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Abstract

Silicon-based Porous Ceramics via Freeze Casting

of Preceramic Polymers

Maninpat Naviroj

Freeze casting is a technique for processing porous materials that has drawn signif-

icant attention for its effectiveness in producing a variety of tailorable pore structures

for ceramics, metals, and polymers. With freeze casting, pores are generated based on a

solidification process where ice crystals act as a sacrificial template which can eventually

be sublimated to create pores. While the majority of freeze-casting studies have been

performed using conventional ceramic suspensions, this work explores an alternative pro-

cessing route by freeze casting with preceramic polymer solutions. Significant differences

exist between freeze casting of a particulate suspension and a polymeric solution. These

changes affect the processing method, solidification behavior, and pore structure, thereby

introducing new challenges and possibilities for the freeze-casting technique.

The first part of this study explored the processing requirements involved with freeze

casting of preceramic polymers, along with methods to control the resulting pore structure.

Solvent choice, freezing front velocity, and polymer concentration were used as processing

variables to manipulate the pore structures. A total of seven organic solvents were freeze
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cast with a polymethylsiloxane preceramic polymer to produce ceramics with isotropic,

dendritic, prismatic, and lamellar pore morphologies. Changes in freezing front velocity

and polymer concentration were shown to influence pore size, shape, and connectivity.

Differences between suspension- and solution-based samples freeze cast under equiva-

lent conditions were also investigated. Certain solidification microstructures were strongly

affected by the presence of suspended particles, creating differences between pore struc-

tures generated from the same solvents. Additionally, processing of solution-based samples

were found to be the more facile technique.

Compressive strength and water permeability of dendritic and lamellar structures

were analyzed to determine functional differences between the pore structures. Results

show that dendritic structures were up to 30 times stronger, while lamellar structures

provided higher permeability constants. A change in freezing front velocity was shown to

significantly affect permeability but not compressive strength.

Finally, improved pore alignment along the freezing direction was achieved by con-

trolling the nucleation and growth of solvent crystals through the use of a grain-selection

template. Dendritic samples freeze cast with a template showed substantial increase in

pore alignment, as determined by image analysis and permeability tests, with the perme-

ability constant increasing by up to 6-fold when compared to a control sample.
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CHAPTER 1

Introduction

1.1. Motivation

Pores in ceramic materials are often seen as a detriment since they can undermine

the mechanical, optical, and electrical properties of the material.1 However, nature pro-

vides us with numerous examples where pores can provide essential functions.2 Bone,

wood, dentin, and nacre are examples of materials which benefit from the porosity within

their structures. The pore structure in bone and wood creates a strong but lightweight

frame, while enabling necessary functions such as transport of water or nutrients. On

the other hand, dentin and nacre show how exceptional strength and toughness can be

achieved when a secondary phase is incorporated with a porous scaffold. Similarly, vari-

ous engineering components often require materials with pore structures to achieve their

functions. For example, porous ceramic components are sought for in applications such

as filters, catalyst supports, bone scaffolds, thermal management systems, and electrodes

for fuel cells and batteries.3–6 Depending on the application, the ceramic scaffold material

is chosen to provide high strength, thermal and chemical stability, and biocompatibility,

while the pore structure provides transport capabilities, high specific surface areas, and

low relative densities.7
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Since each application requires a different pore structure to optimize their perfor-

mance, the ability to control and tailor the pore structure during processing is benefi-

cial. Of particular need are anisotropic and directionally-aligned pore for applications

requiring superior performance in a specific direction. While many processing techniques

have been explored, few have shown the promise of creating high-aspect-ratio pores with

precise features. Freeze casting is a technique that has gained interest for this very rea-

son. In freeze casting, pores are generated via solidification of a system containing a

dispersed solid phase and a liquid sacrificial phase. During solidification, the sacrificial

phase forms ice crystals which grow and segregate the two primary components. A sub-

limation process then removes the sacrificial phase to create pores patterned from the

solidification microstructure. A temperature gradient applied during solidification helps

produce directionally-aligned porosity. Furthermore, pore structures can be tailored by

controlling processing parameters such as solvent choice, freezing front velocity, and solids

content.

Although the majority of research on freeze casting has focused on the use of traditional

ceramic powders, freeze casting with preceramic polymers as an alternative precursor is an

exciting prospect. Preceramic polymers not only provides a larger phase space for porous

ceramics, but also introduces processing avenues and solidification behavior not typically

achievable with ceramic powders. As such, a wider variety of material compositions and

pore networks can be engineered to better serve the needs of various applications.
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1.2. Objectives

This work aims to explore new possibilities in the field of ceramics processing by in-

tegrating preceramic polymers with the freeze casting technique. As there is a scarcity of

prior work on this topic, an understanding of how the two concepts interact must first be

established, followed by implementing appropriate adjustments to the processing steps.

The extent to which pore structures can be manipulated with this technique is explored

through various processing parameters such as solvent choice, freezing front velocity, and

polymer concentration. Differences between how the suspension and solution-based pro-

cesses behave can be understood by comparing samples made under equivalent conditions.

With a solid understanding of the processing conditions and the ability to create

various pore structures established, it is important to understand how these structures

may perform differently. Hence, mechanical and permeability measurements were chosen

to be performed on different freeze cast pore structures.

Finally, modifications to the conventional freeze casting technique can be incorporated

to increase process controls during freeze casting. In particular, improved pore alignment

along the thermal gradient can be achieved by using a grain-selection template which

reduces the number of nucleation sites.

1.3. Thesis Organization

This thesis is organized to such that the necessary background information on the

core topics of porous ceramics, freeze casting, preceramic polymers, and solidification are

first provided in Chapter 2. In Chapter 3, the basic principles of freeze casting preceramic

polymers are discussed, along with the effects of various processing parameters. Chapter 4
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offers a comparison between freeze casting of ceramic suspensions and preceramic polymer

solutions. Chapter 5 then discusses the the mechanical and permeability properties of

various freeze cast pore structures. Chapter 6 introduces a technique to enhance control

of the pore structure and increase its alignment. Finally, Chapter 7 summarizes the results

and concludes with ideas for future studies.
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CHAPTER 2

Background

This chapter covers the main concepts and ideas involved with freeze casting of pre-

ceramic polymers. As the underlying goal is to create porous materials, a general under-

standing of these materials is first established. The various processing techniques used for

creating porous ceramics is then discussed, with a focus naturally given to freeze casting.

A brief review of preceramic polymers and polymer-derived ceramics is then presented

to introduce their behavior and capabilities. Finally, basic solidification theory is also

covered due to the importance of solidification behavior on the freeze casting technique

and the pore formation process.

2.1. Porous Materials

Porous materials are materials containing a solid matrix phase and a pore phase. The

pores can be either open pores, which are connected to the outside environment, or closed

pores, which are enclosed and surrounded by the matrix material. Common examples

of porous materials seen everyday include wood, sponges, and synthetic foams. Porosity

within a material can provide various functions such as lower specific densities, tailored

thermal and electrical properties, high specific surface areas, and transport capabilities.7

A porous material is generally classified according to its pore structure, which can be

defined by parameters such as the pore fraction, pore size, pore shape, tortuosity, and

interconnectivity. These pores can range in size from the angstrom- and nanometer- scale,
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seen in materials such as zeolites or metal organic frameworks (MOFs) used for catalysis

or molecular separation, to larger micron-sized pores, seen in filters and scaffolds serving

functions such as fluid transport.

While all classes of materials (metals, ceramics, and polymers) can be used as the

matrix material depending on the properties needed, porous ceramics has emerged as an

area of particular interest. Filters, catalyst supports, bone scaffolds, thermal management

systems, and electrodes are all modern engineering applications which require porous

ceramics due to the thermal and chemical stability, biocompatibility, and unique electrical

properties ceramic materials provide.3–6,8 However, compared to polymeric or metallic

systems, ceramics face more stringent processing constraints. The inherent brittleness

of ceramic materials requires pore structures to be carefully incorporated such that the

mechanical properties of the material are not overly compromised.

2.1.1. Processing Techniques for Porous Ceramics

Ceramics face processing challenges not only from the brittleness of the materials, but

also from limitations in processing conditions. Ceramic materials’ dependence on pow-

der processing techniques, high densification temperatures, and limited machinability all

complicate the process. Thus, various techniques have been developed for creating porous

ceramics. In a review article on processing techniques for porous ceramics, Studart et al.

categorizes the techniques into three main categories: replication, sacrificial templating,

and direct foaming (Fig. 2.1).9

The replication technique creates a porous ceramic by using a temporary porous scaf-

fold which has the form and pore structure of the desired final product. Generally, the
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ceramic material is applied or coated onto a scaffold, and a pyrolysis step is subsequently

performed to remove the scaffold. Synthetic structures such as polymeric and carbon

foams are often used as the scaffold materials. Replica techniques have been widely used

in the industry due to their simplicity. However, drawbacks for this method include the

need for an intricate pyrolysis step, struts being susceptible to damage and leading to

reduced mechanical properties, and a minimum pore size of roughly 200 µm due to flow

constraints during impregnation. In addition to traditional coating-based techniques,

Figure 2.1. Illustrations of the various techniques for fabricating porous
ceramics, a) replication, b) sacrificial templating, and c) direct foaming.9
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a chemical conversion process of the scaffold, such as the graphitization of wood (Fig.

2.2(a)), is also considered a replication technique since the pore structure of wood is

replicated.

Sacrificial templating is a technique where pores are generated by using a dispersed

sacrificial phase that initially act as space holders. When the sacrificial materials are later

removed in the processing step, they create pores with the corresponding shape and size.

This method is able to produce a wide variety of porous structures since the sacrificial

phase, also called the pore former, is available in various shapes and sizes. Examples

of pore formers include starches, polymeric beads, fibers, and ice crystals. For example,

Figure 2.2(b) shows a micrograph of a porous ceramic produced using nylon fibers as a

sacrificial template. While sacrificial templating is one of the more versatile processing

methods with regards to tailorability of the pore network, there can be drawbacks to the

technique. Depending on the materials used, a well-dispersed and precisely organized

sacrificial phase can be difficult to achieve. In some cases, removal of the sacrificial phase

requires intricate burn-out steps that are time consuming and uneconomical.

Direct foaming generates pores by injecting gas into a ceramic suspension or precursor,

creating bubbles which then turn into spherical pores (Fig. 2.2(c)). During the foaming

process, the precursor material is set using a stabilizing-agent so that the structure gen-

erated by the bubbles is maintained. Processing parameters for direct foaming include

the amount and rate of gas applied for foaming, as well as the type of stabilization agent

or surfactant used. Direct foaming can be used to create porous ceramics in a relatively

quick, economical, and environmentally friendly manner. However, pores are limited to

spherical morphologies, making the pore structure not particularly tailorable.
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(a) Replication of red oak wood

(b) Sacrificial templating of nylon fibers

(c) Direct foaming of ceramic slurry

Figure 2.2. Examples of porous ceramics from various processing tech-
niques: (a) replication through graphitization of red oak wood,10 (b) sacri-
ficial templating of nylon fibers,11 (c) direct foaming.12
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2.2. Freeze Casting

Freeze casting is a form of sacrificial templating that has attracted attention for its

ability to produce pore structures which are tailorable through various processing pa-

rameters.13–18 Its ability to generate directionally aligned pores and anisotropic structure

also differentiates itself from other processing techniques such as partial sintering and

direct foaming. This section covers the basic principles of the freeze casting process

and the effects of various processing parameters on the pore structure. Focus is given to

suspension-based freeze casting of ceramics due to the vast amount of existing literature as

compared to solution-based freeze casting. A brief overview of solidification fundamentals

is also covered due to their importance in the pore formation process.

2.2.1. Freeze Casting Process

The main concept of freeze casting is based upon a phase segregation process which is

achieved through solidification of a mixture consisting of at least two components - a

dispersed solid phase and a sacrificial liquid phase. Solidification of the sacrificial liquid

phase creates ice crystals which act as templates which are subsequently removed to

form a porous structure. Specifically, the freeze casting process generally involves four

processes as shown in Figure 2.3. First, the mixture to be used for freeze casting is

prepared. Generally, a ceramic slurry (e.g. an alumina powder/water suspension) is used

(shown in red), however, a preceramic polymer/solvent solution can also be used (shown in

blue), as it is in this work. For suspension-based systems, a stable mixture with minimal

sedimentation is desired to obtain consistent samples, meanwhile good compatibility and

dissolution between the polymer and solvent is desired for solution-based systems, and



30

Figure 2.3. Main processes involved in freeze casting of ceramic suspen-
sions or preceramic polymer solutions. Red and blue subfigures refer to
processes specific to suspension and solution-based systems, respectively.

partial cross-linking of the polymer must be achieved for the structure to retain its shape

through pyrolysis. Next is the freezing step, where the suspension or solution is taken to

a temperature below its melting point and crystal growth is initiated. This is the critical

process where the pore structure is determined. Third, the fully solidified mixture goes

through a sublimation process, often through the use of a freeze dryer. Here, the sacrificial

phase is sublimated and removed, leaving a scaffold with a pore structure representative of

the ice crystal’s growth behavior. Lastly, the porous body is sintered or pyrolyzed in order

to densify the scaffold material and create a strong porous ceramic. Of the four essential
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processes in freeze casting, the mixture preparation and the solidification process are the

two steps that have the most influence on the pore network of the final material.15,19,20

2.2.2. Processing Variables

Solids Content

Parameters involving the solids content include the solids loading, particle size and shape,

and its chemical composition. Varying the solid loadings can lead to changes in the pore

fraction, pore size, and interconnectivity of the network. Solid loadings of roughly 5 - 60

vol.% have been used for freeze casting to obtain structures with porosities ranging from

30 - 95%.19 High solid loadings can lead to difficulties in the solidification and segregation

process, while low solid loadings yield structures with compromised mechanical integrity.

A study by Peppin et al. has shown that suspensions with high solids concentration tend to

impose a destabilizing effect on the solid-liquid interface.21 Pore size and interconnectivity

of the pore network naturally decrease with increasing solid loadings due to decreased

available pore space.19

Effects of particle size and shape on the freeze casting process have also been ex-

tensively studied. Particles ranging from 200 nm to 16 µm have been used.19 Smaller

particles tend to produce more stable colloidal suspensions and also allow for higher reso-

lution and fidelity of the pore structure. However, particles below 100 nm are rarely used

as the increase in surface area begins to pose a challenge for obtaining stable dispersions.

Additionally, interactions between the suspended particles and the propagating freezing

front have been studied. Smaller particles are more resistant to engulfment by the freez-

ing front, as their higher mobility allows for particle redistribution even in relatively high
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Figure 2.4. Effects of particle size on particle pushing and engulfment at
the freezing front.22

freezing front velocities, as shown in Figure 2.4.22 The conditions here are derived from

a balance of the attractive (gravity and viscous drag) and repulsive (buoyancy and van

der Waals) forces at the freezing interface, and also experimentally tested. Additionally,

subtle changes in the periodicity of the pore structures have also been observed in par-

ticles with diameters between 100 and 400 nm.23 Regarding particle shapes, a study by

Uhlmann et al. showed that particle roughness had a stabilizing effect on solid-liquid

interface, increasing the critical velocity required to break down the planar solidification

front.24 Platelet-shaped particles have been used by Ghosh et al. to induce structural

changes in aqueous samples, resulting in improved mechanical properties.25
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While most work on freeze casting has used ceramic powders, metals and polymers

have also been studied. In metallic freeze casting, titanium particles have been the main

choice of material; however, issues with high oxygen content and large particle sizes rang-

ing from 20 to 125 µm have been reported.22,27 Iron and nickel-based freeze casting has

also been performed for use in energy-related applications.28,29. For polymeric systems,

various chemistries including water-soluble PVA and acrylate-based monomers have been

explored. Freeze casting of these polymers differs in principle from ceramic and metallic

suspensions as they are often fully dissolved as solutions.30,31 A summary of past studies

Table 2.1. Summary of freeze casting studies performed on ceramics, met-
als, and polymers, including the types of materials and dispersion media
used, as well as general comments.26

Ceramics Metals Polymers

Materials Oxides, carbides,
nitrides, borides, etc.

Cu, Au, Ag, Fe, Ni
Ti, W, etc.

Agarose, cellulose,
gelatin, PVA, PS,
PLA, PEG, etc.

Dispersion
media

Mostly water, but
also camphene and
several other organic

solvents

Mostly water and
camphene

Mostly water
(water-soluble

polymers), but also
solvents such as
camphene and
naphthalene

Comments

Most widely studied
material system;

small particles and
existing knowledge

on colloidal
processing enables
good control over
stable suspensions

Limited to relatively
large metal powders;
reactivity in air and
solvents often pose a

challenge

Few studies involving
directional

solidification; often
involve gelation and
liquid-liquid phase
separation processes

which produce
isotropic pores
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performed on each material system, as well as differences between their freeze casting

behavior are shown in Table 2.1.

Dispersion Medium

The choice of dispersion medium is an extremely important processing variable for freeze

casting as it directly influences the solidification microstructure, and consequently the

pore structure. The most commonly dispersion medium in freeze casting is water due

to its well-understood physical and chemical characteristics, low toxicity, and accessible

solidification temperature.23 Camphene is an organic compound that is also often used

as a dispersion medium since it can be sublimated in ambient conditions; however, it

does have to be processed at elevated temperatures as it has a melting point above room

temperature.13,34 Another compound that has been used in freeze casting studies is t-

butanol.33,35 Figure 2.5 shows an example of the pore structure generated by freeze casting

these solvents; water, camphene, and t-butanol generate lamellar, dendritic, and prismatic

pore structures, respectively. Reasons behind why each solvent generates a particular

solidification microstructure will be discussed in Section 3.3.4.

Freezing Conditions

Traditional solidification studies often define their processing parameters as a combination

of the thermal gradient across the solid-liquid interface and the growth velocity defined

by a controllable pulling speed. These two variables provide the necessary conditions re-

quired for different types of solidification behavior. For many solidification setups such as

the Czochralski and Bridgman methods, these parameters can be readily controlled.36–38
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(a) Water

(b) Camphene

(c) t-Butanol

Figure 2.5. Freeze cast pore structures from various dispersion mediums:
(a) water,32 (b) camphene,13 (c) TBA.33
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However, most freeze casting setups thus far have determined the freezing conditions by

simply controlling the temperature of the cooling surface in contact with the suspension

or solution. The thermal gradient across the interface and the growth velocity are con-

sequently dependent on the temperature of that surface. This limitation still presents

challenges for precise control of the solidification conditions during freeze casting.

Controlling the cooling rate or the cold surface temperature influences the kinetics

of crystal growth and determines the structure wavelength of the freezing front, thereby

affecting the pore size and pore spacing. A fast cooling rate will yield smaller pores and

features when compared to a slower cooling rate, as shown in Figure 2.6.23 A study by

Seuba et al. found that faster cooling rates generated thinner pore walls in aqueous-based

lamellar structures, which resulted in higher Weibull moduli and improved mechanical

reliability (Fig. 2.7).39 Drastic changes in the freezing conditions such as large tempera-

ture gradients and very slow freezing rates can also initiate a transition in microstructural

regimes (e.g. dendritic to cellular growth), however this has not been achieved in freeze

casting due to the poor temperature control mentioned earlier.40 In contrast, Samitsu et

al. also showed that extremely high cooling rates can vitrify polymer-based samples, cre-

ating an isotropic mesoporous structure derived from cold crystallization of the solvent.41

The direction of the thermal gradient applied to during freeze casting will also affect

the direction of crystal growth, and consequently the anisotropy of the pore structure.

