direction, regardless of the orientation
of lamellar walls. Both lamellar wall and mineral bridge alignments lead to enhanced
compressive properties in the magnetic field direction, when propagated transverse to the
ice growth direction. Applying rotating gradient magnetic fields to freeze cast ceramics,
results in helical biphasic properties, where the helical perimeters typically have a lower
porosity and higher density. This biphasic helical alignment leads to enhanced torsional
properties, when freeze cast composites are fabricated under a rotating magnetic field.

The potential of magnetic freeze casting is extensive and vastly unexplored - with
a variety of promising applications, ranging from bone implants to lightweight armor.
Utilizing different magnetic materials, field orientations, and freezing techniques,
combined with secondary post processing methods [80-82, 84, 305] to fabricate
magnetically aligned ceramics may result in materials with enhanced mechanical
properties for a variety of structural applications. As previously reported, magnetic freeze
casting could be used to develop materials for load-bearing bone implants, lightweight
composites, separation filters, insulators, catalyst supports, electronic and energy storage
devices, or cylindrical shafts used in torque converters for combustion engines and

electric motors, sports equipment such as golf clubs or tennis racquets, and axles for
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wheeled vehicles. The science behind magnetic freeze casting may help researchers better
understand the physics of ice growth and the behavior of magnetorheological fluids.
Further investigation in this area may lead to new processing methods to develop
magnetic nanoparticles, colloidal solutions, self-assembly processes, and next-generation

materials for high-performance applications.

8.2. Where to go from here?

Research related to magnetic freeze casting is currently in progress on several
fronts. Experimentally, we are developing simple processing routes to magnetize a range
of colloidal particles of different compositions (TiO,, ZrO,, Al,O3, hydroxyapatite and
carbon, among others), sizes (with diameters and aspect ratios ranging from several
nanometers to several hundred micrometers), and morphologies (spherical particles,
platelets, rods, wires and nanotubes, among others). Theoretically, we are developing a
comprehensive analytical approach that incorporates theories from solidification,
magnetism, and colloid sciences. Combining future experiments with theory should
provide a more in depth understanding of the simultaneous freezing and magnetic
alignment mechanisms leading to a wide range of unexplored architectures. To do this,
we will first explore different ice growth velocities (i.e., freezing rates), different
magnetic susceptiblies of colloidal particles, and different magnetic field strengths. These
three parameters were recently identified as the most influential properties that control
whether the colloids form aligned lamellar walls, mineral bridges, or biphasic

compositions. This work may impact several fields of science and engineering related to
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the freezing of colloidal suspensions (solidification) or the control of magnetic fluids
(magnetorheology).

Other potential areas of research could focus on the development and
optimization of different freezing techniques combined with different magnetic fields. It
would be especially interesting to characterize scaffolds fabricated under a range of
different magnetic field orientations and strengths. Combining magnetic fields with
advanced freeze casting techniques, such as flow freezing, could lead to magnetic ice
templated ceramics with multiple directions of alignment. For instance, applying a
uniform magnetic field perpendicular to the ice growth direction of a flowing slurry,
could lead to ceramic scaffolds with three orthogonal orientations of alignment: (1) ice
growth, (2) slurry flow, and (3) magnetic field. Another area to be explored is the use of
magnetic fields to create localized reinforcement, by concentrating magnetic particles
locally to enhanced the material properties.

Other promising areas of future research include the investigation of secondary
post processing techniques, such as polymer infiltration or pressurized sintering. These
methods have already been shown to greatly enhance the mechanical performance of
freeze cast scaffolds, leading to extremely stiff, strong and tough ceramic materials.
Performing secondary post processing techniques after magnetic freeze casting may lead

to even better ceramic materials with tailored anisotropic properties.
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