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Chapter I

General Introduction

1.1 Introductory Remarks

Porous materials are defined as solids containing pores inside of materials. Porous
materials have specific properties such as high surface area, high permeability,
lightweight, and low thermal conductivity. Due to these characteristics, a wide range of
applications such as catalyst supports,’ membranes?, filters,” bioscaffolds,*” porous
electrodes,® lightweight materials,” and insulators'® have been researched and developed.
As described below, pore can be classified by pore size and interconnectivity.

Size: The International Union of Pure and Applied Chemistry (IUPAC) categorizes
pores by their pore diameter: micropore (pore diameter < 2 nm), mesopore (2 nm <
pore diameter < 50 nm), and macropore (50 nm < pore diameter)

Connectivity: open pores are connected to the outside of the material, and closed
pores are isolated from the outside

For the application of porous materials, it is necessary to manipulate several
important factors such as composition, pore size, connectivity, pore size distribution,
specific surface area, permeability, and mechanical strength.'' For examples, pore size
must be controlled for the proper usage as membrane, filter, and bioscaffold. For the
applications which require high permeability such as adsorbent and catalyst, porous
structures which has open pores and high specific surface area have to be prepared. On
the opposite of these applications, closed pore is preferred for thermal insulator. The

preparation methods of porous polymeric materials and ceramic materials are discussed



in the next sections.

1.2. Methods for Preparation of Porous Polymeric Materials

Several techniques have been developed to fabricate polymeric porous structures:
porogen leaching,'” microbead patterning,”” phase separation,'*'" drying of polymer
blend solution,'® gas foaming,'” 3D printing,'® and freeze/freeze-drying.>"*' In this
section, the representative methods to prepare porous polymeric materials are

introduced.

1.2.1. Foaming

Foaming is the most commonly used method to prepare polymeric porous
materials. In the early stage of development, polymer foam was fabricated using
vaporization of low boiling organic chemicals such as pentane and
hydrochlorofluorocarbons (HCFCs)* that could be dissolved in polymer.® Then,
foaming process using chemical foaming agent (CFA) was developed. The CFA is a
thermally unstable component, which is added to the polymer. Upon heating the CFA
decomposes into gaseous components, resulting in the desired foam'’. Polyurethane
(PUR) foam is the representative polymeric foam that was fabricated using a gaseous
CFA formed by the reaction of two polymeric components.** Due to the environmental
problem that was caused by HCFCs, environment friendly foaming process which was
using gases, mainly carbon dioxide, as physical foaming agent (PFA) was developed.
The foaming process using CO; as PFA is based on the solubility of CO; in polymers

and the decrease of glass transition temperature (T,) of polymer with the increase of



impregnated CO; by pressurization. After dissolving CO,, foaming can be performed by
the increase of temperature or the decrease of pressure. Polymeric foams can be
classified in terms of pore size: macrocellular foams (typical cell sizes of 50 um or
larger) and microcellular foams (MCFs, a typical cell size of 10-100 um and cell
densities ranging from 10® to 10" cells/cm®). MCFs was firstly developed by Suh et al.
2326 i the 1980s, to save materials while maintaining mechanical strength. Recently,
Foaming of polymer blend was researched to control pore morphology of polymeric
foam.'”?” Nanoassembled block copolymer was also foamed to prepare well aligned
porous film using the difference of CO, solubility and glass transition temperature of

polymers.28

1.2.2 Phase Separation

Phase separation of a polymer solution is one of the useful methods to create and
control polymer morphology. There are several methods to induce phase separation such

14,29-32

as thermally induced phase separation (TIPS), solvent induced phase separation

(SIPS),'***** and nonsolvent induced phase separation (NIPS).*>"

These phase
separation methods utilize solubility difference as a driving force for morphology
development. General phase diagrams of polymer-solvent binary system and
polymer-polymer-solvent ternary system are shown in Figure 1.1.