Generally, freeze casting is performed under a one-dimensional thermal gradient, with

a cold source placed at the bottom of the sample. Ice crystals are formed at the base

and grow upward, yielding a directional pore structure. However, several studies have
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Figure 2.6. Effects of varying cooling rates on the structure wavelength
and pore size of freeze cast lamellar structures. Samples were made from
aqueous-based suspension of alumina particles, with porosities of roughly
64%.23

Figure 2.7. Weibull modulus of aqueous-based freeze cast samples with
varying lamellar wall thicknesses. Samples produced with faster cooling
rates yielded thinner walls and higher Weibull moduli.39
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implemented more complex setups to enable dual and radial temperature gradients for

greater control over the pore structure.42,43

Additives

Various additives have been used in aqueous systems to manipulate the solidification

behavior and achieve unique pore structures. In one study, Munch et al. used a vari-

ety of additives, including sodium chloride, sucrose, glucose, trehalose, gelatin, glycerol,

and citric acid to examine their influence on the pore structure of a freeze cast aqueous

suspension.44 Changes in the pore morphology, instability wavelength, and pore size were

Figure 2.8. Effect of various additives on the freezing point of water, in-
cluding natural cryoprotectants such as glucose and fructose and synthetic
compounds such as dimethylsulfoxide (DMSO).20
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achieved through the use of these additives. Other studies have also shown the effects

of additives such as dioxane32, polyethylene glycol45, polyvinyl alcohol,46 and polyacry-

lamide47 on the solidification behavior and pore structure. These additives essentially

modify the crystal growth kinetics which dictate the solidification microstructure, such as

the viscosity, interface energies, and freezing temperature (Fig. 2.8). The pore structure

of freeze-cast samples are therefore highly modifiable through use of such additives.

External Factors

While all the processing parameters discussed thus far have dealt with factors inherent to

the freeze casting process, external forces can also be applied to the system to control the

pore structure. Porter et al. applied a rotating magnetic field while freeze casting various

types of suspensions loaded with Fe3O4 nanoparticles. Depending on the chemistry of

the solids content, biphasic or homogeneous particle distributions were observed. Inter-

connectivity and alignment of pore channels can also be adjusted based on inter-particle

interactions and the applied rotating magnetic field.48 Alternatively, Tang et al. made

use of the inherent polar characteristics of water molecules to adjust the alignment of

lamellar structures by applying an electrostatic field perpendicular to the thermal gradi-

ent (Fig. 2.9). The lamellar spacing can also be controlled based on the intensity of the

applied electrostatic field.49 Zhang et al. applied an electric field to manipulate particle

rejection forces, resulting in changes in the threshold required for instability of the planar

growth. The thickness of a dense ceramic layer at the bottom of the sample was also seen

to increase along with the applied voltage intensity.50 Lastly, a recent study performed

freeze casting of TiO2 suspensions in various reduced gravity environments to determine



40

the effects of gravitational forces and convection on freeze cast structures. Results showed

that lamellar spacings decreased with increasing gravitational forces, agreeing with prior

microgravity solidification studies performed on binary alloy systems.51

Figure 2.9. Freeze cast lamellar structure with applied electrostatic field
perpendicular to the temperature gradient.49

2.2.3. Solidification

A solid understanding of solidification theory is vital for freeze casting since the solidifi-

cation microstructure directly influences the pore structure generated. Extensive studies

have been performed on fundamental solidification principles since it is an essential pro-

cess required for the formation of almost all materials. Yet, it is not fully understood,

and new frontiers are still being explored as scientists currently perform studies in space

to understand solidification behavior in microgravity environments.52–54 Metallic systems,

and alloys in particular, have been the main focus of solidification studies due to their

enormous market size and the strong influence of solidification microstructure on their
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properties. Certain organic solvents such as succinonitrile have also been used for studies

when more accessible experimental conditions are desired. Here, a short review is given

of basic solidification theory and how various types of solidification microstructure are

formed. With this understanding, various pore structures can be more readily achieved

and manipulated during freeze casting.

Interfacial Instability and Constitutional Undercooling

The formation of solidification microstructures can be attributed to the breakdown of

planar growth fronts. A system undergoing solidification in thermal equilibrium condi-

tions ideally consists of a planar solid-liquid interface which is microstructurally smooth.

However, as crystal growth proceeds in real conditions, the system is bound to experience

natural perturbations such as thermal fluctuations, insoluble particles, or grain bound-

aries. These perturbations can either continue to grow and break down the planar interface

if the system is unstable, or subside and allow the interface to remain planar if the system

is stable (Fig. 2.10).55 Under a positive temperature gradient, the perturbations extend

into a liquid region with a higher temperature than the solid region and are therefore

discouraged from growing; the features should subside and a stable interface is expected.

On the contrary, under a negative temperature gradient, the perturbations extend into a

liquid region at a lower temperature where continued growth is encouraged; the planar

interface breaks down and unstable growth is expected. However, a positive temperature

gradient is by far the more common scenario encountered, especially during directional

solidification, and yet, microstructures arising from interfacial instabilities are seen in the
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vast majority of materials. This indicates that the interface can become unstable and

breakdown into finer microstructures even under a positive temperature gradient.

Figure 2.10. Evolution of perturbation effects on unstable and stable
solid-liquid interfaces. (a) Perturbations grow under unstable interfacial
conditions, breaking down the planar interface and creating solidification
microstructures. (b) Under stable interfacial conditions, the perturbations
subside and a planar solid-liquid interface is retained.55

The main mechanism responsible for interfacial instability under a positive tempera-

ture gradient is called constitutional undercooling. While the scenarios explained above

are theoretically true for pure substances, alloys and real compounds are bound to have

some impurities or dissolved solutes. During solidification, there is a rejection of solute

from the solid phase into the liquid phase ahead of the interface due to the difference in
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solubility. This creates a solute concentration pile-up, or a boundary layer, at the inter-

face which decreases exponentially into the melt until it reaches the alloy concentration of

C0, as represented in Figure 2.11. Consequently, since the solute concentration affects the

solidification temperature of the liquid (Tl) through freezing point depression, a boundary

layer with varying liquidus temperatures is created. This scenario is depicted in Figure

2.11. Here, even with a positive temperature gradient, if the heat flux (Tq) or temperature

gradient is not sufficiently strong, a constitutionally undercooled zone is created where

the temperature ahead of the interface is lower than that of Tl and unstable growth is

promoted. Depending on the slope of the liquidus line and the temperature gradient,

the undercooled zone may be large or small, affecting the growth rate and solidification

behavior.55,56

As the interfacial instabilities grow to become solidification microstructures, it is im-

portant to be able to describe the nature of their features. A systematic analysis to

describe this interfacial instability was established by Mullins and Sekerka, and hence the

phenomenon is often called the Mullins-Sekerka instability.57 The analysis is performed

by treating the planar interface with a sinusoidal perturbation; thermal and diffusion

gradients fields are applied to the boundary conditions and the interface is consequently

described. Equation 2.1 represents the Mullins-Sekerka instability criterion:
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Figure 2.11. Constitutional undercooling due to solute pile-up at the
solid-liquid interface. A change in liquidus temperature is generated based
on differences in solute concentration. Hatched area shows the constitu-
tionally undercooled region based on the liquidus line and Tq.55

where δ is the amplitude of the perturbation at the solid-liquid interface, ω is the fre-

quency of the perturbation, V is the growth rate, Tm is the melting point, Γ is ratio of

the solid-liquid surface energy and the heat of fusion, D is the diffusion coefficient, k is

the distribution coefficient, G is the temperature gradient adjusted by the appropriate

conductivity ratios, m is the slope of the liquidus line, and Gc is the gradient of the solute

concentration. Not only does this equation provide the conditions in which perturbations

will grow or subside based on the wavelength, it also provides critical information such

as the size and wavelength of the features based on the freezing conditions. This serves

as a guide for understanding how the pore structure formed from freeze casting can be

controlled and manipulated.30,57,58
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Cells and Dendrites

An unstable interface can grow to form various types of solidification microstructures,

with the majority being classified as either cells or dendrites. Cells represent a structure

that is not far removed from the perturbed planar interface, while dendrites represent

a more highly unstable interface. Cellular structures have a smooth directional feature

Figure 2.12. Succinonitrile solidified under increasingly higher velocities
shows the evolution of the solid-liquid interface from planar to cellular to
dendritic.56
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while dendrites have side-arms and are often described as tree-like. Figure 2.12 shows the

evolution of succinonitrile solidified under increasingly unstable conditions and undergoing

the transitions from planar, to cellular, to dendritic. The microstructures observed here

are representative of classic cells and dendrites, however details of the structure can vary

depending on the solidification conditions and anisotropy of the solidifying material.55,59

Figure 2.13. Microstructural map of solidification microstructures de-
pending on thermal gradient and solidification velocity.56

The transition between these solidification regimes can be controlled during processing

by adjusting the thermal gradient across the interface, G, and the solidification velocity,

v. These variables are inversely related with regards to maintaining the stability of the

solidification front. As shown in a microstructure map in Figure 2.13, the solidification
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front becomes increasing unstable with low thermal gradients and high solidification ve-

locities. Since the cellular structure is a transient structure between the stable plane and

the fully unstable dendrites, the satisfying condition for cellular growth is quite limited.

Consequently, various types of dendritic structures make up the majority of the solid-

ification microstructures observed since the conditions for planar growth are relatively

extreme and not often achieved under practical circumstances.55,56

Crystal Structure and Anisotropy

The idea that conditions of the interfacial instability determined the solidification mi-

crostructure operates under the assumption that the solidifying material was isotropic,

and any crystallographic characteristics are negligible or disregarded. This assumption

helps simplify the kinetics of atomic attachments, leaving crystal growth to be simply

determined by diffusion and capillary effects. The non-preferential attachment of atoms

results in an interface which is atomically rough and crystal growth is described as non-

faceted. Cells and dendrites are examples of non-faceted solidification microstructures.

While this is mostly true for simple isotropic materials, other materials can have a

higher degree of anisotropy which results in preferential attachment of atoms in certain

crystallographic directions. In this scenario, the interface is atomically flat due to selective

atom adsorption and crystal growth is faceted. Additionally, higher undercoolings are also

expected in faceted growth due to the slower growth kinetics.55,56,60

The distinction between materials that exhibit faceted and non-faceted growth be-

havior can be approximated by their enthalpy of fusion. The structural change from the
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liquid to solid phase for non-faceted materials is not as large compared to faceted materi-

als. Consequently, the enthalpy of fusion for non-faceted materials is generally lower than

those of faceted materials.55

In order to provide a quantitative analysis of this faceted to non-faceted transition,

Jackson et al.61 developed a model based on the minimum free energy of the system as

a function of the surface sites occupied by ad-atoms. The crux of this result is shown

in Figure 2.14, where the α-factor is a parameter which shows that the profile of the

minimum free energy curve changes at a critical α value of 2. At low α values (< 2),

the minimum free energy is located at ξ = 0.5, indicating that the interface is atomically

roughly and crystal growth is non-faceted. On the other than, when the α values are high

(> 2), the minimum free energy is located near ξ = 0 or 1, indicating a smooth interface

indicative of faceted growth. The α-factor is expressed by:

α = η

Z
L

kTm
(2.2)

where η is the number of nearest neighbor sites adjacent to an atom on the interface, Z is

the total number of nearest neighbors for an atom within the crystal, L is the enthalpy of

fusion, k is the Boltzmann constant, and Tm is the material’s melting temperature.61–63

The principles of the Jackson α-factor was derived based upon a 2-layer interface

model which is not always representative of actual scenarios as solidification interfaces can

exhibit a gradual transition between the solid and liquid phases. Thus, the α-factor does

not serve as a rule, but rather a guide which helps give insight to the type of solidification

microstructure a material is likely to generate. Exceptions are seen in materials such as

white phosphorous, where a low α-factor is accompanied by faceted features. Its cubic
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Figure 2.14. The concept of the Jackson α-factor is shown with a plot
of the free energy change with respect to the fraction of ad-atom covered
sites. A transition in the minimum free energy curve is observed when α is
greater or less than 2.56

structure consists of 56 P4 molecules with complex bonding, and therefore does not fall

within the scope of the 2-layer interface model used. Nevertheless, various examples have

shown that the α-facto is an effective tool. Metals with simple and centro-symmetric

crystallographic structures such as Pb, Cu, Ag, and Al tend to have very low α-factors and

are observed to produce non-faceted microstructures. On the other hand, non-metallic,

semi-metallic, and organic materials such as Bi, Ge, and Salol have high α-factors and

generate smooth interfaces with faceted features.56
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2.3. Preceramic Polymers

Preceramic polymers are alternative precursors for ceramic materials which enables

new processing opportunities otherwise not possible with traditional ceramic powders.

This study will explore the benefits preceramic polymers can provide when used in con-

junction with freeze casting. A general overview of preceramic polymers is first covered,

including their physical behavior, processing details, and forming methods. The various

types of polymer-derived ceramics (PDCs) consequently attained are then introduced.

Focus is given to silicon oxycarbide ceramics derived from polysiloxanes as they are the

materials of interest in this study.

2.3.1. Overview of Polymer-Derived Ceramics (PDCs)

Polymer-derived ceramics were discovered in the 1960s when the pyrolysis of organosilicon

polymers was shown to yield silicon-based ceramics. The use of preceramic polymers then

grew in popularity during the 1970s as Yajima et al. demonstrated that polycarbosilane

can be used as a precursor to produce high quality SiC fibers by melt spinning.64,65 Being

polymeric in nature, the physical behavior of preceramic polymers is inherently different

from hard materials that are conventionally used for ceramic processing. This allows for

increased versatility during processing which was not possible prior to their development.

The pyrolysis temperature required to convert the precursor into a ceramic material is

lower than regular sintering temperatures. Additionally, increased chemical and struc-

tural homogeneity can be achieved with preceramic polymers. When compared to sol-gel

processing where monomers are used as precursors, preceramic polymers experience fewer

problems with shrinkage and cracking.66,67
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Preceramic polymers are able to yield a variety of ceramic phase compositions depend-

ing on the type of polymer used. Silicon-based precursors have been most heavily studied

and used due to their stability and commercial availability. Generally, the organosilicon

polymers contain boron, carbon, nitrogen, or oxygen constituents, which in turn can yield

various types of PDCs, as shown in Figure 2.15. These can produce a wide range of compo-

sitions including binary (SiC, Si3N4, etc.), ternary (SiOC, SiCN, etc.easily processed), and

quaternary (SiCNO, SiAlCO, etc.) systems. Other variants such as aluminum- and boron-

based ceramics can be obtained from their respective organometallic polymers, however

they are scarcely studied due to their chemical instability even in ambient conditions.67,68

Figure 2.15. Silicon-based polymer-derived ceramics from various
organosilicon precursors.67
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The synthesis process for preceramic polymers determines the composition and prop-

erties of the final PDC, as well as factors such as ceramic yield, cross-linking behavior,

and viscosity of the precursor. Generally, each type of preceramic polymer can be de-

fined by their backbone and side-groups. Organosilicon polymers contain silicon in their

backbone, with the addition of other elements grouping them into classifications such

as polysiloxane (oxygen), polycarbosilane (carbon), and polysilazane (nitrogen). Alter-

natively, side-groups can range from simple groups such as H or CH3 to more complex

groups. Solubility and rheology of the polymer, as well as various properties of the PDCs

such as thermal, optical, and electrical can be tailored through these side-groups. Ad-

ditionally, a balance is usually sought between ceramic yield and processability. Highly

branched and large molecular weight polymers give high ceramic yields through pyrolysis

due to the lower amount of volatile groups present but are less easily processed and may

not dissolve well in various solvents.68,69

Shaping and forming of preceramic polymers is highly versatile when compared to

traditional powder ceramic processing. Various types of polymer processing techniques

can be used to take advantage of the flowability and viscoelastic properties of polymers.

Injection molding, coating, spraying, fiber drawing, electrospinning, and ink jetting are

some examples of techniques which have been used with preceramic polymers. Addi-

tionally, manufacture of ceramic matrix composites often takes advantage of preceramic

polymers by using polymer infiltration pyrolysis (PIP), as it is often preferred over chem-

ical vapor infiltration (CVI) for environmental reasons. Shaping and machining parts

in the polymeric state is also preferable as it avoids brittle fracture and use of heavy

abrasives.67,70
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The processing procedure for converting a preceramic polymer into a PDC generally

involves three steps, as illustrated in Figure 2.16. First, a preceramic polymer is cross-

linked and shaped as desired. Cross-linking can be achieved in several ways, often either

thermally or by addition of a cross-linking agent. Once the polymer is cross-linked such

that the network is robust enough to survive decomposition, it undergoes a pyrolysis step

where it is heated in an inert atmosphere. During this process, the polymer converts to a

ceramic material as volatile species such as hydrocarbons are removed from the compound.

Often times, an amorphous ceramic is initially generated, however crystallization can be

achieved at higher temperatures.

Figure 2.16. General procedure for processing polymer-derived ceramics
from preceramic polymers. Adapted from Greil 200071

A major concern for the use of preceramic polymers is the shrinkage that occurs as

the volatile species are removed during pyrolysis. This is particularly troublesome when
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producing dense monolithic components which are prone to cracking since the typical

linear shrinkage ranges between 20 and 30%. The use of fillers in the form of passive

or active powders has been the main method for minimizing shrinkage. Passive fillers

are inert powders which do not react with the preceramic polymer or during heat treat-

ment. The filler reduces shrinkage by simply occupying unchanged volume and providing

additional pathways for gas transport. On the other hand, active fillers are powders

which react during processing, increasing in volume and thus counteracting the shrink-

age. These fillers can be ceramic, metallic, or even polymeric in composition. Reactions

usually occur with reactive gases, ceramic residue, or other products generated from poly-

mer decomposition. Naturally, the use of active fillers will generate new phases and result

in compositional inhomogeneity. Some of these phases can contribute to the material

by adding favorable properties, as with metallic fillers forming metal carbide phases to

increase the hardness.66,67

2.3.2. Silicon Oxycarbide

Synthesis and Cross-linking of Polysiloxanes

Polysiloxanes are the most commonly used type of preceramic polymer due to their sta-

bility, low cost, and high ceramic yield. Various synthesis methods can be used to obtain

polysiloxanes, with the simplest involving a reaction of organochlorosilane with water.67,72

Alternatively, silicon-rich variants of polysiloxanes, namely polysilaethers, can be synthe-

sized through routes such as polycondensation of α,ω-functionalized linear silanes73 or

ring-opening polymerization of cyclic silaethers.74 The incorporation of side-groups that

will cross-link under the desired scenarios is also required so that the structure and shape
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can be retained through pyrolysis. Depending on the side-group present, polysiloxanes can

achieve cross-linking through mechanisms such as thermally activated polycondensation

reactions, transition metal catalyst-assisted reactions, and free radical initiation.69

Structure and Properties of Silicon Oxycarbide

Silicon oxycarbide (SiOC) can be obtained through pyrolysis of polysiloxane in an inert

atmosphere such as nitrogen or argon. During this process, various volatile species are

released, including water, ethanol, and methanol at lower temperatures (100 to 400 ◦C),

as well as hydrogen and methane at higher temperatures (600 to 800 ◦C).75–78 The atomic

structure of the resulting polymer-derived SiOC is similar to that of silica, as it is largely

an amorphous network of Si-O bonds. However, the glass network in SiOC contains Si-

C bonds in addition to Si-O, as well as free carbon phases such as turbostratic carbon

sheets which are dispersed throughout the material. Thus, many properties of SiOC are

comparable to a composite of silica and these various constituents. For example, the Si-C

bonds help strengthen the glass structure and result in enhanced thermal and mechanical

properties.79,80 Additionally, the free carbon dispersed throughout the network is known

to create nanodomains which act as diffusion barriers. As a result, SiOC is black in

appearance, and resistant to crystallization up to roughly 1400 ◦C.81–83

The exact structure and properties of SiOC are however highly variable and dependent

on the glass network and carbon content. Contrary to rudimentary ideas, the structure

of glasses is not correctly described as a purely random network, but rather possessing a

degree of nanoheterogeneity which is dependent on the structural features of the precursor,

as well as its processing conditions and history.84 This is especially apparent in the case
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of SiOC. The molecular structure of the polymeric precursor, degree of cross-linking,

additives used, and thermal treatment all determine the composition and structure of

the SiOC network. Differences in relative amounts of SiC4-, SiC3O-, SiC2O2-, SiCO3

and SiO4- bonds, as well as free carbon within the system, make SiOC a very complex

material. Studies have suggested several models of the SiOC network, such as the one

shown in Figure 2.17, with segregation of the O-rich and C-rich phases, and the free

carbon playing different roles depending on their abundance.68,85

Figure 2.17. A proposed model for SiOC, consisting of segregated O-rich,
C-rich, and free carbon domains. The left and right model represents SiOC
with low and high carbon contents, respectively.68

Recent studies also show that the SiOC network can be controlled and manipulated.

Pyrolysis of polysiloxanes in hydrogen86 or water vapor87 environments initiates decar-

burization reactions that reduce the amount of carbon in the SiOC network, resulting

in an optically white SiOC. Liang et al. showed that the reduced carbon content was

reflected by a lower amount of sp2 bonded free carbon and C-rich species (SiC3O, SiC4),

and an increase in O-rich species (SiCO3 and SiO4), as shown in Figure 2.18.87 White

SiOC obtained through water vapor pyrolysis also showed increased ceramic yield and

reduced shrinkage, with no compromise on the mechanical properties. Additionally, it
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has been shown that 1-D silicon carbide and silicon nitride nanostructures can be grown

during pyrolysis of SiOC in the presence of dispersed metal catalyst, further enhancing

the complexity of the structure.78,88,89

Figure 2.18. Si NMR spectra of SiOC from polysiloxane pyrolyzed in Ar
and Ar with water vapor.87

The presence of secondary phases within a polymer-derived ceramic has also raised

interest as intriguing nanocomposites. For example, a SiOC/MoSi2 composite showed

several orders of magnitude of increased electrical conductivity. The change was attributed

to the formation of conductive paths dispersed throughout the matrix.90 SiOC/HfO2 and

SiOC/ZrO2 nanocomposites was also shown to improve the thermal stability of SiOC by

suppressing carbothermal decomposition to temperatures as high as 1600 ◦C.91,92

With this, numerous niche applications have been proposed for polymer-derived SiOC,

including battery anodes,93 pressure sensors,94 NEMS/MEMS,95 and various biomedical
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devices.96 For example, SiOC has shown improved storage capacity compared to tradi-

tional graphite anodes, however it is prone to lithium loss during initial cycling. Piezore-

sistivity seen in SiOC pyrolyzed at high temperatures also shows potential for use in

high temperature sensors. Lastly, SiOC showed the ability to activate coagulation of hu-

man blood plasmas, tailorable with the amount of carbon phases, and could be used for

artificial heart valves.
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CHAPTER 3

Controlling Pore Structure via Freeze Casting of Preceramic

Polymers

Material in this chapter is reproduced in part from ”Directionally aligned macrop-

orous SiOC via freeze casting of preceramic polymers”, M. Naviroj et al.; Journal of the

European Ceramic Society, 35.8 (2015): 2225-2232 and ”Suspension- and solution-based

freeze casting for porous ceramics’, M. Naviroj et al.; Journal of Materials Research, in

press.

3.1. Introduction

As discussed in Section 2.2.1, a considerable amount of work has been performed on

freeze casting of ceramic powders (suspension freeze casting), yet little has been explored

with regards to fabricating porous ceramics by freeze casting preceramic polymers (solu-

tion freeze casting). Namely, a study by Yoon et al. demonstrated the ability to produce

polymer-derived SiC ceramics with a dendritic pore morphology by freeze casting a poly-

carbosilane/camphene solution.97 Additionally, Zhang et al. recently created hierarchi-

cally porous structures through freeze casting partially pyrolyzed preceramic polymers.98

However, in this case the pyrolyzed polymer acted as suspended particles rather than dis-

solved solutes, and therefore is not regarded as solution freeze casting despite the use of
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preceramic polymers. The scarcity of research on preceramic polymer freeze casting, cou-

pled with the fact that not all current understanding regarding suspension freeze casting

is directly applicable, motivated these studies.

In this chapter, the fundamentals and capabilities of freeze casting with preceramic

polymers are explored. First, a processing method adapted for solution-based systems

is introduced, and a means for accurately measuring the freezing front velocity is im-

plemented. Chemical and physical behavior of the preceramic polymer as well as the

polymer-derived SiOC are then characterized. Next, control of the pore morphology is

demonstrated through changes in the dispersion medium; seven different organic solvents

were chosen in order to provide a wide range of enthalpies of fusion. As mentioned in

Section 2.2.3, it has been shown that solidification microstructures can be correlated with

each solvent’s interfacial anisotropy or Jackson α-factor, which is largely dependent on

the material’s enthalpy of fusion. The effectiveness of this concept in predicting freeze

cast pore structures is discussed. Finally, effects of freezing front velocity and polymer

concentration on the pore structure are investigated.

3.2. Experimental Methods

3.2.1. Materials

A commercially available polymethylsiloxane (Silres MK powder, Wacker Chemie, CH3-

SiO1.5, Munich, Germany) was used as the preceramic polymer. This polymer was chosen

for its commercial availability, chemical stability, and high ceramic yield. The molecular
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weight of this highly branched polymer is roughly 9500 g/mol, and the SiOC obtained fol-

lowing pyrolysis has a carbon content of 13 wt.%.77,99,100 Additionally, MK powder’s rhe-

ological and decomposition characteristics are also well-characterized in literature.101,102

A range of organic solvents which dissolve the MK powder and have accessible melting

points and relatively low toxicities were selected for use in this study, namely, cyclooctane

(Sigma-Aldrich, St. Louis, MO, USA), cyclohexane (Sigma-Aldrich), camphene (Alfa

Aesar, Ward Hill, MA, USA), tert-butanol (Fisher Scientific, Waltham, MA, USA), diox-

ane (Sigma-Aldrich), dimethyl carbonate (Sigma-Aldrich), and p-xylene (Sigma-Aldrich).

The melting temperatures of these solvents, obtained from the manufacturers, are listed

in Table 3.1.

Two cross-linking agents were used in this study: dibutyltin dilaurate (DBTDL,

Dabco T-12, Air Products, Allentown, PA, USA) and N-(2-Aminoethyl)-3-aminopropyl-

trimethoxysilane (Geniosil GF 91, Wacker Chemie, Munich, Germany). The Geniosil

GF 91 showed better performance, providing a more robust polymeric body as well as

chemical purity, and was therefore used for the majority of the samples.

Table 3.1. Solvents used for freeze casting in this study and their respec-
tive melting temperatures. Melting temperatures were obtained from the
manufacturers.

Solvent Melting temperature (◦C)
Cyclooctane 11.5
Cyclohexane 5.5
Camphene 35
tert-Butanol 24.5
Dioxane 11

Dimethyl carbonate 3
p-Xylene 12.5
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3.2.2. Sample Preparation and Freeze Casting

The typical procedures used for freeze casting (Fig. 2.3) and processing PDCs (Fig. 2.16)

were combined to successfully freeze cast preceramic polymers. First, the preceramic

polymer was mixed in an organic solvent and dissolved using a magnetic stir bar for

∼10 min. Dissolution was often achieved at room temperature, however slightly elevated

temperatures were used for some solvents with higher melting points. Once a homogeneous

solution was achieved, 1 wt.% of the cross-linking agent was added in order to partially

cross-link the polymer chains. The polymer solution was then poured into a casting mold

and placed onto the freeze-casting setup. Following complete solidification, samples were

placed in a freeze dryer (VirTis AdVantage 2.0, SP Scientific, Warminster, PA, USA),

and held at a pressure of ∼200 mTorr and a condenser temperature of -60 ◦C until the

solvent was fully sublimated. Finally, each sample was pyrolyzed in an inert atmosphere

of flowing nitrogen or argon gas to yield a ceramic SiOC. Samples were pyrolyzed at 1100
◦C for 4 hours, with a heating rate of 2 ◦C/min, and cooled down to room temperature

at 5 ◦C/min.

Particular care was required in each of the steps. First, a suitable amount of cross-

linking was essential, as a poorly cross-linked sample can lose its structure during pyrolysis,

while an excessive amount of cross-linking will yield a gel that is not pourable and cannot

be cast. Samples with higher polymer concentrations are naturally more prone to gelation.

Additionally, appropriate freeze drying rates were necessary, as cracks can occur if the

solvent is sublimated too rapidly. Samples not fully dried prior to removal from the freeze

dryer will shrink and deform at ambient conditions. Lastly, relatively low heating rates

during pyrolysis were called for prevent cracking.
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For the casting mold, a cylindrical borosilicate glass tube was used to provide optical

transparency as well as chemical resistance against the various solvents. In order to remove

the freeze-dried samples from the mold without deformation or cracking, a clear PET film

with a silicone coating was used as a liner, covering the base and the inner diameter of

the mold. A thin layer of vacuum grease was also applied between the film and the glass

mold in order to create a good seal between the two components.

The freeze casting setup consisted of a thermoelectric device placed on top of a heat

sink, which comprised of an aluminum plate attached to a circulating refrigerated silicone

oil bath (FP50-ME, Julabo USA, Inc., Allentown, PA, USA). The thermoelectric device

was connected to a PID-controller which could regulate a constant temperature, as well

as programed temperature profiles.

In order to measure the freezing front velocity, images of the freezing front were

recorded using a camera (Sony Alpha a6000, 18-55mm f/3.5-5.6 Lens) attached to an

intervalometer. Depending on the solidification rate, images were taken every 10 or 60

seconds, with a shutter speed of 1/30 second. Image analysis was performed using ImageJ

(National Institutes of Health) to determine the freezing front velocity. Additionally, since

the view of the freezing front can be obstructed by condensation forming on the mold sur-

face during solidification, a transparent beaker was placed over the freeze casting setup

to prevent ambient air flow and limit condensation.
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3.2.3. Characterization: Chemical and Physical Characteristics

Polymer-to-Ceramic Conversion

In order to examine the polymer-to-ceramic conversion of the MK preceramic polymer,

Fourier transform infrared spectroscopy (FTIR) was performed using a Thermo Nicolet

Nexus 870 (Waltham, MA, USA). Samples were prepared by mixing 5 mg of material with

500 mg of potassium bromide (KBr). The mixture was finely ground, and 30 mg of the

mixture was loaded into a die and pressed into thin pellet. FTIR spectra were obtained

for samples at three different conditions: MK powder as-received, pyrolyzed to 600 ◦C,

and pyrolyzed to 1100 ◦C. Scans were performed from 3500 to 400 cm-1.

Crystal Structure

XRD spectra of freeze cast SiOC pyrolyzed to 1100 ◦C were collected using a Rigaku

Dmax (The Woodlands, TX, USA) to determine the crystallinity of the final material.

Scans were performed with Cu-Kα radiation from 10◦ to 60◦ 2θ at 0.05◦ increments, with

a dwell time of 2.5 secs. Samples were made with both dibutyltin dilaurate or Geniosil

GF 91 as cross-linking agents to evaluate how the SiOC structure might be affected.

True Density

Helium pycnometry was performed on an AccuPyc 1330 (Micromeretics, Norcross, GA,

USA) to determine the true density of SiOC after pyrolysis at 1100 ◦C. Here, the sample

was crushed using a mortar and pestle into a fine powder and weighed. The powdered

sample was placed in the pycnometer to determine its volume, which, when combined
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with the mass, can be used to determine the true density negating any open or closed

pores. Results were averaged over 10 runs.

Phase Diagram

Polymer-solvent phase diagrams were constructed by direct observation. Temperature was

controlled using a PID-controller and the experiments were conducted on the same cold

surface used for freeze casting. Each sample was prepared by depositing ∼10 µL of solution

onto the cold plate, and immediately covering it with a thin microscope cover slip in order

to minimize solvent evaporation which could cause changes in the polymer concentration.

A transparent beaker was also placed around the setup to prevent condensation.

Three types of phase transitions were studied for each solvent: the natural freezing

point (Tf), the agitated freezing point (Tf*), and the liquidus temperature (TL). The

natural freezing point, Tf, was determined by cooling the solution down at 2 ◦C/min until

solidification ensued; the first observable point of nucleation, discernible by a sudden

increase in the opacity, was recorded as the Tf. On the other hand, Tf* was determined

using identical conditions, except each sample was repeatedly agitated by tapping the

microscope cover slip with a sharp tip until nucleation was observed. Lastly, TL was

determined by first freezing the solution with a cooling rate of 1 ◦C/sec, followed by

heating at 5 ◦C/min. Samples become optically opaque as they are solidified, and turn

transparent as the temperature approaches TL; the disappearance of the last observable

opaque region was recorded as the TL. Five samples were tested for each condition and

their mean and standard deviation are reported. The TL of deionized water, with an

expected value of 0 ◦C, was used for calibration, assuming linearity at all temperatures.
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3.2.4. Characterization: Pore Structure

Porosity and Density

The Archimedes method was used to determine the open porosity (P), bulk density (B),

and apparent skeletal density (A) of each sample according to Equations 3.1 - 3.3. The

mass of each sample was measured five times under each of three different conditions:

dried (D), saturated with water (M), and suspended in water (S). In order to measure

the saturated and suspended masses, porous samples were first infiltrated with deionized

water by one of two methods: submersed in boiling water for 6 hours, or in vacuum for 30

minutes. Negligible differences were observed between results from the two methods. The

water temperature was then allowed to return to room temperature prior to recording the

mass, and the density of water was assumed to be 1 g/cm3.

P = M − D
M − S × 100% (3.1)

B = D
M − S (3.2)

A = D
D − S (3.3)

Pore Size Distribution

Mercury intrusion porosimetry (MIP, Auto Pore IV, Micromeritics, Norcross, GA, USA)

was used to analyze the pore size of freeze-cast structures. MIP is a pore characterization

technique that uses the non-wetting nature of mercury to obtain information such as the
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median pore size, pore size distributions, total pore volume, cumulative pore volume, and

apparent density of a porous material. This destructive characterization technique mea-

sures the volume of mercury infiltrated into pores as pressure is incrementally increased.

The data obtained is then used to calculate the various properties listed above according

to the Washburn equation:

d = −4γ cos(θ)
P (3.4)

where d is the diameter or throat size of the pore, γ is the surface tension of mercury, θ

is the contact angle between the mercury and the solid, and P is the applied pressure. At

low pressures, mercury will fill the larger pores, while smaller pores will be filled as higher

pressures are applied. Since the intrusion of mercury is dependent on the surface tension

at the pore opening, the data obtained is solely based on the smallest throat size of each

pore and its interior volume. The effectiveness of MIP for characterization is therefore

limited to materials where the pore throat sizes are similar to the pore diameters. Hence,

systems with closed pores, bottle-neck (blind) pores, interconnected (cross-linked) pores,

Figure 3.1. Schematic of the various pore geometries pertaining to mer-
cury intrusion porosimetry.103
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and pores with varying channel widths or complex geometries may yield results that are

not representative of their true microstructures (Fig. 3.1).

3D Image Analysis

Three-dimensional microstructural data of porous materials were obtained through X-ray

computed tomography (XCT) performed at 2-BM of the APS in Argonne National Lab.

The 3D data set of each sample was obtained by reconstructing multiple slices of 2D

X-ray radiographs. These 2D images were collected by placing each sample between a

detector and an incident X-ray beam, where each sample was slowly rotated through 180◦

at 1.5◦ per second. A 25 keV X-ray was used to scan cylindrical samples with a diameter

of 3 mm, with an exposure time of 50 ms and a resulting radiograph resolution of 1.47

µm/pixel. Image reconstruction was performed in the Amira image processing software

and the geometric surface area was calculated using a marching cubes algorithm performed

in MATLAB. The geometric specific surface area (the total calculated geometric surface

area normalized by the total pore volume) was used to provide insight regarding the

feature size of the pores, where a higher geometric specific surface area corresponds to

smaller characteristic length scales.

Optical Microscopy of Solidification Microstructures

Optical microscopy was used to record the solidification microstructures of various pre-

ceramic polymer solutions undergoing directional solidification. Polymer solutions were

prepared by dissolving 20 wt.% MK powder in cyclooctane, cyclohexane, t-butanol, diox-

ane, or dimethyl carbonate. A drop of the polymer solution was then deposited between
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two thin microscope cover slips and placed on a chilled aluminum plate such that a por-

tion of the slip overhangs from the plate. This setup creates a thermal gradient which

promotes directional solidification toward the suspended region. The resulting solidifica-

tion microstructures were observed under an optical microscope, where a mounted digital

camera was used to capture the images. In each experiment, the temperature of the cold

plate was not well-controlled and ranged roughly between -20 to 0 ◦C. Consequently, a

variety of solidification microstructures were observed from a single solvent.

3.3. Results and Discussion

3.3.1. Chemical and Physical Analysis of Freeze Cast SiOC

FTIR

Figure 3.2 shows the FTIR spectra of the as-received MK preceramic polymer, pyrolyzed

to 600 ◦C, and to 1100 ◦C. First, the spectrum obtained from the as-received polymer

shows all the characteristic bonds expected from a polymethylsiloxane. The broad peak at

1100 cm-1 is attributed to the Si-O-Si backbone of polysiloxanes while the peaks at 2900

cm-1, 1270 cm-1, and 800 cm-1 correspond to the C-H, Si-CH3, and Si-C groups present

in the side-branches, respectively.79,104

Decomposition of the polymer is known to occur at around 600 ◦C, while at 1100 ◦C a

fully inorganic sample is obtained.75 FTIR spectra from the as-received MK polymer and

those pyrolyzed to 600 ◦C contained the same peaks, implying that the conversion process

is incomplete and the sample is still largely polymeric at 600 ◦C. However, at 1100 ◦C,

peaks at 1270 cm-1 and 2900 cm-1 associated with the organic groups Si-CH3 and C-H,
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respectively, are absent. This indicates that the material has fully released the volatile

species and converted into a ceramic.

Figure 3.2. FTIR spectra of the MK preceramic polymer as it undergoes
the polymer-to-ceramic conversion via pyrolysis.

The 1100 cm-1 peak corresponding to Si-O-Si bonds is present in both the polymer and

the ceramic material, as the polymeric backbone is converted into a silica glass network

after pyrolysis. Similarly, the Si-C peak at 800 cm-1 also remained present through all

temperatures, as expected from the SiOC structure discussed in Section 2.3.2. These

results agree with previous studies regarding the polymer-to-ceramic conversion process

for polymethylsiloxanes.105,106
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X-Ray Diffraction

MK polymer samples cross-linked with Geniosil GF 91 and dibutyltin dilaurate catalysts

were pyrolyzed to 1100 ◦C and analyzed with XRD. Figure 3.3 shows that both samples

are structurally amorphous, as indicated by the characteristic broad peak from 16◦ to 30◦

2θ. The amorphous nature of this polymer-derived SiOC is desired and expected from

polymer-derived ceramics. These materials are known to have high resistance to creep

and crystallization which is attributable to the free carbon that is a remnant of the cross-

linked polymeric network. The turbostratic carbon structures create nanodomains that

act as obstacles for diffusion and consequently crystallization.68,83 However, the Geniosil

Figure 3.3. XRD spectra of MK preceramic polymer cross-linked with two
types of catalyst and pyrolyzed to 1100 ◦C. Both scenarios yield amorphous
structures, however tin contamination is seen with the use of dibutyltin
dilaurate.
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catalyst produced a clean sample without any crystalline components, whereas several

crystalline peaks are seen with dibutyltin dilaurate. The peaks at 30.6, 32.0, and 44.9◦ 2θ

correspond to residual metallic tin which remained with the sample after pyrolysis. The

Geniosil is therefore the preferred catalyst as the presence a low melting point metal in

the final ceramic material is undesirable.

Density and Porosity

Figure 3.4 shows the bulk density of porous freeze-cast SiOC samples through a range

of open porosities, as determined by the Archimedes method. Samples shown here were

freeze cast with either cyclohexane or dimethyl carbonate as solvents, with the solvent

choice showing no influence on the trend. Pore fraction was controlled by varying the

polymer concentration. Samples with lower pore fractions (high polymer concentrations)

than 50% were challenging to process as dissolution became difficult and an increase in

viscosity also made casting problematic. On the other hand, samples with extremely

high pore fractions can be produced, but a rapid decrease in the mechanical integrity was

observed with decreasing polymer concentration.

Table 3.2 shows the true density of SiOC obtained from helium pycnometry, as well

as the average apparent skeletal density of samples from Figure 3.4. The closed porosity

of freeze cast samples can then be calculated according to the following equation:

C =
[(

1 − B
T

)
× 100

]
− P (3.5)

where C is the closed porosity, B bulk density, T is the true density, and P is the open

porosity.
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Figure 3.4. Bulk density versus apparent porosity of one hundred freeze
cast SiOC samples, determined by Archimedes’ method. Samples shown
here were freeze cast with either cyclohexane or dimethyl carbonate as sol-
vents.