TIPS process utilizes the difference in solubility of polymer in solution by
temperature. If polymer is added to a solvent that shows upper critical solution
temperature (UCST), homogeneous polymer solution can be prepared at high

temperature. Then, phase separation can be induced by decreasing solution temperature.

After phase separation, phase separated solvent is removed by drying or rinse with other



solvent to create pore in polymer. As an alternative method to induce phase separation,
solvent induced phase separation (SIPS) has been proposed. SIPS process utilizes the
solubility change of polymer solution by the addition of poor solvent. Generally,
Polymer is dissolved in a good solvent for used polymer. After casting of the solution, it
is immersed into a poor solvent. This process causes the change of solvent composition
by diffusion and finally the precipitation of polymer rich phase. One of the main
differences of SIPS with TIPS is that asymmetric porous structure can be prepared by
SIPS due to the penetration of a poor solvent in one direction. This method has been
used for preparation of asymmetric membrane since Loeb et al.” developed it in early
1960’s. Moreover, nonsolvent induced phase separation (NIPS) has been also used to
prepare porous structure that is composed of immiscible polymer blend. NIPS process
utilizes solubility of good solvent for two immiscible polymers. If homogeneous
solution of immiscible polymer blend is dried by the evaporation of solvent, phase
separation of polymer that has relatively low solubility for the used solvent occurs. This
remains phase separated porous morphology of polymer blend. One polymer, which has
selective solubility in that polymer, also can be leached out using solvent. Kim et al.'®

prepared a unique highly ordered microporous film wusing this method with

PS/PEG/Solvent systems.



Figure 1.1. A schematic phase diagram of a polymer solution. (a) binary phase and (b)

ternary phase.
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1.2.3 Leaching

Porous polymeric materials can be also prepared by porogen leaching technology,
which was originally developed to prepare porous membrane. In this method, polymer
is dissolved in a highly volatile solvent and porogen is added to the solution. Porogens
are size controlled insoluble materials (mainly water soluble inorganic salts such as
sodium chloride, ammonium carbonate, and sugar) in organic solvent. Then, it can be
solidified by solvent casting. After solidification of the polymer-porogen mixture,
porous polymeric structure can be prepared by leaching porogen with water or rinse
solvent. Recently, template leaching technology, known as solvent casting and
particulate leaching (SCPL), was adopted to prepare polymeric bioscaffold by Mikos et
al >°. They prepared three-dimensional biodegradable foams by laminating porous
poly(L-lactic acid) and copolymers of poly(DL-lactic-co-glycolic acid). One of the main
advantages of this method is that the pore size and morphology can be controlled by the

size, size distribution, and added amount of porogen.*’

1.2.4 Other Techniques

Many other methods to prepare polymeric porous materials have been investigated
over the past decades. Membranes for ultrafiltration and microfiltration were mainly
prepared using stretching of semicrystalline polymers such as PP or PTFE.*' Pores from
20 nm to 200 nm can be prepared by separation of lamella crystalline of polymer using
this method. Nuclear track etching method was also developed to prepare microfiltration
membrane. Moreover, vapor breathing technology was developed to prepare polymer

films with regular arrays of submicron to micron-sized pores.*” This method utilized



condensing of water vapor on the casted polymer solution and honeycomb like

arrangement of condensed water on polymer solution.

1.3. Methods for Preparation of Porous Ceramic Materials

Techniques of preparing porous ceramic materials have been investigated
intensively because of their high potential usage. Typical processing methods including
replica technique, sacrificial template technique, and direct foaming are introduced in

this section.

1.3.1. Replica Technique

Most of porous ceramic materials are currently fabricated using a replica
technique, which produces the so-called reticulated ceramics. Reticulated ceramics are
open cellular materials consisting of interconnected voids surrounded by a web of
ceramic ligaments *. General replication procedure is as follows:

1) An open cellular structure (synthetic porous structure or natural porous structure)
is soaked into ceramic suspension or preceramic polymer.

2) Excess ceramic suspension or preceramic polymer is removed by passing through
roller.

3) The coated cellular structure is dried.

4) The cellular structure is removed by burning at appropriate temperature.