Table 3.2. True density, apparent skeletal density, and closed porosity
of freeze-cast SiOC ceramic pyrolyzed at 1100 ◦C calculated from helium
pycnometry and the Archimedes method.

True density Apparent skeletal density Closed porosity
(g/cm3) (g/cm3) (%)

2.32 ± 0.02 2.21 ± 0.04 1.18 ± 0.56

The low amount of closed porosity seen here with freeze-cast samples is expected. Pore

formation during freeze casting creates predominantly open porosity since the phase segre-

gation process in directional solidification is continuous through the height of the sample.
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The closed pores observed here could be attributed to residual solvent molecules which

remained soluble within the polymer throughout solidification, or simply experimental

error associated with both helium pycnometry and the Archimedes method.

3.3.2. Polymer-Solvent Phase Diagrams

A set of experiments was first performed with deionized water, where TL, Tf*, and Tf

were determined to be 0.5, -3.9, and -12.9 ◦C, respectively. Since TL was used as the

calibration temperature, measured temperatures for all solvents were subtracted by 0.5
◦C. The TL and Tf* of water are within expected values, however the natural freezing

point, Tf, is relatively low; this is possibly due to the experimental setup: a small amount

of liquid restricted beneath a glass slide limits many natural motions such as convection

which could help induce nucleation.

Figure 3.5 shows polymer-solvent phase diagrams of the MK preceramic polymer dis-

solved in several select solvents, namely, cyclooctane, cyclohexane, dioxane, and dimethyl

carbonate; these solvents were chosen for closer investigation as they will be the most fre-

quently used in following studies. Results show that every solvent had a higher liquidus

temperature than freezing point, with the agitated freezing point consistently higher than

the natural freezing point. These trends are as expected as the melting process is thermo-

dynamically determined, while freezing is kinetically limited since a favorable nucleation

site has to be encountered, and additional energy is required to form a nuclei. Agitat-

ing each sample during solidification helps facilitate their higher freezing temperature by

effectively minimizing the influence of kinetically-limited processes; the agitation process

is analogous to the ultrasound-assisted solidification technique employed to trigger ice
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Figure 3.5. Polymer-solvent phase diagrams for MK powder and (a) cy-
clooctane, (b) cyclohexane, (c) dioxane, and (d) dimethyl carbonate.



76

nucleation.107,108 The small error bars associated with the TL and Tf*, as well as the low

temperatures and large error bars associated with Tf support these observations. Addi-

tionally, melting and freezing point depressions can clearly be observed in all solvents as

the polymer concentration increases. The effects are evident, as the TL and Tf* decrease

by roughly 1 to 5 ◦C for all solvents, from 0 to 40 wt.% polymer concentration.

Looking at each solvent individually, cyclooctane solutions (Fig. 3.5(a)) show a partic-

ularly large discrepancy between Tf and Tf*, more than 10 ◦C, indicating that the solvent

can experience significant undercooling due to difficulty in locating a suitable nucleation

site. In contrast, cyclohexane solutions (Fig. 3.5(b)) solidified with the Tf consistently

∼2 ◦C below the Tf*, and standard deviations of less than 0.7 ◦C. Dioxane solutions (Fig.

3.5(c)) show results similar to cyclooctane, where a low Tf corresponding to a large degree

of undercooling is observed. Interestingly, pure dioxane solvent shows a very high variabil-

ity in Tf, implying that the presence of polymer (solute) is not the cause of the variability

in the natural freezing point, but rather the natural bonding and crystal structure of

dioxane. Lastly, Figure 3.5(d) shows that the melting and freezing point depression of

dimethyl carbonate are quite small, often less than 1 ◦C. The difference betweens between

dimethyl carbonate’s Tf and Tf* is also marginal. Overall, results for TL paralleled those

for Tf* for all samples, however certain solvents (i.e. cyclooctane and dioxane) were more

prone to undercooling and displayed significant differences between Tf and Tf*, as well

as large variability in the Tf. Moreover, the measured TL of pure solvents matched very

well with the values obtained from the manufacturers in Table 3.1, demonstrating the

reliability of this method.
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3.3.3. Effects of Dispersion Medium on the Pore Morphology

The images shown in this section demonstrate the range of pore structures that were

successfully generated by freeze casting preceramic polymer with the solvents listed in

Table 3.1. All samples shown here were processed with 20 wt.% polymer concentration

to yield open porosities of roughly 75%, unless noted otherwise. The seven solvents used

here generated pore structures which can be grouped into four distinct morphologies:

isotropic, dendritic, prismatic, and lamellar.

Isotropic Pores

Cyclooctane was the only solvent to generate a surprisingly isotropic pore structure de-

spite the temperature gradient applied during freeze casting. Figure 3.6 shows that the

transverse and longitudinal orientations have no discernible difference, an indication of

the isotropic pore morphology. The pores generated from cyclooctane are spherical in

(a) Cyclooctane transverse (b) Cyclooctane longitudinal

Figure 3.6. SEM micrographs of an isotropic pore morphology obtained
by freeze casting with cyclooctane - transverse and longitudinal views show
no difference in pore structure.
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shape, and the structure can be described as foam-like. The pores seen here are also

relatively small when compared to those of other freeze cast microstructures.

Dendritic Pores

Figure 3.7 shows the dendritic pore morphologies obtained from freezing cyclohexane,

camphene, and dioxane. In all three cases, images from the transverse orientation clearly

show a classic case of primary dendrite tips with pinched secondary arms. The longitudinal

orientation shows the secondary dendrite arms which branch out from each of the primary

dendrites. Unlike the isotropic structure seen with cyclooctane earlier, these dendrites

create an anisotropic structure with directionality based on the applied thermal gradient.

Cyclohexane and camphene produced very similar pore structures, particularly with

regard to the secondary dendritic arms seen in the longitudinal orientations (Figs. 3.7(b),

3.7(d)). However, cyclohexane formed consistent and well-defined dendrite tips as opposed

to camphene’s irregularly shaped tips (Figs. 3.7(a), 3.7(c)). This defect is possibly a result

of camphene acting as a plasticizer for the preceramic polymer. Even after prolonged

freezing drying (> 7 days), samples would contain residual camphene which caused them

to be prone to deformation. Notably, this issue was not observed with any other solvents.

Although dioxane also generated a dendritic pore morphology, its features had differ-

ent characteristics from cyclohexane- and camphene-based samples. The primary dendrite

tips did not show clear four-fold symmetry and also had a tendency to form linear for-

mations. The pores generated from the secondary dendrite arms also branched out at an

approxmiately 45 degree angle from the primary dendrite.
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(a) Cyclohexane transverse (b) Cyclohexane longitudinal

(c) Camphene transverse (d) Camphene longitudinal

(e) Dioxane transverse (f) Dioxane longitudinal

Figure 3.7. SEM micrographs of an dendritic pore morphologies obtained
by freeze casting with cyclohexane, camphene, and dioxane. Transverse and
longitudinal views show dendrites growing along the temperature gradient.
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Prismatic Pores

Figure 3.8 shows a prismatic pore morphology produced by freeze casting with t-butanol

as the solvent. The prismatic morphology is characterized by features such as elongated

pores and smooth walls which are created by needle-like crystals, particularly notice-

able in the longitudinal view. Some faceting representative of TBA’s rhombic crystal is

observed in the transverse view, but the irregular pore morphology is characteristic of

coalescence during freezing.109,110 Instead of forming isolated prisms and channels which

are enclosed by pore walls, these coalesced to form a more complicated and interconnected

pore network.

(a) t-Butanol transverse (b) t-Butanol longitudinal

Figure 3.8. SEM micrographs of a prismatic pore morphology obtained
by freeze casting with t-butanol. Needle-like crystals create prisms with
smooth walls.

Lamellar Pores

Lamellar pore morphologies are defined by a series of stacked two-dimensional plate-like

structures. This pore morphology is commonly seen in freeze casting since they can be

achieved from freezing aqueous suspension, as shown earlier in Figure 2.5(a). Here, we
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(a) Dimethyl carbonate transverse (b) Dimethyl carbonate longitudinal

(c) p-Xylene transverse (d) p-Xylene longitudinal

Figure 3.9. Representative images of lamellar pore morphologies gener-
ated by freeze casting with (a,b) dimethyl carbonate (SEM) and (c,d) p-
xylene (XCT). The lamellar structure is reminiscent of aqueous-based freeze
casting.

also see that dimethyl carbonate and p-xylene can generate similar lamellar structures

(Fig. 3.9). Although both solvents generated lamellar structures, their feature sizes are

quite different. Dimethyl carbonate generated relatively fine lamellae, more similar to

water, whereas p-xylene’s lamellar structure was coarse and had a significantly larger

wall thickness and pore spacing. Furthermore, at 20 wt.% polymer concentration, the

thick lamellar walls cannot be fully formed and numerous structural defects are observed.
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Consequently, samples freeze cast with p-xylene were very fragile even to the touch. Hence,

images obtained from XCT are instead shown for p-xylene samples.

In order to gain a better comparison of the two lamellar structures, Figure 3.10 shows

3D reconstructed images of dimethyl carbonate and p-xylene samples made with 40 wt.%

polymer concentration. This higher polymer concentration allows p-xylene to produce a

more complete and continuous lamellar structure. Nevertheless, the lamellar thickness

and spacing generated from p-xylene are still significantly larger and coarser than those

from dimethyl carbonate.

(a) Dimethyl carbonate (b) p-Xylene

Figure 3.10. 3D reconstructions of lamellar structures from 40 wt.% poly-
mer samples using (a) dimethyl carbonate and (b) p-xylene as solvents. The
images have a width and depth of 955 µm, and a height of 588 µm.

Additionally, while the lamellae may seem like flat platelets, images taken from a dif-

ferent angle (Fig. 3.11) show that side-branching can occur on the surface of the lamellae

during solidification, creating finer microstructures. These features are predominantly

observed with water and dimethyl carbonate, but less so with p-xylene.
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Figure 3.11. SEM micrograph of a lamellar pore structure generated by
dimethyl carbonate, taken at a different angle to show ridges present on the
sides of the lamellae.

Effects of Pore Morphology on Geometric Surface Area

Figure 3.12 shows the influence of various pore morphologies on the geometric specific

surface area (SSA), calculated by performing a marching cubes algorithm in MATLAB

using 3D data sets obtained from XCT experiments. Dendritic, prismatic, and lamellar

pore morphologies produced from various solvents were compared, and a range of porosi-

ties were explored via changes in the polymer concentration. Each sample was solidified

under identical conditions, by casting onto a cold surface set to -25 ◦C.

Normalizing the surface area by pore volume yields information regarding the feature

size of the pores, with higher SSA representing smaller features and pore sizes, and vise-

versa. Here, the SSA decreases with increasing porosity for all solvents used. This result is
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Figure 3.12. Pore volume-normalized geometric specific surface area of
samples with dendritic, prismatic, and lamellar pore morphologies, pro-
duced with a range of porosities.

expected, as the higher porosity naturally produces larger pore sizes. More interestingly,

a trend regarding the various pore morphologies is observed, with dendritic structures

yielding higher SSA values than prismatic structures, and followed by lamellar structures.

This trend correlates with the roughness of each microstructure, as the dendritic structure

generates pore walls with numerous features, while prismatic and lamellar structures yield

smooth and relatively featureless pore walls. Moreover, there is a significant difference

between the two solvents producing lamellar structures, with dimethyl carbonate showing

a higher SSA than p-xylene at a given porosity. This difference can be explained by the

thicker lamellae and larger pore spacing produced from p-xylene shown earlier in Figure
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3.10. From these results, it is apparent that differences in the pore morphology can

influence the SSA of porous materials, by up to a factor of four to five.

3.3.4. Jackson α-factor and Solidification Microstructures

The Jackson α-factor was employed as a tool to correlate each solvent’s interfacial anisotropy

with the pore structures that were generated. As shown in Equation 2.2, the α-factor

can be partitioned into two parts: a crystallographic term, η/Z, and an entropic term,

L/(kTm). While the crystallographic term ranges between 0.25 and 1, the entropic term

can be calculated for each solvent to obtain a representative value for α, as shown in

Table 3.3. Solvents are listed in order of increasing entropic terms. Recall from Section

2.2.3 that a low α-factor or entropic term generally implies atomically rough growth in-

terfaces and interfaces without facets, whereas at high α values, faceted growth is often

observed. Despite not being used in this study, water is also listed here as a reference

since its lamellar structure is well-studied in aqueous suspension-based systems. As a

supplementary test, optical micrographs of solidification microstructures obtained from

directional solidification of various polymer-solvent solutions are also shown. Due to the

significantly different thermal conditions the polymer solutions experience during optical

microscopy and freeze casting, the resulting microstructures serve only as a guide rather

than a direct comparison.

Beginning from solvents with relatively low entropic terms, we observed that cyclooc-

tane (1.02), cyclohexane (1.15), and camphene (1.15) produced either isotropic or den-

dritic pore morphologies, both which are considered as non-faceted structures. These

results agree with what is expected, as microstructures such as dendrites are often formed
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Table 3.3. Enthalpy of fusion, calculated entropic term, and pore mor-
phology for each solvent used, compared to water.

Solvent Enthalpy of fusion Entropic term Pore morphology
(kJ/mol)

Cyclooctane 2.41 1.02 Isotropic
Cyclohexane 2.68 1.15 Dendritic
Camphene 2.94 1.15 Dendritic
Water 6.01 2.65 Lamellar

tert-Butanol 6.70 2.71 Prismatic
Dioxane 12.30 5.21 Dendritic

Dimethyl carbonate 13.22 5.76 Lamellar
p-Xylene 17.12 7.18 Lamellar

from unstable solidification fronts where the interfacial anisotropy is low and diffusion

effects are more dominant than crystallographic preferences. However, unlike the other

solvents, cyclooctane, with the lowest entropic term of 1.02, produced a non-dendritic

microstructure. Studies by Kobayashi et al. showed that while dendritic structures are

preferred at low interfacial anisotropies, an adequate amount of anisotropy is nonetheless

required for their formation.111 In cases where the anisotropy is particularly low, a more

disordered seaweed structure is often formed.112 As confirmation of this, cyclooctane and

cyclohexane polymer solutions were directionally solidified under an optical microscope

and images of their solidification microstructures were recorded. Figure 3.13 shows that

a seaweed structure is generated by a cyclooctane solution, while a cellular or dendritic

structure is generated by cyclohexane. The isotropic pore structure obtained from cy-

clooctane, as viewed in cross-section, reflects this seaweed structure more accurately than

the elongated features seen in cells or dendrites. Since a more directional solidification mi-

crostructure was observed with the pure cyclooctane solvent, the seaweed structure seen
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with the polymer solution is likely the result of a strong interaction between the polymer

and the solid-liquid interface. In contrast, pure cyclohexane and cyclohexane solutions

showed similar microstructures. Interestingly, the cellular growth behavior seen in Figure

3.13(b) not observed in freeze cast structures. This cellular structure can be attributed

to the higher thermal gradient associated with the microscopy setup which could not be

replicated during freeze casting (Fig. 2.13).

(a) Cyclooctane

(b) Cyclohexane (Cellular) (c) Cyclohexane (Dendritic)

Figure 3.13. Optical micrographs showing solidification microstructures
for preceramic polymer solutions with (a) cyclooctane and (b,c) cyclohexane
as solvents. Scale bars = 150 µm.
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As the entropic term increases, faceted solidification microstructures become prevalent.

At an entropic term of 2.71, t-butanol produced a prismatic pore morphology which is

considerably different from the rounded morphologies observed from solvents with lower

entropic factors (cyclooctane, cyclohexane, and camphene) discussed earlier. Figure 3.14

shows an optical micrograph of a solidifying t-butanol solution, where the needle-like

structures used to describe the prismatic morphology are clearly seen. This structure is

notably unlike cells due to its faceted features and non-uniform growth front. Again, this

result correlates well with what is expected according to the Jackson α-factor.

Figure 3.14. Optical micrographs showing solidification microstructures
for t-butanol polymer solution. Scale bar = 150 µm.

While the Jackson α-factor has shown good correlation with the various pore mor-

phologies thus far, an anomaly is seen with water and dioxane, where water generates a

faceted lamellar structure despite its relatively low entropic term and dixoane’s relatively

high entropic term of 5.76 produced a non-faceted dendritic structure. Understandably,

these solvents belong in the middle of the spectrum where exceptions can exist due to

uncertainty in the crystallographic term. Nevertheless, minor differences exist between
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dioxane’s dendrites and dendrites formed by solvents with lower entropic terms (i.e. cyclo-

hexane and camphene). In addition to the secondary dendrite arms growing at an angle,

dioxane’s dendritic pore structure also has a tendency to form a linear, two-dimensional

configuration similar to a lamellar structure (Fig. 3.7(e)). These are features that can be

attributed to crystallographic preferences exerting an influence on the solidification mi-

crostructure generated. Additionally, optical micrographs of solidifying dioxane polymer

solutions (Fig. 3.15) show a range of morphologies being formed, from cells to dendrites,

with certain cells showing signs of instability with growing side-branches. The angled

secondary pores seen in Figure 3.7(f) can also be observed here as most dendrites grow

at an acute angle compared to cyclohexane solutions (Fig. 3.13(c)).

(a) Dioxane (Cellular) (b) Dioxane (Dendritic)

Figure 3.15. Optical micrographs showing solidification microstructures
of solidifying dioxane polymer solutions; (a) cellular and (b) dendritic mi-
crostructures are produced. Scale bars = 150 µm.

Finally, at the high end of the spectrum, dimethyl carbonate and p-xylene with en-

tropic terms of 5.76 and 7.18, respectively, produced lamellar structures representative

of highly faceted crystal growth. The two-dimensional, high aspect ratio feature of a
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lamella is proof of the strong anisotropy, as growth is preferential in a particular direc-

tion and comparatively slow in the orthogonal direction. Figure 3.16 shows examples of

solidification microstructures from dimethyl carbonate solutions. Similar to many other

solvents, several microstructures are observed with optical microscopy, including highly

faceted and ordered lamellae with flat sides, as well as lamellae with side-branching. Pore

structures matching both these solidification types were shown earlier in Figures 3.9(a)

and 3.11. The fact that both types of solidification microstructures can be observed in a

single sample, under relatively unchanged temperature conditions, shows that the transi-

tional regime is within commonly used freeze casting conditions, unlike cyclohexane and

dioxane.

(a) Dimethyl carbonate (Flat) (b) Dimethyl carbonate (Branched)

Figure 3.16. Optical micrographs showing solidification microstructures
for preceramic polymer solutions with (a) cyclooctane and (b,c) cyclohexane
as solvents. Scale bars = 150 µm.

Overall, the pore structures and optical micrographs show good agreement with the

solidification behavior expected based on the Jackson α-factor and the entropic terms

listed in Table 3.3. As the entropic term increases, so too does the expected anisotropy,

resulting in microstructures gradually changing from non-faceted to faceted. However,
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certain exceptions do exist, particularly with solvents in the intermediate range of the

spectrum (i.e. water and dioxane). This inconsistency demonstrates that the Jackson

α-factor is not always an absolute measure of the magnitude of the solid-liquid interfacial

energy, especially if the crystallographic term is not known or taken into consideration.

Nevertheless, the results obtained here, as well as in other sources,56 indicate that the

α-factor is a reasonable guide to forecast the type of solidification microstructure that can

be expected during freeze casting.

3.3.5. Freezing Front Velocity

The freezing front velocity of freeze cast samples was measured according to Section 3.2,

however, this was applicable only to certain well-behaved solvents. Figure 3.17 show

images of cyclohexane and t-butanol polymer solutions midway through freeze casting.

Here, cyclohexane displayed ideal freeze casting behavior, with a flat and clearly defined

freezing front that allowed for tracking. On the other hand, the t-butanol solution expe-

rienced a considerable amount of undercooling, prompting highly unstable crystal growth

upon nucleation. In this latter case, the freezing front velocity cannot be tracked. Table

3.4 shows which solvents were considered suitable for freezing front tracking and which

were not.

Figure 3.18 shows how the freezing front velocity changes throughout the height of

the sample depending on the cooling profile used. Since the freezing front velocity affects

the pore size generated, a constant velocity is desired to obtain a structurally homoge-

neous sample. While many studies freeze cast by pre-chilling the casting surface to a low

temperature (i.e. quenching), results shown here indicate that a range of pore sizes would
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(a) Cyclohexane (b) t-Butanol

Figure 3.17. Freezing front images for (a) cyclohexane and (b) t-butanol
polymer solutions midway through freeze casting

be created as the freezing front velocity diminishes drastically from the bottom of the

sample to the top. Ramping the temperature down at a linear rate shows a significant

improvement, however a decreasing velocity is still observed as the height increases. A

relatively constant freezing front velocity was successfully produced by using a parabolic

cooling profile where the temperature was decreased at an accelerating rate in order to

Table 3.4. Acceptability of each solvent for freezing front velocity tracking.
Solvents which solidified with a flat and clear freezing front were deemed
eligible, while solvents which displayed a high degree of undercooling were
ineligible.

Solvent Freezing front tracking
Cyclooctane X
Cyclohexane X
Camphene ×
tert-Butanol ×
Dioxane X

Dimethyl carbonate X
p-Xylene ×
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compensate for the increasing sample thickness, which effectively increases the thermal

resistance.

Figure 3.18. Freezing front velocity along sample height under various
cooling profiles: quenching, linear ramping, and parabolic ramping

Due to its ideal solidification characteristics, cyclohexane was used as the model solvent

to investigate the effects of freezing front velocity on pore size. Figure 3.19 shows the pore

size distribution of cyclohexane-based samples made with 20 wt.% polymer concentration,

solidified at freezing front velocities of 5 and 15 µm/s. Interestingly, cyclohexane shows a

bimodal pore size distribution attributable to its dendritic structure. Primary dendrites

generate the larger pores, while secondary dendrite arms generate smaller pores. The

secondary dendrite arms however account for a larger portion of the pore volume since
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numerous secondary dendrite arms are grown from a single primary dendrite. The pore

sizes for both types of dendrites are affected similarly by a change in freezing front velocity,

where a slower freezing front velocity results in larger ice crystals, and consequently larger

pores. Reducing the freezing front velocity from 15 µm/s to 5 µm/s, the pore diameter

of the primary dendrites increased by roughly 15 µm and the secondary dendrite arms

by roughly 10 µm. Overall, the median pore diameter calculated by MIP increased from

16.7 µm to 26.8 µm, a change of 60%.

Figure 3.19. Effect of freezing front velocity on the pore size distribution
obtained by MIP of cyclohexane-based SiOC structures. Samples were made
with 20 wt.% polymer concentration and freeze cast at 5 and 15 µm/s.

Theoretically, changes in the type of solidification morphology can be achieved based

on the freezing conditions. Particularly, cells can grow instead of dendrites under low

solidification velocities and high temperature gradients, as shown earlier with optical



95

microscopy in Figure 3.13. In this study, a freezing front velocity as low as 3 µm/s was

measured with cyclohexane, however dendrites were still observed to be the prevalent

morphology. This is likely due to the high thermal gradient required at the solid-liquid

interface for cells to be formed (Fig. 2.13). Since most current freeze casting setups

naturally induce a low thermal gradient, as the temperature is controlled at the ends of

the sample rather than at the interface, this transition has yet to be observed in freeze

casting. More novel casting setups with improved control of the solidification conditions

may be required to achieve this transition.

3.3.6. Polymer Concentration

Figure 3.20 shows how changes in the polymer concentration, from 10 to 40 wt.%, can

affect the pore size of cyclohexane-based samples. All samples were frozen at the same

freezing front velocity of 15 µm/s to make pore sizes comparable. As expected, higher

polymer concentrations yield smaller pore sizes since the lower pore fraction limits the

space available for pores to form. Additionally, it is also possible that higher polymer

concentrations contribute to an increase in the viscosity, consequently lowering the dif-

fusion coefficient and resulting in a smaller instability wavelength and feature size (Eq.

2.1). However, unlike the definite decrease in pore fraction, the change in the diffusion

coefficient, as well as its effects, have not been quantified. Interestingly, the change in

pore size is noticeably more pronounced at lower polymer concentrations, with the me-

dian pore diameter of 10 wt.% and 20 wt.% samples reducing by 9.5 µm, from 25.9 to

16.4 µm (37% decrease), whereas 30 wt.% and 40 wt.% samples saw a reduction of only 2
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µm, from 10.7 to 8.7 µm (19% decrease). The open porosity achieved from each polymer

concentration is also listed in Table 3.5 for reference.

Figure 3.20. Pore size distribution data obtained by MIP showing the
effect of polymer concentration on the pore size of cyclohexane-based SiOC
structures freeze cast at 15 µm/s.

Table 3.5. Open porosity of cyclohexane samples made with varying poly-
mer concentrations, determined by the Archimedes method.

Polymer concentration Open porosity
(wt.%) (%)
10 87.9
20 77.3
30 61.6
40 52.6
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Additionally, Figure 3.21 compares both processing variables (i.e. freezing front ve-

locity and polymer concentration) and their impact on the pore size. Results show that

while both methods are able to significantly affect the pore size, samples with lower poly-

mer concentrations again proved to be more sensitive to the changes in the freezing front

velocity. Between freezing front velocities of 5 and 15 µm/s, samples with 10 wt.% poly-

mer experienced a change in median pore size of 17.2 µm, a 39% change, while 30 wt.%

samples varied by only 3.3 µm, a 23% change. It should also be noted that variations in

the polymer concentration are linked to changes in properties such as open porosity and

bulk density, however controlling the freezing front velocity enables the pore size to be

adjusted independent of these properties.

Figure 3.21. Cumulative intrusion data obtained by MIP comparing the
effect of polymer concentration and freezing front velocity on the pore size
of cyclohexane-based SiOC structures.
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A significant change in the polymer concentration, and consequently pore fraction, can

also alter the appearance and connectivity of various pore structures. Figure 3.22 shows

how pore structures of cyclohexane and t-butanol samples change between 5 wt.% and

40 wt.% polymer concentrations (∼90% and 60% porosities, respectively). Recall from

Section 3.3.3 that cyclohexane and t-butanol at 20 wt.% polymer concentration produced

dendritic and prismatic pore morphologies, respectively.

(a) Cyclohexane- 5 wt.% polymer (b) Cyclohexane- 40 wt.% polymer

(c) t-Butanol- 5 wt.% polymer (d) t-Butanol- 40 wt.% polymer

Figure 3.22. SEM micrographs of (a,b) cyclohexane and (c,d) t-butanol
samples showing changes in pore structure and connectivity due to signifi-
cant changes in the polymer concentration.

Cyclohexane samples made with 5 wt.% polymer show closely packed pore channels

with thin walls, similar to a honeycomb structure. While samples with higher polymer



99

concentrations had thick walls surrounding each dendrite, the lack of solids available

here results in limited solute rejection in the transverse direction and influences how the

polymer is redistributed. Here, the characteristic four-fold symmetry of the secondary

arms becomes less defined (Fig. 3.22(a)). However, when viewed from the longitudinal

direction, it is clear that dendrites were generated even at 5 wt.% polymer concentration

(Fig. 3.23). On the other hand, secondary dendritic arms are clearly seen in cyclohexane

samples with 40 wt.% polymer concentration, as they have identical dendritic features to

samples made at 20 wt.% polymer, but with decreased pore diameters.

Figure 3.23. XCT image of the longitudinal view of a 5 wt.% polymer
concentration made with cyclohexane as a solvent. Features from the sec-
ondary dendrite arms are clearly present despite not being visible from the
transverse direction.

For TBA samples, those made with 5 wt.% polymer have thinner walls when com-

pared to 20 wt.% samples, but similarly possess a highly irregular pore network with

channels which are highly interconnected. However, samples made with 40 wt.% polymer

contained enough polymer to form individual isolated channels, significantly reducing the

interconnectivity of the pore structure.
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Results show that changes in polymer concentration had an affect on properties such

as pore fraction, pore diameter, and wall thickness. Pore size of samples made with

lower polymer concentrations were more sensitive to changes in the polymer concentra-

tion as well as freezing front velocity. While structural differences were observed across

varying polymer concentrations, characteristic features of certain pore morphologies such

as dendritic arms and prismatic channels were preserved through a wide range of poly-

mer concentrations, indicating that the type of solidification microstructure generated

remained unchanged.

3.4. Conclusions

Fundamental concepts behind freeze casting with preceramic polymers were explored

in this chapter. Results obtained from these studies can be roughly divided into two

parts: general characterization of the physical and chemical characteristics of the MK

preceramic polymer and the polymer-derived SiOC ceramic was first performed, followed

by experiments aimed to control the pore structure during freeze casting. FTIR and

XRD spectra showed that a fully amorphous ceramic SiOC structure was obtained via

pyrolysis at 1100 ◦C. Through density measurements, the bulk density and open porosity

of freeze cast SiOC were shown to range from from roughly 0.15 to 1.20 g/cm3, and 45

to 95%, respectively, with negligible amounts of closed porosity. Finally, polymer-solvent

phase diagrams constructed for four solvents showed a steady decrease in the liquidus

temperature and freezing points as the polymer concentration increased, as expected from

the presence of solutes. The natural freezing point was also found to be consistently lower

than the agitated freezing point. However, the undercooling observed with cyclooctane
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and lack of undercooling from dimethyl carbonate contradicts with their Jackson-α factors

as well as the pore morphologies produced from each solvent.

Solvent choice, freezing front velocity, and polymer concentration were used as pro-

cessing parameters to control the pore structures generated from freeze casting. A total

of seven different organic solvents were freeze cast to obtain porous SiOC ceramics with

four distinct types of pore morphologies: isotropic, dendritic, prismatic, and lamellar.

The Jackson-α factor was introduced as a method to correlate each solvent’s enthalpy of

fusion and interfacial anisotropy with the various solidification microstructures generated.

Results showed good agreement with theory, where solvents with low entropic terms, or

interfacial anisotropy, exhibited non-faceted structures, while those with high entropic

terms generated faceted structures. Next, the effect of freezing front velocity on pore

size were investigated. While some solvents, including cyclohexane, showed ideal freezing

front behavior, certain solvents produced significant undercooling which was detrimental

to measurement of the freezing front velocity. Results show that the pore size of cyclohex-

ane samples was effectively increased by reducing the freezing front velocity from 15 to

5 µm/s. Polymer concentration was also shown to have a significant impact on the pore

size of cyclohexane samples, while also altering the structural details of cyclohexane and

t-butanol samples. The shape and interconnectivity of the pore structures were affected at

very high and low polymer concentrations. However, despite large variations in the freez-

ing front velocity and polymer concentration, a change in pore morphology created from

each solvent could not be achieved (e.g. from dendritic to cellular pores), as cyclohexane

and t-butanol consistently produced dendritic and prismatic pores, respectively.
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CHAPTER 4

A Comparison Between Suspension- and Solution-based Freeze

Casting

Material in this chapter is reproduced in part from ”Suspension- and solution-based

freeze casting for porous ceramics’, M. Naviroj et al.; Journal of Materials Research, in

press.

4.1. Introduction

While Chapter 3 has shown that freeze casting with preceramic polymer solutions is

a viable alternative to the more conventional ceramic suspensions, differences in behavior

between a homogeneously dissolved polymer solution and a particulate suspension can be

significant and should be addressed. For example, various processing parameters studied

in suspension-based freeze casting such as particle size and shape are not applicable to

solution-based freeze casting. Instead, new considerations arise in solution freeze casting,

including issues such as polymer-solvent interactions and solvent compatibility. These

differences not only affect the processing parameters, but also the solidification behavior,

which in turn determines how the pores are formed. In order to gain a better understand-

ing of both techniques, differences between these two systems must be investigated.

In this work, suspension- and solution-based samples are freeze cast under equivalent

conditions with the goal of establishing how pore structure is affected by both process and
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casting medium. We chose four different organic solvents, namely, cyclooctane, cyclohex-

ane, dioxane, and dimethyl carbonate, as they showed ideal solidification behavior (Table

3.4) and could provide a range of pore structures, from non-faceted to faceted (Table 3.3).

Technological implications that arise from the differences between the two systems are

also discussed.

4.2. Experimental Methods

4.2.1. Sample Preparation

Suspensions

Ceramic suspensions were made by dispersing α-Al2O3 (HP-DBM, d50 = 350 nm, Baikowski

Inc., Malakoff, TX, USA) in cyclooctane, cyclohexane, dioxane, or dimethyl carbonate

at a solids loading of 15 vol.% in order to target porosities of ∼70%. Al2O3 was chosen

due to its wide use in freeze casting studies and good compatibility with commercially

available dispersants. Dispersants were added to each solvent at a concentration of 5

wt.% (of solids) and sonicated for 10 minutes. Hypermer KD-1 was used for dioxane and

dimethyl carbonate while Hypermer KD-4 (Croda Inc., Edison, NJ, USA) was used for

cyclooctane and cyclohexane based on the polarity of the solvents. Suspensions were then

ball milled overnight to achieve a stable suspension prior to freeze casting.

Solutions

Preceramic polymer solutions were made by dissolving MK powder in cyclooctane, cy-

clohexane, dioxane, or dimethyl carbonate at a solids loading of 17 vol.%, also to obtain
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porosities of ∼70%. After the polymer was fully dissolved, Geniosil GF 91 was added as

cross-linking agent at a concentration of 1 wt.% of the solution prior to freeze casting.

Freeze casting

The freeze casting setup and procedure used in this study were as described in Section

3.2.2.

In order to produce comparable samples, a constant freezing freezing front velocity

of 15 µm/s was chosen for all samples. However, while freezing front velocity tracking

was possible for the transparent solution-based samples, suspension-based samples were

opaque due to the presence of alumina particles (Fig. 4.1). Consequently, solution-based

samples were used to determine the temperature profiles required to obtain a constant

freezing front velocity of 15 µm/s for each solvent. These temperature profiles were

then used to solidify both solution and suspension-based samples. Due to the freezing

point depression caused by dissolved solutes in polymer-based samples, suspension-based

samples are expected to experience a freezing front velocity that is slightly higher than

solution-based samples. However, these differences were neglected. Finally, Al2O3 samples

were sintered in air at 1600 ◦C for 4 h, ramping at 5 ◦C/min, and preceramic polymer

samples were pyrolyzed in argon at 1100 ◦C for 4 h, ramping at 2 ◦C/min.

4.2.2. Characterization

Pore structures from both processing methods were observed using a SEM (Zeiss 1550VP,

Carl Zeiss AG, Oberkochen, Germany). Each sample was sectioned in both transverse
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(perpendicular to the freezing direction) and longitudinal (parallel to the freezing direc-

tion) orientations using a diamond saw. Transverse cross sections were obtained 5 mm

from the bottom of each sample, with initial sample heights being roughly 20 mm. Lon-

gitudinal cross sections were obtained at the widest point in the cylinder cross-section.

The pore size distribution and median pore size of each sample were characterized using

MIP.

(a) Alumina suspension (b) Cyclohexane solution

Figure 4.1. Images comparing visibility of the freezing front during freeze
casting of (a) suspension- and (b) solution-based samples.

4.3. Results and Discussion

4.3.1. Pore Morphology Comparisons from Suspension- and Solution-based

Freeze Casting

Figure 4.2 shows the pore structures obtained by freeze casting alumina suspensions with

the four organic solvents, in both transverse and longitudinal directions. Images show

that cyclooctane suspensions produce a highly isotropic structure, with no differences

between the transverse and longitudinal views (Figs. 4.2(a), 4.2(b), respectively) despite
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Figure 4.2. Suspension-based freeze-cast pore structures of cyclooctane
(a,b), cyclohexane (c,d), dioxane (e,f), and dimethyl carbonate (g,h) based
samples in both transverse (a,c,e,g) and longitudinal views (b,d,f,h) for 70%
porosity Al2O3.
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the thermal gradient applied to achieve directional solidification. Cyclohexane suspensions

(Figs. 4.2(c), 4.2(d)) yield a similarly isotropic structure. Although there are some vertical

features that can be seen in the longitudinal view due to directional solidification, they

are relatively difficult to distinguish. With dioxane suspensions, dendritic features start

to become discernible. Rows of dendrites are seen in the transverse view (Fig. 4.2(e)),

while primary dendrites are seen growing upward in the longitudinal views (Fig. 4.2(f)).

Finally, dimethyl carbonate suspensions generate a lamellar structure as seen in Figures

4.2(g) and 4.2(h). This lamellar structure is reminiscent of porous structures obtained

via freeze casting of aqueous suspensions. The structure is also highly directional due to

the temperature gradient applied during solidification.

In comparison, Figure 4.3 shows the pore structures obtained in SiOC by freeze casting

preceramic polymer solutions. While cyclooctane solutions (Figs. 4.3(a), 4.3(b)) produce

a highly isotropic and foam-like structure very similar to its suspension counterpart, a

drastic change in pore structure is observed with cyclohexane samples. With cyclohexane

solutions, the transverse view (Fig. 4.3(c)) shows clearly defined dendrites having pinched

secondary arms. The longitudinal view (Fig. 4.3(d)) shows pores generated by the sec-

ondary dendrite arms, as well as the structure’s high degree of anisotropy owing to the

applied temperature gradient. Additionally, a considerable change in pore structure is also

seen with dioxane solutions (Figs. 4.3(e), 4.3(f)). While the suspension-based samples

did show some dendritic features and directionality, the dendrites seen in Figure 4.3(f)

show much greater directionality compared to those seen in Figure 4.2(f). In contrast to

cyclohexane where secondary dendrite arms grew orthogonal to the primary dendrites,

dioxane’s secondary dendrite arms grow upward at an angle of approximately 45 degrees
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Figure 4.3. Solution-based freeze-cast pore structures of cyclooctane
(a,b), cyclohexane (c,d), dioxane (e,f), and dimethyl carbonate (g,h) based
samples in both transverse (a,c,e,g) and longitudinal views (b,d,f,h) for 70%
porosity SiOC.
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respect to the primary growth direction. Lastly, dimethyl carbonate solutions generated

a lamellar structure (Figs. 4.3(g), 4.3(h)) almost identical to its suspension-based coun-

terpart.

Furthermore, the pore wall surface morphology is also different between samples made

from the two systems. Figure 4.4(a) shows a rough wall surface with visible alumina

grains attributable to the sintering and coarsening of fine alumina particles. On the other

hand, Figure 4.4(b) shows a smooth pore wall surface from SiOC samples. Homogeneous

dissolution of a polymeric solution, along with the transformation of a preceramic polymer

into an amorphous ceramic via pyrolysis, yields the glassy surface in contrast to the

polycrystalline surface arising from suspension-based processing of ceramics.

(a) Alumina suspension (b) Cyclohexane solution

Figure 4.4. Surface morphology of (a) sintered suspension-based alu-
mina samples and (b) pyrolyzed solution-based preceramic polymer samples
freeze cast with cyclohexane.

Overall, significant differences in pore structures are seen between suspension- and

solution-based samples when cyclohexane and dioxane were used as solvents, with den-

dritic features emerging in the solution-based samples. In contrast, pore structures from
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cyclooctane and dimethyl carbonate samples exhibited little difference between the two

systems.

It is hypothesized that the difference in pore structure from cyclohexane and dioxane

is due to the presence or absence of suspended particles. Although it is possible that

the addition of a solute such as the preceramic polymer to the solvent might influence

the solidification microstructure due to changes in the interfacial anisotropy,113 it was

shown earlier in Figure 3.13(c) that solute-free cyclohexane produces dendrites during

solidification. Moreover, mixed suspension/solution samples were made with both alu-

mina particles and dissolved preceramic polymer. Here, the preceramic polymer was first

dissolved in the solvent, followed by addition of the dispersant and alumina. After ball

milling, the cross-linking agent was added prior to freeze casting. These samples produced

pore structures more similar to the suspension system (Fig. 4.5), providing further evi-

dence that suspended particles are disrupting the dendritic solidification microstructure.

(a) Transverse (b) Longitudinal

Figure 4.5. Pore structure for a mixed suspension/solution sample con-
sisting of both alumina powder and preceramic polymer, with cyclohexane
as a solvent in (a) transverse view and (b) longitudinal views.
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Brener et al. showed that a sufficient amount of noise ahead of a solid-liquid interface

can affect the solidification microstructure by disrupting the growth of dendrite tips, de-

stroying the regular patterns and instead creating fractal patterns.112 This noise generally

takes the form of fluctuations in the thermal or solute field ahead of the freezing front.