5) The remained cellular ceramic structure is calcined at high temperature.

Through described procedure, a cellular ceramic which has the same morphology

as the original porous material can be fabricated. Only open cellular ceramic structure



can be produced using this technique due to the usage of open cellular template. The
replica technique was firstly developed by Schwartzwalder and Somers™ for the
production of macroporous ceramics using polymeric sponges as replication material.
Recently Byrne et al.* reported the use of wood as a cellular structure to produce
porous silicon carbide structure. They prepared carbonized wood monolith by controlled
thermal decomposition of wood. Then, the carbonized structure was converted to silicon
carbide structure using liquid infiltration/reaction process or sol-gel infiltration/reaction

process.

1.3.2. Sacrificial Template Technique

Basic concept of sacrificial template technique is the same as the leaching method
for preparing of polymeric porous materials described previously in the section 1.2.3.
The difference of this method from the replica technique is that a negative replica of
original sacrificial template can be obtained. Many materials have been used for
sacrificial template such as polymer beads,* polymeric gels,*” solvent crystals,” and
salts”. Using proper template, pore size can be controlled from several nanometers to
millimeters. The biphasic composite of ceramic and template material can be prepared

using several methods such as dip coating and drying,” freezing,® sol-gel synthesis,’’

#92 etc. Then, sacrificial template has to be removed using proper

and infiltration,
method such as pyrolysis, evaporation, sublimation, and chemical leaching. Due to the

high thermal resistance of ceramics, removal of template using thermal treatment is

possible.



1.3.3. Direct Foaming

Direct foaming method offers an easy, cheap, and fast way of preparing
macroporous ceramics. In this method, porous structure is prepared by the dispersion of
gas bubbles in the liquid slurry of ceramic powders or inside a ceramic precursor
solution. Both close and open porous ceramics can be prepared using this method by

controlling coalescence time of bubbles.”

This method can be classified by gas
generation method: 1) addition of external gas and 2) in situ generation of gas.”
External gas was added using injection method or mechanical frothing.>* For the in situ
gas generation, several methods such as chemical blowing agent’ (gas can be
developed in situ by chemical reactions or thermal decomposition) and physical

blowing agent™®’

(a volatile liquid such as Freon and dichloromethane) were reported.
The prepared foam morphology has to be stabilized by addition of surfactant, protein, or
solid particles with tailored surface because the porous structure can be easily collapsed
due to the inherent instability.”® After preparation of bubbles, it must be solidified in

order to maintain its porous morphology. Up to now several methods such as gelation®®

and thermosetting”’ have been developed to stabilize the prepared morphology.

1.3.4. Other Techniques

Porous ceramic structure can be also fabricated using other techniques such as
extrusion, fused deposition or prototyping, random alignment of fiber, and direct
sintering of ceramic powder. Various shapes of honeycomb structured ceramics have
been prepared using paste extrusion of ceramic powders> . Several researchers reported

preparation of well designed three-dimensional structure using fused deposition or



robotic rapid prototyping technique.®® Mat of ceramic fiber can be also prepared using
random alignment of ceramic fibers.®' Direct sintering of ceramic powder® is one of the

simple methods to prepare porous ceramic structures.

1.4. Preparation of Porous Materials using Unidirectional

Freezing

Unidirectional freezing is an easy and cost effective technique for preparing
porous materials. Regularly aligned crystals of water or organic solvent can be prepared
by unidirectional freezing. Then, crystals can be removed by thawing® or direct
sublimation® at low temperature and in vacuo to prepare aligned pores. A porous

63-65 66 - -
or fibers™ can be prepared using this

structure which has aligned pore channels
technique. The pore morphology prepared by unidirectional freezing absolutely depends
on the crystal morphology. Up to now, formations of lamellar, rods, cells, and dendrites
type crystal were reported. However, terms of prepared porous structures were not yet
clearly defined. For example, porous structure prepared by templating dendrite crystal
was described as fish bone structure or ladder-like structure. In this dissertation, lamellar,
fiber, cellular honeycomb, and dendritic honeycomb were added to describe the pore
morphology and to understand easily the origin of pore morphology.