Similarly, the presence of suspended particles located around the dendrite tips can act

as a significant source of noise by inducing small temperature perturbations, as well as

direct physical contact. In the present case, the noise generated by the alumina particles

(∼350 nm) is approximately 1% the size of the each dendrite tip (∼40 µm). At this scale,

we hypothesize that the dendrite tips are destabilized and break down, decreasing the

anisotropy of the pore structure for cyclohexane and dioxane suspension-based samples.

In contrast, cyclooctane’s foam-like structure and dimethyl carbonate’s lamellar struc-

ture are interestingly retained regardless of processing routes. First, recall from Section

3.3.4 that cyclooctane has the lowest entropic factor of all the solvents studies, associated

with a correspondingly low anisotropy. The optical micrograph of cyclooctane’s solidifica-

tion microstructure from Figure 3.15(b) as well as the pore structure seen in Figures 4.3(a)

and 4.3(b) show that regardless of noise, stable dendritic growth is not achieved for cyclo-

hexane in solutions. Hence, it would also be expected that cyclooctane suspension-based

samples would similarly yield a non-dendritic structure. As for dimethyl carbonate, as the

stability of a growing interface is proportional to the interfacial anisotropy, the faceted

lamellar structure is not affected by noise generated from the suspended particles. The

structures are therefore unchanged for both systems.
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Results from various prior studies provide further evidence to support these claims.

Camphene, a non-faceted solvent, has been shown to create different structures in suspen-

sion and solution-based systems, based upon independent studies. Suspension-based cam-

phene produced a relatively isotropic structure,13,34 however their solution-based coun-

terparts created dendritic pore structures.17,97 Moreover, tert-butanol, a faceted solvent

known to generate prismatic crystals, shows negligible difference between suspension-

and solution-based samples, supporting the argument for dimethyl carbonate’s faceted

lamellar structure being generated from both processing routes.17,35

4.3.2. Pore Size Comparisons from Suspension- and Solution-based Freeze

Casting

The median pore diameter for each sample was calculated from MIP and is listed in Table

4.1. For both systems, pore diameters varied across the solvents used despite the same

freezing front velocity of 15 µm/s being applied to all samples. This is understandable,

as values for pore diameter obtained from MIP are calculated based on the throat size

in which mercury is infiltrated when a certain pressure is applied. Since the throat of

a spherical pore is inherently different from the lamellar spacing, differences in pore size

are expected across solvents. This makes comparison of pore size across different types

of structure a challenge. Pore size comparisons are best made when discussing analogous

structures.

Hence, comparing equivalent solvents between the two systems, results show that

suspension-based samples yielded larger pore sizes than solution-based samples for all sol-

vents used, ranging from 50% to more than twice as large. This change can be attributed
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Table 4.1. Median pore diameters obtained from mercury intrusion
porosimetry for suspension- and solution-based samples.

Suspension-based Solution-based
pore diameter (µm) pore diameter (µm)

Cycloocante 13.9 5.7
Cyclohexane 17.1 11.3
Dioxane 33.3 15.0

Dimethyl carbonate 36.3 24.6

to two factors: differences in the amount of undercooling during solidification and shrink-

age during heat treatment. Solidification studies have shown that undercooling is a driving

force for smaller microstructural features.114 The presence of dissolved solutes (polymer)

contributes to a larger degree of constitutional undercooling for solution-based samples,

and consequently smaller pore sizes are expected. Additionally, the preceramic polymer

experiences more shrinkage through pyrolysis than alumina does through sintering, mea-

sured to be roughly 26 and 13% in linear shrinkage, respectively. These differences could

result in the median pore size of solution-based samples being comparatively smaller than

those of suspension-based samples.

Pore size distributions for each solvent as determined by MIP, compared between

suspension- and solution-based samples, are also shown in Figure 4.6. For most sol-

vents, the distribution profiles were quite comparable: unimodal pore size distributions

with broader distributions in the case of suspension-based systems. One exception is

cyclohexane (Fig. 4.6(b)), where the cyclohexane suspension results in a unimodal pore

distribution while its solution counterpart shows a bimodal pore size distribution. This

bimodal distribution can be attributed to the two types of pores generated by the primary
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Figure 4.6. Pore size distribution plots of suspension- and solution-based
samples made from (a) cyclooctane, (b) cyclohexane, (c) dioxane, and (d)
dimethyl carbonate.

dendrite and secondary dendrite arms, where the average size of the primary dendrite is

greater that the secondary arm. Not surprisingly, as the dendritic features are destabilized

by noise in the suspension-based sample, features from the secondary dendrites disappear

and a unimodal pore size distribution is instead seen. In contrast, even though dioxane

solutions also generated primary and secondary dendrite arms, as seen in Figures 4.3(e),
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4.3(f), a bimodal pore size distribution is not detected by MIP. On closer examination, the

two types of dioxane dendritic features are not significantly different in size and therefore

is not distinguishable via MIP.

4.3.3. Technological Implications of Suspension vs. Solution Freeze Casting

Aside from the changes in pore structure, freeze casting of preceramic polymer solu-

tions offer several processing advantages over traditional suspension freeze casting. With

suspension-based samples, extensive care must be taken during colloidal processing to

ensure that a stable suspension is obtained prior to solidification. This requires a dis-

persant or surfactant that is compatible with not only the desired solvent, but also the

surface chemistry of the particles. Additionally, a ball milling step is also required to

break up agglomerates and prevent particles from settling. This not only increases the

processing time required, but could also the reduces consistency of the samples produced.

Alternatively, solution-based samples required comparatively little attention. Although a

compatible solvent must be chosen such that the polymer can be dissolved, the dissolution

process is completed over several minutes rather than hours.

The ability to observe the freezing front is also critical to the freeze casting tech-

nique as it provides valuable information regarding the pore formation process. While

suspension-based processing consists of dispersed particles which scatter light and cause

the suspension to be opaque, solution-based samples are transparent and enable mea-

surement of the freezing front velocity. The advantages this capability provides has been

shown in Section 3.3.5, as more structurally homogenous samples can be produced and

greater control of the pore size can be achieved. Moreover, one can observe the shape
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of the freezing front and determine whether a particular solvent solidifies isothermally or

requires undercooling. These benefits would otherwise not be possible with suspension-

based freeze casting.

4.4. Conclusions

This study provided a direct comparison between suspension- and solution-based freeze

casting as processing techniques for porous ceramics. Alumina powder and polymethyl-

siloxane preceramic polymer were each suspended or dissolved, respectively, in four dif-

ferent organic solvents and freeze cast to achieve various structures with 70% porosity.

Differences in pore structures were largely seen in cyclohexane and dioxane samples, where

distinct dendritic features were generated in solution-based samples but not in suspension-

based samples. The presence of small suspended particles ahead of a solid-liquid interface

are hypothesized to generate a sufficient amount of noise to destabilize the dendrite tip

in suspension-based samples. Mercury intrusion porosimetry showed that solution-based

samples generated smaller pore sizes, likely due differences in the amount of undercooling

during solidification as well as shrinkage during densification. Various processing advan-

tages gained with solution processing were also highlighted. Solution-based processing

was shown to be the simpler processing technique, requiring shorter processing times.

Additionally, transparent solutions allowed for direct observation during solidification,

providing beneficial information for freeze casting.
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CHAPTER 5

Mechanical and Permeability Properties of Freeze Cast SiOC

5.1. Introduction

Two attributes commonly sought after in porous materials are high mechanical strength

and low pressure drop during transport. Although low pressure drops can be achieved

by increasing the porosity, this often comes at a cost of compromising the mechanical in-

tegrity. Directionally-aligned pore structures generated from freeze casting have therefore

attracted interest for optimizing these properties along the freezing direction.115 However,

studies of these properties on freeze cast structures have been limited to aqueous-based

lamellar structures.18,25,116–120 While Chapter 3 showed that freeze casting is able to pro-

duce ceramics with highly varied pore morphologies, differences in performance between

various pore morphologies has not been explored.

In this chapter, the compressive strengths and permeability constants of porous SiOC

with dendritic and lamellar pore morphologies are compared. Cyclohexane and dimethyl

carbonate are used as solvents to generate dendritic and lamellar structures, respectively.

The compressive strengths are assessed by uniaxially loading each sample to failure, while

the permeability constants are calculated by measuring the flow rate of water at various

pressure drops. For both tests, measurements were performed parallel to the solidifica-

tion direction, and varying polymer concentrations are used to achieve a range of open
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porosities. The influence of changes in the freezing front velocity on both properties are

also studied.

5.2. Experimental Methods

5.2.1. Sample Preparation

The freeze casting setup and procedure used in this study were as described in Section

3.2.2. Cyclohexane and dimethyl carbonate samples with 10, 20, 30, and 40 wt.% polymer

concentrations were freeze cast to a height of 25 mm at a freezing front velocity of 15 µm/s.

Polymer solutions were degassed prior to freezing to remove any air bubbles that may

generate unwanted pores. Additional cyclohexane samples were also frozen at 5 µm/s in

order to determine the influence of freezing front velocity. However, 40 wt.% samples were

excluded from the low freezing front velocity since a constant velocity profile could not

be maintained due to initial undercooling at the base of the sample. After each sample

was freeze cast and pyrolyzed to obtain a porous SiOC ceramic, their porosities were

determined by Archimedes’ method prior to being machined and prepared accordingly

for each testing method.

5.2.2. Porosity and Density

The porosity of each sample was measured using Archimedes’ method, as mentioned in

Section 3.2.2. A value of 2.32 g/cm3 was used as the true density of SiOC, according to

Table 3.2, and the bulk density was scaled linearly with the porosity, according to the

relationship shown in Figure 3.4.



119

5.2.3. Compressive Strength Measurements

To prepare samples for compressive strength measurements, pyrolyzed samples were first

machined with a diamond core drill (∅ = 15.9 mm) in order to remove the edges of

the sample and obtain a uniform cylindrical sample. Following cleaning via sonication,

a high strength and low shrinkage mineral-filled acrylic system (VariDur 3003, Buehler,

Lake Bluff, IL, USA) was used to cap the ends of the sample that would be in contact

with the compression plates. These caps were applied to each sample since brittle porous

materials are known to display crushing behavior from contact stresses in compression

tests, leading to erroneous and inconsistent results. A study by Mehr et al. showed that

the incorporation of an interface layer such as the one used here can help provide more

accurate and reliable results without artificially altering the structure’s properties.121

Compression tests were performed on an Instron 4204 universal testing machine (In-

stron, Norwood, MA, USA) in constant displacement mode. The crosshead was lowered

at a rate of 0.1 mm/min and data were recorded at an interval of 0.5 seconds. A pair of

spherical washers were placed between the sample and the compression platens to account

for non-parallel sample surfaces and ensure that the compression load was applied along

the axis of the sample. The height and diameter of each sample were also recorded prior

to testing. Values for compressive strength were determined based on the highest load

sustained prior to a significant drop (>20% of the maximum load) and by a measurable

change in stiffness. These criteria were applied since small load drops not associated with

failure can sometimes be observed, and fractured samples can continue to bear larger

loads via compaction, albeit with a associated drop in the measured stiffness.
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5.2.4. Permeability Measurements

For permeability measurements, samples were similarly machined with a 15.9 mm diam-

eter core drill and cleaned via sonication. In order to ensure that there are no leaks from

the sides of the porous samples which would inflate the permeability results, each sample

was circumferentially enclosed with the same solid acrylic. To do so, samples were placed

inside a Tygon® tube (h = 25.4 mm, ID = 19.1 mm) which acted as a casting mold for

the acrylic. The acrylic was prepared and stirred for roughly 7 minutes prior to pouring

onto the sample, at which point the acrylic should harden within the following minute to

ensure that the pores were not infiltrated. After 24 hours of curing, the ends of the sample

were removed with a diamond saw to obtain a permeability sample with a thickness of

approximately 9 mm.

Permeability measurements were performed by measuring the flow rate of water at

various pressure drops using a setup illustrated in Figure 5.1. A voltage-controlled gear

pump was used to transfer deionized water from a reservoir to a collection vessel sitting

on an electronic scale via a high-pressure Tygon® tube with 19.1 mm inner diameter.

An Omega PX409 pressure transducer (Omega Engineering, Stamford, CT, USA) was

attached to a pipe fitting to measure and electronically record gauge pressure. Addition-

ally, a valve was attached to the pipe fitting to remove air from the system before each

measurement.

To begin each experiment, a sample prepared according to the procedure described

above was inserted into the tube and gripped with a hose clamp which was tightened

using a torque wrench; the wrench was set to a value (35 inch-pounds) that ensures

no circumferential leakage, determined beforehand using a dense cylindrical acrylic puck.
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Figure 5.1. Schematic of the setup used to measure water permeability
across a porous sample.

The pump was then turned on, set to a certain pressure, and held for 30 seconds while the

mass change and flow rate were recorded. The pressure was incrementally increased and

a minimum of six different pressures were recorded for each sample. For highly permeable

samples (e.g. high porosity lamellar), pressures of roughly 10 to 100 kPa were applied,

whereas low permeability samples (e.g. low porosity dendritic) experienced pressures

ranging from roughly 20 to 350 kPa. All reported measurements were performed with the

sample oriented such that water flowed from the top to the bottom of the sample; separate

experiments were also conducted to show that results were indistinguishable from those

where samples were oriented bottom to top.

With the dimensions of each sample and the flow rates associated with several pressure

drops, the Darcian permeability constant can be calculated according to the Forchheimer

equation:

∆P
L = µ

k1
v + ρ

k2
v2 (5.1)
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where ∆P is the pressure drop, L is the length of the sample, µ and ρ are the viscosity and

density of the flowing fluid, respectively, v is the flow velocity, and k1 and k2 are the re-

spective Darcian and non-Darcian permeability constants. The non-Darcian permeability

constant describes a non-linear flow behavior associated with inertial effects which arises

at high flow velocities and is usually only observed with gas flow. Since water was used as

the fluid in this case, a linear flow behavior was observed, and the k2 term can therefore

be neglected. A value of 8.90 x 10-4 Pa-s was used for the viscosity of water at 25 ◦C.

5.3. Results and Discussion

5.3.1. Compression Tests

Fracture Behavior

The fracture behavior of dendritic and lamellar samples subjected to compression tests

were observed to be significantly different from one another, as shown in Figure 5.2. The

low magnification optical images show that dendritic samples seemed to fracture by bend-

ing of the pore walls, with cracks occurring throughout the cross-section of the sample,

while lamellar samples usually show a distinctive shear crack at roughly 45 degrees, with

an optically reflective fracture surface. A higher magnification SEM image (Fig. 5.2(c))

shows a representative view of the multiple deep fissures present in the dendritic sample.

In contrast, the lamellar fracture surface is comprised of just a few wide lamellae plates,

with their flat side facing the fracture surface (Fig. 5.2(d)). In particularly, the fracture

surface of lamellar samples indicate that failure was probably not caused by crack growth

through the entire sample, but rather just sliding of loosely interconnected lamellae.
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(a) Dendritic (Optical) (b) Lamellar (Optical)

(c) Dendritic (SEM) (d) Lamellar (SEM)

Figure 5.2. Representative optical and SEM images of the fracture sur-
faces from (a,c) dendritic and (b,d) lamellar samples failing via compression.

Figure 5.3 shows the load-displacement plots of several representative dendritic and

lamellar samples, with the maximum load used to calculate the compressive strength of

each sample marked with a star. A range of fracture behaviors are observed here, ranging

from typical behavior expected from porous materials to behavior characteristic of a dense,

brittle ceramic. It should also be noted that the non-linearity seen at the beginning of

each test can be attributed to the acrylic end caps and alignment of spherical washers
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used, described earlier in Section 5.2. Nevertheless, these influences are not expected to

affect the failure load and the compressive strength, and should be subtracted to assess

the material response.

First, Figure 5.3(a) shows constant loading until 400 N, at which point a load drop and

crack propagation occur. This is followed by crushing of the sample to higher loads which

is identified by a decrease in the measured stiffness. In Figure 5.3(b), several small load

drops are observed prior to failure; these can be attributed to nucleation of local micro-

cracks which have yet to propagate through the sample to cause failure. Eventually, the

density of micro-cracks is high enough that failure is observed. Figure 5.3(c) demonstrates

a dendritic sample with relatively low porosity showing ideal behavior expected from

dense brittle fracture. In contrast, the response seen in Figure 5.3(d) is representative

of progressive failure associated with the loosely interconnected lamellar walls produced

from dimethyl carbonate. Presumably, the structure is unable to sustain higher loads as

the lamellae walls begin to collapse, and a large load drop is observed when the walls

become fully disconnected. Similarly, Figure 5.3(e) shows the lamellar sample failing

by slipping of the lamellae plates; however it continues to experience crushing following

failure. Unlike Figure 5.2(a), the failure surface of this particular sample is flat, and is

therefore able to sustain higher loads as it crushes. Lastly, Figure 5.3(f) shows that small

load drops attributed to local crack nucleation can also be observed in lamellar samples,

also visible in Figure 5.2(d). Interestingly, this particular sample does not show a fracture

surface representative of lamellae walls slipping, but rather seems to fail by wall bending,

presumably due to the lamellae sheets aligning more parallel to the loading axis.
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(a) Dendritic (87%) (b) Dendritic (64%) (c) Dendritic (46%)

(d) Lamellar (85%) (e) Lamellar (77%) (f) Lamellar (75%)

Figure 5.3. Load-displacement plots for samples with dendritic and lamel-
lar pore morphologies. The morphology and porosity of each sample is
noted below each plot, and a star denotes the load used to calculate the
compressive strength.
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Many of the responses discussed here are observed in a variety of sample types, re-

gardless of pore morphology and porosity. For example, small load drops not associated

with failure are seen in both dendritic and lamellar samples, at high and low porosi-

ties. However, certain behaviors are encountered more frequently based on the sample’s

pore morphology and porosity. Generally, a large load drop reminiscent of dense brittle

materials (Fig. 5.3(c)) is observed with dendritic samples rather than lamellar samples.

Although higher porosity samples can also exhibit behavior reminiscent of dense ceramics,

it is more commonly seen in low porosity samples. Additionally, lamellar samples often

display more gradual and progressive failure prior to a large load drop (Fig. 5.3(d)), as

expected due to the collapse of lamellar walls. Conversely, this behavior is rarely seen in

dendritic samples, with typical crack growth behavior being more prevalent due to the

structure’s well-connected pore walls.

Compressive Strength

Figure 5.4 shows the compressive strength of SiOC samples with dendritic and lamellar

pore morphologies, made using cyclohexane and dimethyl carbonate as solvents, respec-

tively. The effect of changes in the freezing front velocity, from 5 to 15 µm/s, is also

demonstrated with dendritic samples. Results show that structures with a dendritic pore

morphology are significantly stronger than those with a lamellar morphology. However,

highly porous samples (∼90%) show similarly low compressive strength values (∼2 MPa)

for both pore morphologies. Furthermore, while a decrease in the freezing front velocity

created larger pore sizes for dendritic samples, samples made with freezing front velocities

of 5 µm/s did not show any noticeable affect on the compressive strength, as the results
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fall in line with samples made with 15 µm/s. In contrast, several studies on aqueous-based

lamellar structures have correlated larger pore sizes to lower compressive strengths, ex-

plained by failure of the lamellae walls due to buckling.39,122 In the case of these dendritic

structures, it is possible that the change in median pore size from 16.7 to 26.8 µm is not

significant enough to result in a difference, or that the highly-connected dendritic pore

walls result in failure of the structure via compressive crushing, where the strength is

dependent only on the pore fraction and not the pore size.

More specifically, dendritic samples show impressive strengths of up to 100 MPa for

samples with roughly 50% porosity and a bulk density of 1.2 g/cm3. Both freezing front

velocities also produced results with a relatively low amount of dispersion when compared

to fracture behavior normally expected from brittle porous materials. On the other hand,

lamellar samples have a high degree of dispersion, as shown with a rescaled plot in Figure

5.5. The compressive strengths here range from as low as 0.5 to 3.1 MPa. While the trend

is inconclusive for lamellar samples, there is a slightly observable increase in the strength

as the porosity decreases.

This striking difference in compressive strengths between the two pore morphologies

can be attributed to the lack of connectivity between lamellar walls. Whereas the pore

walls in a dendritic structure are highly connected throughout the whole sample (Fig. 3.7),

the lamellae produced from dimethyl carbonate form as loosely stacked platelets (Fig.

3.9). In this configuration, the slip or failure of a few lamellae can easily propagate at

lower loads. Additionally, an increase in the polymer concentration (decrease in porosity)

does not necessarily correlate to a stronger structure since the structural flaws remain, as

the lamellae remain poorly interconnected. Yet, this result does not mean that all porous
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Figure 5.4. Compressive strength results of samples with dendritic and
lamellar pore morphologies, produced with cyclohexane and dimethyl car-
bonate, respectively. Dendritic samples were produced with 5 and 15 µm/s.

Figure 5.5. A rescaled plot of the compressive strength results for lamellar
samples.
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lamellar structures are inherently weak, as aqueous-based lamellar structures which are

more interconnected have shown higher compressive strengths.18,115,116

The compressive strength values obtained from this study can be compared to other

porous structures from literature. Figure 5.6 shows the compressive strength of various

porous ceramics processed via freeze casting as well as foaming, plotted against porosity

and bulk density.18,43,116,123,124 However, this literature comparison should not be seen

as entirely representative of structural differences; independent studies will likely have

differences in processing that may explain differences in the results.

Compared at equivalent porosities, the compressive strength of this study’s dendritic

SiOC lies around the average, where it is significantly stronger than foamed hydroxyap-

atite124 and freeze cast lamellar alumina,43 comparable to freeze cast lamellar hydroxyap-

atite,116 but noticeably weaker than freeze cast dendritic alumina123 and lamellar YSZ.18

However, the data shown here include structures made from hydroxyapatite, alumina,

and yttria-stabilized zirconia, all which are considerably denser than SiOC (Table 5.1).

Consequently, the compressive strength is also plotted against bulk density where the

results can be normalized by weight. Doing so, this study’s dendritic SiOC show superior

performance for situations where weight is a consideration. While the lamellar YSZ can

still yield very high compressive strengths of up to 200 MPa, the dendritic SiOC produced

here can provide equivalent compressive strength values with roughly half the weight.

On the other hand, the lamellar SiOC made from dimethyl carbonate in this study is

weaker than most structures, with the exception of foamed hydroxyapatite. Results do

however fall in line with other freeze cast lamellar structures (filled makers) if extrapolated

to low bulk densities. Nevertheless, a large variation in the strength of lamellar structures
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Figure 5.6. Compressive strength results compared to literature values
plotted against porosity and bulk density.18,43,116,123,124 FC denotes that the
sample was made by directional freeze casting and loaded parallel to the
freezing direction, whereas an asterisk marks the results from this study.



131

Table 5.1. Density of several materials used in literature for compression
tests. The bulk density was calculated based on these densities and the
associated porosity.

Material Density (g/cm3)
Silicon oxycarbide (SiOC) 2.32
Hydroxyapatite (HAP) 3.16

Alumina (Al2O3) 3.95
Yttria-stabilized zirconia (YSZ) 5.80

is seen across multiple studies. Figure 5.7 shows how the structure varies significantly

between the weaker and more loosely interconnected lamellar platelets produced in this

study from dimethyl carbonate, shown in Figure 5.7(a) (black circle, Fig. 5.6) and the

stronger and highly interconnected structure of YSZ in Figure 5.7(b) (teal diamond, Fig.

5.6). Whereas dimethyl carbonate produces plates which look to be stacked adjacently,

water produces bridges which form connections between each lamella. This difference in

structure could be explained with the Jackson-α factor discussed in Section 3.3.4, where

dimethyl carbonate’s faceted plates is associated to its high entropic factor. From these

results, it is evident that minor differences in the structural details can have a considerable

impact on the strength of freeze cast lamellar structures.

Comparison to Theoretical Models

Several models have been developed to describe the porosity dependence of various me-

chanical properties, including compressive strength. For example, Gibson and Ashby

extensively discussed the mechanical response of various types of cellular materials, de-

fined as porous materials where the relative density is less than 0.3; as the relative density
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increased above 0.3, pores often become isolated such that assumptions made regarding

interconnected pore networks were no longer applicable.125 In their study, porous struc-

tures were categorized as either honeycombs, open-cell foams, or closed-cell foams. The

resulting relationship between relative density (or porosity) and compressive strength of

the porous material, is given as:

σo

σfs
= C

(
ρ∗

ρ

)n

(5.2)

where σo is the compressive strength of the porous material, σfs is the flexural strength

of the cell wall material, C is a dimensionless constant, n is the fitting parameter, and

ρ∗ and ρ is the bulk and true density, respectively. For brittle failure in compression,

n was determined to be 1, 3/2, and 2 for axially-loaded honeycombs, open-cell foams,

and closed-cell foams, respectively. However, studies by Gulati and Schneider showed

(a) (b)

Figure 5.7. SEM micrographs of variations in lamellar structure that
could lead to changes in compressive strength: (a) loosely interconnected
lamellar network from dimethyl carbonate (black circle, Fig. 5.6) and (b)
highly interconnected lamellar yttria stabilized zirconia network from water
(teal diamond,18 Fig. 5.6).
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contradictory results, with a dependence of n = 2 for extruded square-cell honeycombs

loaded in the axial direction.126,127

Figure 5.8 shows the compressive strength of dendritic samples from this study com-

pared against expected values from the model, using several n values, and where C =

0.65. A flexural strength of 385 MPa was used based on results from 3-point bending

tests of siloxane-derived SiOC bars by Renlund et al.128 Although a flexural strength of

153 MPa for SiOC fibers was also reported in the same study with smaller errors, and

used to model the compressive strength of SiOC foams in a study by Colombo et al.,129

the value was too small to produce an appropriate fit for this study.

Here, a good fit was observed with n = 2, particularly in the range of low (< 0.3)

relative densities. The fit of n = 2 correlates to a structure representative of closed-cell

foams, as described by Gibson and Ashby, or extruded honeycombs, per Gulati and Schnei-

der. Given their cylindrical and directionally-aligned pores, the dendritic pore structure

produced from freeze casting cyclohexane in this study better resembles a honeycomb

structure than a closed-cell foam. At higher relative densities (> 0.3), the compressive

strengths deviate slightly from n = 2, presumably due to the pores becoming more iso-

lated, as alluded to earlier. Studies by Roy Rice treated porous structures low porosities

according to their minimum solid area (MSA), which yields a 1 - P dependence (where

P is the pore fraction), similar to Equation 5.2; in this case, n = 1 represents the upper

bound of the dependence.127 However, even at high relative densities, results from our

study do not fit this model. Interestingly, the compressive strength of SiOC foams from

Colombo et al. also showed good agreement with n = 2, although with significantly lower

compressive strengths than this study’s dendritic samples at equivalent porosities, roughly



134

Figure 5.8. Compressive strength of dendritic samples compared to ex-
pected values from theoretical models.

10 versus 20 MPa at 75% porosity, respectively.129 In conjunction, these results show that

the difference in pore morphology between a directionally-aligned dendritic structure and

an isotropic foam yields notable differences in the compressive strength, but does not

seem to have an effect on the porosity dependence.

5.3.2. Permeability Tests

Figure 5.9 shows data obtained from permeability measurements of pressure drop across

a sample length L plotted against various water flow rates. Each line represents a single
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sample, with a decreasing slope corresponding to samples with higher porosities and

consequently to those yielding lower pressure drops. While some overlap in permeability

between dendritic samples with high porosity and lamellar samples with low porosity can

be observed, it is already clear from these data, shown for both types of samples in the

same porosity range, that lamellar samples are more permeable to fluid flow. Additionally,

the linear behavior of the samples shown here confirms that the non-Darcian permeability

constant from Equation 5.1 can be neglected. Due to water being used as a fluid, the flow

rate is not sufficiently high to display inertial behavior which would otherwise be present

with gases.

Using the dimensions of each sample and pressure drop data from Figure 5.9, the

permeability constant k1 is calculated according to Equation 5.1 and shown in Figure

5.10. The effect of pore morphology (dendritic and lamellar) and freezing front velocity on

the permeability constant are compared. Results show that lamellar samples yield higher

permeability constants than dendritic samples across all porosities. Comparing samples

produced with the same freezing front velocity of 15 µm/s, dendritic samples with ∼77%

porosity have equivalent permeability constants to lamellar samples with ∼55% porosity.

A decrease in the freezing front velocity to 5 µm/s for dendritic samples expectedly yields

samples in noticeably higher k1 values compared to their 15 µm/s counterpart. This

difference is due to the larger dendrites formed during slower solidification, as shown

earlier in Figure 3.19, where the size of the primary and secondary dendrites increased

by approximately 15 and 10 µm, respectively, an increase of roughly 60% in both cases.

An equivalent 5 µm/s dendritic sample with ∼77% porosity now corresponds to similar

k1 values with ∼65% porosity lamellar samples.
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Figure 5.9. Data obtained from permeability measurements: water flow
rate at various pressure drops for dendritic and lamellar samples.

Figure 5.10. Darcian permeability constants for dendritic and lamellar
samples.
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The lower permeability constants observed with dendritic structures produced from

cyclohexane can be attributed to their branched pore structure, and possibly differences in

the pore size. While the lamellar structure is comprised of two-dimensional pores which

travel from top to bottom with few lateral features that could have an adverse affect

on the fluid flow, cyclohexane’s dendritic structure contains features from the secondary

dendrite arms that are not aligned along the flow direction. With regard to flow rate,

this structural inefficiency effectively increases the tortuosity of dendritic samples and

results in higher pressure drops compared to lamellar samples. Additionally, while the

original intent for using the same freezing front velocity for both solvents was to have the

pore morphology be the main process variable, mercury porosimetry results from Table

4.1 showed that dimethyl carbonate produced a median pore size of 24.6 µm, versus 11.3

µm for cyclohexane. Naturally, this would seem to contribute to a higher permeability

for lamellar samples. However, several factors make the median pore size an unreliable

indicator of permeability. As discussed in Chapter 4, comparing pore sizes across various

types of pore morphologies can be problematic due to differences in the pore geometries.

The elongated lamellar pores are not well-represented by the spherical pore assumption

of the Washburn equation, and the calculated pore size seems to represent the lamellar

spacing without taking into account their length. Moreover, cyclohexane’s median pore

diameter is heavily weighted towards the smaller secondary dendrites while the primary

dendritic pores should be providing most of the flow capabilities. These issues introduce

ambiguity in trying to compare the permeability of different pore morphologies using

identical freezing front velocities. Nevertheless, the solidification conditions had to be

kept comparable, and freezing front velocity was determined to be the more suitable
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processing parameter when compared to a constant cold plate temperature or ramp rate,

as various solvents can have significantly different melting temperatures.

Figure 5.11. Compressive strength and permeability constants of den-
dritic and lamellar samples group according to the polymer concentration
used (similar pore fractions).

Finally, Figure 5.11 shows the combined result of the compressive strengths and per-

meability constants of samples with dendritic and lamellar structures. Each data point

represents a group of samples made from either 10, 20, 30, or 40 wt.% polymer concen-

tration, producing similar porosity values with a standard deviation of roughly 1 to 2

% porosity. Here, the negative correlation is clearly seen between the two properties.

While high compressive strength and permeability constants are often preferred for most

applications, this can be difficult to achieve. Nevertheless, the result suggests that both
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properties could possibly be maximized by either (i) producing a structure with well-

interconnected pore walls such as the dendritic structure, and creating the largest pore

size suitable for the particular application, or (ii) improving the pore wall connectivity of

the flow-conducive lamellar structures to enhance their compressive strengths.

5.4. Conclusions

Compressive strength and water permeability tests were performed on freeze cast sam-

ples with dendritic and lamellar pore morphologies, made from cyclohexane and dimethyl

carbonate, respectively. Results showed that dendritic samples possessed significantly

higher compressive strengths than lamellar samples, and a decrease in freezing front ve-

locity for dendritic samples did not produce any evident change in compressive strength.

The strengths ranged from roughly 1 to 100 MPa for dendritic samples and 1 to 3 MPa

for lamellar samples, with 90 to 50% porosity, respectively. Compared to literature val-

ues, dendritic samples showed comparable strength to other freeze cast structures when

judged against equivalent pore fractions. However, when compared using bulk density,

this study’s SiOC samples showed superior performance. On the other hand, the poor

strength of this study’s lamellar samples was attributed to subtle microstructural differ-

ences, as dimethyl carbonate produced lamellae which were poorly interconnected when

compared with those of aqueous-based samples. Conversely, permeability tests showed

that lamellar samples had higher Darcian permeability constants than dendritic sam-

ples. While a lower freezing front velocity for dendritic samples did not have an affect

on compressive strength, a considerable increase in the permeability constant is seen in
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this case, although not enough to surpass lamellar samples. The disparity in permeabil-

ity constants between the two types of pore morphologies was attributed to structural

inefficiency associated with dendritic samples, as well as differences in pore sizes.
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CHAPTER 6

Nucleation-controlled Freeze Casting for Improved Pore

Alignment

Material in this chapter is reproduced in part from ”Nucleation-controlled freeze cast-

ing of preceramic polymers for uniaxial pores in Si-based ceramics”, M. Naviroj et al.;

Scripta Materialia, 130 (2017): 32-36.

6.1. Introduction

A main advantage that freeze casting provides as a processing technique is its innate

tendency to create directionally-aligned pores based on the thermal gradient applied dur-

ing solidification. This aspect of the technique is highly desirable since applications such

as catalyst supports, filtration membranes, and electrodes require optimized flow and me-

chanical properties along a particular direction. However, the majority of freeze casting

is performed by simply pouring the precursor into a mold resting on the cold surface,

resulting in random nucleation of crystals at the base of the sample.130 Although freeze

cast structures generated in this manner have indeed shown directionality, crystals grow-

ing at oblique angles create defects such as misaligned pores. For example in water-based

systems with lamellar pores, numerous pore domains are present since nucleation of cer-

tain ice crystals produces grains which grow off-axis from the thermal gradient.23 These

defects can reduce the homogeneity and directionality of the pore structure, effectively

compromising its performance.39,115,131
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While many studies on freeze casting have explored the effects of various processing

conditions such as solvent choice, particle size, and freezing front velocity on the pore

structure, only a few studies have considered to control the process of nucleation and grain

formation of solvent crystals. Recently, Bai et al. has shown that lamellar structures can

be aligned by creating dual temperature gradients during solidification.132 Munch et al.

has also demonstrated the use of various patterned surfaces to manipulate the growth of

ice crystals.44 Although these methods have shown improvements in pore alignment, this

study takes a different approach to the nucleation problem.

Here, a classic grain selection process is applied to freeze casting to achieve increased

alignment of dendritic pores. Grain selection is a technique frequently used in metals

processing where single crystal components are required. For example, Ni-superalloy

turbine blades which require creep resistance at high temperatures are often produced

using a spiral grain selector, also known as a pigtail.133,134 In this work, instead of pouring

the precursor directly onto a cold surface, a 3D printed template was placed between the

casting mold and the cold surface to serve as a grain selector. This template decreases the

number of off-axis solvent crystals and effectively increases the alignment of pores. Image

analysis and permeability measurements were employed to quantify the effectiveness of

each template.

6.2. Experimental Methods

6.2.1. Sample Preparation

The freeze casting setup and procedure used in this study were as described in Section

3.2.2. Polymer solutions were prepared by dissolving MK powder in cyclohexane using a
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magnetic stir bar. The cross-linking agent Geniosil GF 91 was then added at a concen-

tration of 1 wt.% of the solution. Polymer solutions were degassed in a vacuum chamber

prior to freezing to remove air bubbles that may generate unwanted pores during freez-

ing. All samples freeze cast in this study were prepared with 20 wt.% of polysiloxane in

cyclohexane and a freezing front velocity of 5 µm/s, resulting in porosities of roughly 75

vol.% after pyrolysis. Samples were pyrolyzed in Ar at 1100 ◦C for 4 hours, using a ramp

rate of 2 ◦C/min.

6.2.2. Grain-selection Templates

To improve the pore alignment, grain selection templates were printed using stereolithog-

raphy (Autodesk Ember, San Rafael, CA, USA). Figure 6.1 shows an example of a CAD

drawing used to print a template. Each of the templates contained a hollow column

located in the center acting as the grain selector. A total of three different templates

with varying heights, hole diameters, and aspect ratios were used in this study, and their

dimensions are listed in Table 6.1. Template 1 is the shortest at 5 mm, Template 2

has an increased height of 10 mm, but with the same hole diameter as Template 1, and

Template 3 has the height of Template 2 but with a reduced diameter of 0.5 mm. The

templates were designed as open sandwich structures so that air could be used to create

sufficient thermal insulation between the top and bottom surfaces, such that nucleation is

prevented from occurring anywhere besides the bottom of the designated column. Con-

sequently, this insulation also caused thermal conduction to be limited to just the 0.5 or

1.5 mm diameter column, severely limiting the cooling capacity, and hence a relatively
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low freezing front velocity of 5 µm/s was used. In addition to the templated samples, a

control sample freeze cast directly on the cold surface was also analyzed for comparison.

Table 6.1. Dimension of the various grain-selection templates used.

Template height Hole diameter Aspect ratio
(mm) (mm)

Template 1 5.0 1.5 3.33
Template 2 10.0 1.5 6.67
Template 3 10.0 0.5 20

Figure 6.1. Representative CAD drawing of a 3D-printed template used
for grain selection. The open structure provides additional insulation be-
tween the top and bottom plates to prevent unwanted nucleation.

6.2.3. Pore Alignment Analysis

Low magnification images used to determine the degree of pore alignment for each sample

were obtained by stitching six SEM micrographs together. An image processing software

was then used to segment each pore domain and color-code them according to one of the

three following classifications - pore domains aligned parallel to the freezing axis, pore

domains off-axis to the freezing axis, or domain boundaries. The number of pixels within

each segmented domain was recorded and normalized with the pixel count of the total

image to obtain the percent area occupied by each domain.
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Water permeability measurements were also performed on each sample according to

the experimental setup and procedure described in Chapter 5. Similar to previous tests,

the Darcian permeability constant was calculated according to Equation 5.1 and the

non-Darcian permeability constant was excluded due to low flow rates and linear flow

behavior.

6.3. Results and Discussions

6.3.1. Improved Pore Alignment via Grain-selection Templates

Effect of Grain-selection Templates on Dendritic Pore Structures

Figure 6.2 shows the transverse view of a typical dendritic pore structure obtained from

conventional freeze casting with cyclohexane as a solvent. First, Figure 6.2(a) shows

a group, or domain, of primary dendrites which are aligned parallel to the temperature

gradient applied during freeze casting. However, a lower magnification image (Fig. 6.2(b))

shows a more representative structure of the freeze cast samples on a larger scale. While

many pores align upward according to the temperature gradient (area 1), there are also

pore domains which grow off-axis (area 2), and boundaries between each domain (area

3).

Figure 6.3 shows the evolution of the pore structure with respect to the different tem-

plates used. The extremely low magnification images are used to ensure that each image

is representative of the whole sample and not biased toward a small and specific area.

While this might present a challenge to identify individual pores, pores that are directly

aligned with the freezing axis can be detected as dark spots. Figure 6.3(a) shows that

the control sample cast without a template contains very few areas with pores which
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(a) High magnification (b) Low magnification

Figure 6.2. Representative SEM micrographs of the dendritic pore struc-
ture from cyclohexane with (a) high magnification image showing a single
domain, and (b) low magnification image showing a less uniform microstruc-
ture consisting of areas that can be classified as aligned porosity (area 1),
off-axis porosity (area 2), and domain boundaries (area 3).

are aligned directly parallel with the temperature gradient. The majority of the area

is composed of pore domains which are aligned slightly off-axis, and therefore are diffi-

cult to see when looking at a direct transverse cross-section. Since so many cyclohexane

crystals have been allowed to nucleate on the cold surface, this degree of misalignment

is understandable. However, Figure 6.3(b) shows that once Template 1 is used and a

grain selection process occurs, nuclei are forced to grow in a very constrained area and

a significant improvement in alignment is observed. The sample now contains numerous

large domains with pores highly aligned to the freezing direction. Figure 6.3(c) shows

that alignment improves further when Template 2 is used and the column height is in-

creased from 5 mm to 10 mm. In this case, the increased height allows for more off-axis

cyclohexane crystals to be eliminated throughout the course of the template, resulting in

even larger and more aligned pores. Domains with aligned pores span several millimeters

and cover most of the sample, leaving only a few off-axis domains. Lastly, the improving
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Figure 6.3. Low magnification SEM images of pore structures from (a)
the control sample, (b) Template 1, (c) Template 2, and (d) Template 3.
Scale bar = 1 mm.
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trend continues in Figure 6.3(d) when the diameter of the column is reduced to 0.5 mm

with Template 3. Here, we produce a sample with no distinguishable solvent crystals that

have grown off-axis, resulting in fully aligned pores along the temperature gradient. The

reduced diameter of the column proves to effectively decrease the number of nucleation

sites, enhancing the grain selection process along the height of the column. However,

despite this highly ordered pore structure, the cyclohexane did not seem to grow as a

single crystal and boundaries are still present, producing the various pore domains seen

in Figure 6.3(d). These are low-angle boundaries or neighboring cyclohexane crystals that

are rotated with respect to one another.