For the unidirectional freezing and freeze-drying, the solvent has to satisfy two
conditions: it must be frozen at moderate low temperature and the sublimation of
solvent crystal under reasonable temperature and pressure has to be achievable. Up to

4

now, water, camphene,67 1,4-dioxane,*® tert-butyl alcohol,”®  benzene® and

0

dichloroethane.”® and liquid CO, were used for unidirectional freezing and

10



freeze-drying.”” Freezing temperature and boiling temperature of these solvent is
summarized in Table 1.1.

Since Mahler and Bechtold” reported the preparation of silica fiber and lamellar
using unidirectional freezing of silica gel. This method has attracted much attention as a
preparation method for porous polymers and ceramics because of its inherently high
contact efficiency and the controllability of its morphology. The structure prepared by

unidirectional freezing has great potential as a catalyst support,' catalyst,”' substrate for

2
1’ d,” and porous electrodes,”

drug delivery,11 ** bioscaffol

Unidirectional freezing can be classified into two; unsteady state freezing method
and pseudo steady state freezing method. Fukasawa et al.*® used a cylindrical container,
the bottom of which was made of metal with high thermal conductivity and the side was
made of fluororesin with low thermal conductivity. They immersed only the container
bottom face into a refrigerant. Koh et al "* placed polyethylene molds containing
ceramic/camphene slurry directly in a cold water bath to control crystal growth in the
radial direction. The steady state growth of crystal can not be realized by these methods
due to dynamic change in temperature profile. Improvement of the method was made by
Deville et al. ©. They used polytetrafluoroethylene molds placed between two copper
cold fingers and the temperature of copper is regulated to control the speed of the
solidification front. Recently, Waschkies et al. calculated temperatures of double side
cooling to maintain a constant solidification velocity. 7 However, the easiest method of
achieving a pseudo steady state growth of crystal is soaking the container of solution
into the cooling medium. The size of materials also can be easily controlled by changing
the container. Using this way, Tamon and coworkers prepared several kinds of porous

1,76-82
structures 63,71,76-8 .

11



Table 1.1. Summary of freezing point and boiling point of solvents which were used for

unidirectional freezing

Solvent Freezing point (C) Boiling point (C)
Water 0.0 100.0
1,4-Dioxane 11.8 101.1
Tert-butyl alcohol 25.7 82.4
Benzene 5.5 80.1
Diethyl ether -35.0 83.5
Camphene 45.0-46.0 159.0

1.5. Objective of This Work

As described in the previous section, unique porous structure which has aligned
pore channels or fibers can be prepared using unidirectional freezing of polymer
solution or ceramic suspension. Up to now, several research groups have investigated
unidirectional freezing technique to prepare aligned porous structure. However, the
preparation of polymeric porous structure and the control of its morphology using the
change of crystal type were not intensively researched. To elucidate morphology control
mechanism and to find potential application, further research must be conducted in this
area.

In this dissertation, the author propose a method of preparing polymeric
honeycomb monolith structure using unidirectional freezing of polymer-solvent binary
solution and polymer-polymer-solvent ternary solution. To control the morphology of

honeycomb monolith structure, the effect of several factors such as polymer

12



concentration, freezing rate, polymer blend ratio, and polymer molecular weight were
investigated. Poly(L-lactic acid) (PLLA) was used as structuring material because it is
very useful for bioscaffold. Poly(ethylene glycol) (PEG) was used as sacrificial template.
Then, the research was extended to the unidirectional freezing of colloidal suspension
consisted of monodispersed poly[styrene-(co-2-hydroxyethyl methacrylate)] particles
and silica particles. The contents of each chapter in this dissertation are as follows:

In chapter II, the preparation method of honeycomb monolith structured
poly(L-lactic acid) (PLLA) was investigated by combining pseudo steady state
unidirectional freezing and freeze-drying of PLIA/Dehydrated 1,4-dioxane solution.
Aligned porous structures, which have either smooth wall microchannels or ladder-like
microchannels aligned parallel to the freezing direction and have a honeycomb structure
in its vertical direction, were prepared. The effects of polymer concentration,
unidirectional freezing rate and water contents on the aligned porous structure were
thoroughly investigated. Based on the investigation, a simple and unique method to
control smoothness of the microchannel wall and its interconnectivity was suggested.