Higher magnification micrographs of certain areas from Figure 6.3 are shown in Fig-

ure 6.4, such that the various features become more distinguishable. Figure 6.4(a) shows

an area where the dendrite domain is fully aligned along the temperature gradient. In-

terestingly, certain regions of templated samples, such as the one shown here, contain

dendrites domains which are closely packed and appear to be more cellular than those

seen from conventional freeze casting (Fig. 6.2(a)). It is possible the use of a grain selec-

tion template results in larger dendritic crystals being grown, affecting their arrangement

and consequently their shape. The left area of Figure 6.4(b) shows an area of dendrites

aligned parallel to the thermal gradient, which meets with a different domain from the

right side consisting of off-axis dendrites. Lastly, Figure 6.4(c) shows two large on-axis do-

mains separated by a domain boundary. These are the domains alluded to in the previous

paragraphs that could be generated due to low-angle boundaries or rotated crystals.

The increase in pore alignment from Figure 6.3(a) to Figure 6.3(d) may give an im-

pression that the pore fraction has increased incrementally from one template to another,
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(a)

(b)

(c)

Figure 6.4. Higher magnification micrographs of certain areas of samples
freeze cast with a grain-section template. (a) A domain aligned parallel to
the thermal gradient, (b) on- and off-axis domains adjacent to each other,
(c) a domain boundary between two on-axis domains.
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however, this is not the case. As mentioned earlier, all samples were produced with the

same polymer concentration, and therefore, have similar porosities. This illusion is simply

a product of the pores being increasingly visible in the transverse cross-section as they

become more aligned to the temperature gradient, with Figure 6.4(b) providing a good

example of this scenario.

It is also noteworthy to mention that an additional sample was made with a template

where no air insulation between the top and bottom surfaces was incorporated. The

template is merely a solid polymeric block 10 mm tall, with a hollow column of 1.5 mm in

diameter at the center. The resulting pore structure was largely identical to the control

sample (Fig. 6.3(a)) with mostly off-axis pore domains. Presumably, heat was conducted

through the entire surface of the template rather than just the column, allowing nucleation

to occur throughout the base of the sample as it did with the control scenario. This proves

that a sufficient amount of insulation is required between the base of the sample and the

cold plate in order to confine nucleation exclusively to the column area. While acrylate

polymers like the one used in this study are generally good insulators, their thermal

conductivity is still roughly an order of magnitude greater than that of air.135

Quantifying Pore Alignment

Image analysis was used to quantify the amount of change in pore alignment attributed to

each template. Each image from Figure 6.3 is segmented into the three separate types of

domains highlighted in Figure 6.4(c); (i) domains parallel to the freezing axis, (ii) domains

off-axis to the freezing axis, and (iii) domain boundaries. Figure 6.5 shows each type of

domain color-coded as green, purple, and orange, respectively. Here, the evolution of the
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microstructure through the different templates becomes more evident as the percentage of

off-axis domains (purple) gradually decrease and are replaced with aligned pores (green).

While most domains are distinguishable and contain boundaries between them, certain

areas contain crystals rotated by low angles that barely show any boundary and can be

difficult to discern.

The total percent area occupied by each type of domain is listed in Table 6.2. A

significant increase in pore alignment from the control sample is clearly observed as grain

selection templates are used, and the effectiveness increases in conjunction with the aspect

ratio of the each template. The largest increase in percent of on-axis area (from 13.9 to

92.6%) and decrease in off-axis area (from 65.7 to 0%) comes from the transition between

the control sample to that of Template 3. However, the largest incremental increase from

one condition to the next comes from the control sample to Template 1. In this case,

the percent of on-axis area increased from 13.9 to 58.6% and the off-axis area decreased

from 65.7 to 25.2%. This result shows that the use of a grain selection template is very

effective even if the template does not have the ideal dimensions. Moreover, a gradual

decrease in percent area occupied by boundaries is observed as the effectiveness of the

template increases. This is possibly indicative of a decrease in the number of solvent

crystals nucleated, consequently producing fewer domain boundaries.

As a complementary test of pore alignment, permeability measurements were per-

formed on samples made from each condition using deionized water as the flowing fluid.

Figure 6.6 shows the measured values for samples from this study (black diamond), plotted

with the results from Chapter 5, where the diamond marker with the lowest permeability
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Figure 6.5. Segmented and colored SEM images (from Fig. 6.3) of pore
structures from (a) the control sample, (b) Template 1, (c) Template 2,
and (d) Template 3. Each color represents particular features in the pore
structure; pores parallel to the freezing axis (green), off-axis pores (purple),
and domain boundaries (orange). Scale bar = 1 mm.
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Table 6.2. Percent area occupied by each type of pore domain for each
template used, compared with a control sample. Area calculations are based
on the segmented areas shown in Fig. 6.5.

Percent area parallel Percent area off-axis Percent area of
to freezing direction to freezing direction boundaries

Control 13.9 65.7 20.4
Template 1 58.6 25.2 16.2
Template 2 79.8 9.3 10.9
Template 3 92.6 0 7.4

Figure 6.6. Permeability measurement results of samples freeze cast with
grain-selection templates, plotted with various conventionally freeze cast
dendritic and lamellar samples from Figure 5.10. Black diamond markers
corresponds to samples from this study, with the lowest permeability repre-
senting the control sample and samples from Template 1, 2, and 3 yielding
progressively higher permeability constants.



154

constant represents the control sample, and samples from Templates 1, 2, and 3 corre-

sponds to progressively higher permeability constants. This shows that the flow properties

behave as expected in concert with results from image analysis: increased pore alignment

proves to increase water permeability. As all these samples were made with a freezing

front velocity of 5 µm/s, results from the control sample expectedly fall in line with the

previous study. The change in flow behavior from the control sample (k1 = 3.4 x 10-12

m2) to the Template 3 sample (k1 = 2.1 x 10-11 m2) is also significant - a more than

six-fold increase. Notably, Template 3 produced a dendritic structure which yielded a

higher permeability constant than the highly permeable lamellar samples from Chapter

5.

6.4. Conclusions

This study showed that the use of grain selection templates allows for greater control

over the nucleation process in freeze casting, consequently improving pore alignment along

the freezing axis. Three different types of 3D-printed templates with varying heights

and column diameters were used and compared with a conventionally freeze cast control

sample. Templates with higher aspect ratio holes (from 3.33:1 to 20:1) proved to be more

effective in eliminating off-axis crystal growth and significantly improved the directionality

of the pores. Image analysis was used to quantify the changes in the pore structures and

results showed that the percent of pore domains aligned parallel to the freezing axis

increased from 14 to 93%. Additionally, results from water permeability measurements

show substantial improvements in flow properties as pore domains become more aligned.

These improvements in pore alignment due to the use of grain selection templates show
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that controlling solvent crystal nucleation is crucial in freeze casting and should be taken

into more consideration when trying to produce anisotropic and directionally-aligned pore

structures.
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CHAPTER 7

Summary, Conclusions, and Future Work

7.1. Summary and Conclusions

Solution-based freeze casting of preceramic polymers was demonstrated to be a promis-

ing technique for producing directionally porous ceramics. A broad scope of the technique

was covered, beginning from the processing details and sample fabrication, to the control

and characterization of various freeze cast pore structure, and finally to the evaluation of

various structures’ functional performances.

A commercially available polymethylsiloxane preceramic polymer was freeze cast with

seven different organic solvents to obtain porous silicon oxycarbide (SiOC) with isotropic,

dendritic, prismatic, and lamellar pore morphologies. SiOC ceramics with open porosities

of roughly 50 to 95% were produced, corresponding to bulk densities of 1.2 to 0.1 g/cm3,

respectively. By controlling processing parameters such as the solvent choice, freezing

front velocity, and polymer concentration, the pore structure of freeze cast samples can

be carefully manipulated. For the conditions used in this study, solvent choice was shown

to dictate the pore morphology produced. The Jackson α-factor of each solvent, along

with optical micrographs of solidifying polymer solutions, were used to explain the various

pore structures produced. Changes in the freezing front velocity showed that pore size can

be carefully controlled, while polymer concentration influenced pore size and connectivity,
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but naturally also affected the porosity. The effects of these changes in the pore struc-

ture are strongly dictated by fundamental solidification principles and can be explained

through concepts such as the freezing front instability and the interfacial anisotropy of

each solvent.

Freeze casting with preceramic polymers necessitated adjustments from conventional

suspension-based freeze casting, including polymer-solvent dissolution and cross-linking

of the preceramic polymer. The solution-based system however introduces new capa-

bilities and benefits to the technique, proving to be a more facile processing method

and also enabling direct observation of the freezing front. Moreover, the absence of sus-

pended particles in solution-based systems was shown to affect the pore morphologies

produced. Dendritic structures produced from cyclohexane and dioxane as solvents were

significantly more well-defined and directional in solution-based samples due to the lack of

noise ahead of the freezing front caused by small particles. Lamellar structures produced

from dimethyl carbonate did not show any discernible change, possibly due to the faceted

growth interface being more stable.

The properties of various pore structures generated from freeze casting were then com-

pared by calculating their specific surface area, compressive strength, and permeability

constant. Geometric specific surface area results obtained from X-ray computed tomogra-

phy data showed that samples which contained pore morphologies with rougher features

(e.g. dendrites) produced higher surface areas than smooth and faceted morphologies (e.g.

prismatic and lamellar). Additionally, compression tests showed that cyclohexane-based

dendritic structures were significantly stronger than dimethyl carbonate-based lamellar
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structures, presumably due to differences in the connectivity of the pore walls. The com-

pressive strength of dendritic samples ranged from roughly 1 to 100 MPa, with 90 to 50%

open porosity, respectively. In comparison, lamellar structures had compressive strengths

of only 1 to 3 MPa. However, lamellar structures were significantly more permeable

to fluid flow due to their two-dimensional structure. An exception existed, as dendritic

samples which were freeze cast with grain-selection templates, introduced as a method

to increase the pore alignment, yielded highly aligned dendritic pores which resulted in

improved permeability properties. Grain-selection templates were shown to successfully

reduce the number of solvent crystals and improve the pore alignment, where the percent

area of pores parallel to the freezing direction increased from 13.9% in the control sample

to 92.6% in the sample freeze cast with the most effective grain-selection template.

7.2. Suggestions for Future Work

7.2.1. Incorporating Hierarchical Porosity

A limitation freeze casting faces as a processing technique is its inability to produce multi-

ple types of pores within a single sample. Moreover, pores generated through this method

are limited to sizes ranging from roughly 5 to 200 µm, frequently aimed at providing

functions such as fluid flow. In order to increase the utility of freeze cast materials, fea-

tures spanning multiple length scales are desired. These type of materials are also known

as hierarchically porous structures, often possessing nanometer-sized features which con-

tribute to additional functionality. A review by Sun et al. covers the motivation for

creating hierarchically porous structures and discusses their potential applications; nu-

merous processing techniques for incorporating these features are also introduced.136
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Some preliminary studies have been performed in this work to increase the surface

area of freeze cast structures, exploring methods such as partial pyrolysis of preceramic

polymers and nanowire growth on pore walls. Partial pyrolysis is a technique explored

by Wilhelm et al. where the innate characteristics of preceramic polymers can be used

to create nanometer-sized pores.137 In this technique, preceramic polymers are pyrolyzed

to a relatively low temperature, where pores are created from escaping volatile gases.

Higher temperatures must be avoided as it initiates densification which eliminates the

pores. Since these structures are not fully converted into a ceramic, they are fittingly

coined as ceramers. Figure 7.1 shows BET gas adsorption results obtained from our

study’s cyclohexane-based freeze cast samples, pyrolyzed to various temperatures. The

ceramer sample pyrolyzed to 600 ◦C yielded a high specific surface area of 600 m2/g,

indicating the presence of nanometer-sized pores. Samples pyrolyzed to 1100 ◦C and

1400 ◦C resulted in a densified ceramic with low specific surface areas (12 and 20 m2/g,

respectively) representative of macropores. While this method may seem effective, the

sample pyrolyzed to 600 ◦C was extremely fragile and effectively unusable. For these

samples, dibutyltin dilaurate was used as the cross-linking agent, and a simple pyrolysis

step of 5 ◦C/min up to 600 ◦C for 4 hours was employed. Future studies could explore

changes in the processing conditions in which a robust hierarchically porous structure

can be created via partial pyrolysis. Nevertheless, the fact that these structures cannot

operate at higher temperatures may be a concern for certain applications.

Additionally, we have achieved growth of nanowires within the freeze-cast SiOC by

applying a similar procedure to the one explored by Colombo et al. for foam structures.88

To create SiC nanowire-decorated freeze-cast SiOC, cobalt-based catalysts were mixed
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Figure 7.1. Nitrogen adsorption curves used to calculate the BET surface
area of MK preceramic polymer pyrolyzed at various temperatures. The
partially pyrolyzed sample showed a high specific surface area attributed to
micropores generated from gaseous species escaping.

into cyclohexane-MK powder solutions, after which conventional freeze casting and freeze

drying methods were used. The polymeric structure was then pyrolyzed in an argon

atmosphere and held at a higher temperature of 1400 ◦C for 4 hours to initiate nanowire

growth. Figure 7.2(a) shows a sample where nanowires are seen growing from the walls

and extending into dendritic pores, created by incorporating CoCl2 as a catalyst; CoCl2

did not dissolve in cyclohexane and ball milling was required to disperse the particles.

In contrast, Figure 7.2(b) shows a cluster of nanowires in a sample made with cobalt
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acetylacetonate, where the catalyst was fully dissolved by cyclohexane and a homogenous

purple solution was obtained prior to freeze casting.

(a) (b)

Figure 7.2. SEM micrographs of nanowires grown in freeze-cast dendritic
structures, creating hierarchically porous materials.

Nevertheless, both types of catalysts yielded samples with inhomogeneous nanowire

growth and damaged pore walls. While nanowires were observed in certain areas of the

sample, other areas contained whiskers larger than several microns, or simply bare walls.

This inconsistency was attributed to poor gas flow within the sample during pyrolysis

which resulted in an uneven distribution of the reactants required for nanowire growth.

Moreover, the growth of these nanowires is accompanied by carbothermal reduction of the

SiOC, damaging the pore walls and compromising the mechanical integrity. Future studies

should address these issues to create a more homogeneous and defect-free sample. The

effect of nanowires on the specific surface area can also be investigated via gas adsorption

techniques. Additionally, mechanical tests can be performed to determine if the strength

can be maintained, or possibly increased, compared to results from Chapter 5.
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Other possible techniques to incorporate hierarchical porosity to freeze cast structures

include taking advantage of processes such as gelation or phase separation. For example,

mesoporous colloidal structures can be created via a gelation and supercritical drying

process, similar to the production of aerogels. With this method, Zera et al. used poly-

carbosilane as a preceramic polymer to create ceramics with a specific surface area of 444

m2/g and a compressive strength of 1.6 MPa.138 However, innovative processing techniques

would have to be implemented to integrate freeze casting with this technique. In particu-

lar, a two-component system might be created where one component would independently

undergo solidification while the other gels. Additionally, the effects of supercritical drying,

as opposed to conventional freeze drying, on the freeze cast pore structure should also be

investigated. A similar technique was employed by Samitsu et al., creating mesoporosity

via flash freezing and cold crystallization in polymeric systems.41 A concern for using this

method with preceramic polymers is the possibility of the mesopores being eliminated

during pyrolysis as densification occurs, similar to what happens with partial pyrolysis.

Future studies should integrate this technique with preceramic polymer freeze casting and

determine if the mesopores can be retained. Lastly, a secondary polymer such as PDMS

could be incorporated into the preceramic polymer solution to act as another sacrificial

phase in addition to the ice crystals. During freeze casting, the PDMS should be exsolved

by the ice crystals and distributed throughout the preceramic polymer, where it can be

removed upon pyrolysis to create mesopores within the pore walls.
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7.2.2. Improved Solidification Control

Various sections of this work have alluded to the limited control of solidification param-

eters possible in most freeze casting studies. Despite freeze-cast pore structures being

heavily dependent on the solidification conditions, there is a shortage of setups which

can independently control the temperature gradient across the solid-liquid interface and

the freezing velocity. Current setups rely solely on thermal conductivity across the thick-

ness of the solidified sample to determine the solidification conditions at the interface.

Variations of the Czochralski, Bridgman, or Stockbarger processes used in single crystal

semiconductor processing could be implemented to solve this issue by providing inde-

pendent control of the two solidification parameters. However, these methods introduce

radial temperature gradients which may affect the directionality of the freeze cast struc-

tures. While a simpler setup with thermoelectric devices placed on the top as well as the

bottom of the casting mold enables improved control, the two processing variables remain

indirectly controlled.

Better control of the solidification conditions will not only improve pore size control,

but could also enable transitions in the solidification microstructure currently unachiev-

able during freeze casting. For example, while cyclohexane is currently used to produce

dendritic pores in solution-based systems, a transition to cellular growth can be achieved

with a higher temperature gradient across the solid-liquid interface. This not only al-

lows for a single solvent to create various pore morphologies, but could also allow for

microstructural gradients to be created, where a unimodal cellular structure is generated

in one half of the sample and a bimodal or trimodal dendritic structure in the other.
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The use of preceramic polymers can also improve control over the solidification process

by introducing viscosity as another processing parameter. While the effect of viscosity

on freeze-cast pore networks has been investigated in aqueous-based suspensions, it has

been achieved through the addition of compounds such as polyethylene glycol.122 The

addition of these compounds can introduce ambiguity to the root cause of the changes

in the structure. In contrast, the viscosity, and consequently the diffusion coefficient,

of polymer solutions can be manipulated by controlling the degree of cross-linking and

molecular weight of the polymer simply via thermal curing.

7.2.3. Alternative Precursors

While this study has selected to use polysiloxanes as the model preceramic polymer due

to their chemical stability and commercial availability, other types of preceramic poly-

mers should also be explored as precursors to freeze-cast ceramics. In addition to the

polysiloxane used here, Yoon et al. showed that a solid polycarbosilane preceramic poly-

mer can be freeze cast with camphene and cross-linked thermally, without the addition of

a cross-linking agent, to obtain SiC with dendritic pores.97,139 Nevertheless, future stud-

ies should investigate the effects of using different types of preceramic polymers under

identical processing conditions to provide new insights to the technique. Doing so will

help determine whether various aspects of the processing technique can be seamlessly

transferred to new material systems, or whether certain polymer characteristics affects

the processing requirements. The effects of changes in the type of polymer on the pore

size or pore morphology can also be investigated. Moreover, a wider variety of phase

compositions can be chosen to suit particular applications.
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7.2.4. Infiltration of Porous Structures

In addition to the usual functions pores provide, they can also be infiltrated with a second

phase to create composite materials. Lamellar pore structures obtained from freeze casting

are often compared to nacre, holding promises as use for tough, bio-inspired materials.140

For example, Munch et al. showed that freeze-cast lamellar structures infiltrated with

PMMA can yield a material with high strength and toughness attributable to the unique

layered structure providing crack deflection.141 As numerous other pore morphologies

have been generated from freeze casting, a new study could investigate the mechanical

properties and fracture behavior of composites made with prismatic, cellular, or dendritic

structures and determine if interesting toughening mechanisms emerge.
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