In chapter III, based on the unidirectional freezing method which was set up in
chapter II, a honeycomb monolith structure with a sea-and-island morphology, where
PEG domains were dispersed in the PLLA matrix, was developed by inducing
polymer-polymer phase separation during a pseudo steady-state unidirectional freezing
of polymer-polymer-solvent system; PLLA, Poly(ethylene glycol) (PEG), and
dehydrated 1,4-dioxane. Then, pores were created in the channel walls of the
honeycomb monolith structure by leaching out the PEG domains. The effects of the
PEG molecular weight and the PLLA/PEG weight ratio on the aligned honeycomb

structure and the pores in the channel walls were investigated. Based on the cloud point

13



and freezing point measurements, hypotheses for the mechanism of the cellular to
dendritic transition and the formation mechanism of the pores in the channel walls are
proposed.

In chapter IV, a honeycomb monolith-structured silica with highly ordered,
three-dimensionally interconnected macroporous walls was fabricated by unidirectional
freezing and freeze-drying of colloidal suspension of poly[styrene-(co-2-hydroxyethyl
methacrylate)] particles and silica particles. The effects of total particle concentrations
and freezing rate on the average diameter of the micro-scale channels and the wall
thicknesses were investigated. The self-organization mechanism of two kinds of
nanoparticles between ice crystals was exploited.

In chapter V, the control of aligned porous structure was discussed by paying
attention to the underlying principles of the crystal growth during unidirectional
freezing. To discuss the morphology control, several papers were reviewed and
classified by raw materials; polymer solution, colloidal suspension which is
accompanying sol-gel reaction, ceramic slurry or colloidal suspension which is not
accompanying with sol-gel reaction. Based on the investigation of papers and
experimental result of this dissertation, strategy to control the morphology of each
system was suggested.

In chapter VI, all results in this dissertation are summarized.

14
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Chapter 11
Preparation of Poly(L-lactic acid) Honeycomb Monolith

Structure by Unidirectional Freezing and Freeze-drying

2.1. Introduction

Polymer materials with porous structures have attracted great attention due to its
potential usage as separation filters,' catalyst supports,” and scaffolds for biological
cells.” Several techniques have been developed to fabricate polymeric porous
structures: porogen leaching,’ microbead patterning,’ thermally induced phase
separation,®™ drying of polymer blend solution,'’ gas foaming,'' 3D printing,'* and

freeze/freeze-drying."* '

For the application of porous polymers as scaffolds for tissue
engineering, the porosity, biodegradability, interconnectivity, and morphology are very
important.'" Organs such as nerves, bones, blood vessels, and ligaments require a
scaffold with an aligned porous structure for their cell proliferation. Thus, the controlled
preparation of aligned porous materials in the form of 2D surface pattern or a 3D
monolithic structure is critical for this purpose. A promising and novel technique for
creating aligned porous structures is a unidirectional freezing method, which is
relatively simple and cost effective. Mukai et al.*’ and Nishihara et al.*' proposed a
unidirectional freezing method to prepare a honeycomb monolith silica gel. Recently,
several studies extended the unidirectional freezing method to polymers and prepared
porous polymeric materials with aligned micro-scale channels (cellular or dendritic

13,14,22

honeycomb). Ma et al.”® prepared an aligned micro-scale channel structure from

poly(L-lactic acid) (PLLA) and poly(L-glycolic acid) (PLGA) by freezing
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polymer/dioxane solution in liquid nitrogen. They controlled the freezing direction by
insulating the sidewall of the vial or beaker containing the polymer solution. Since their
cooling process was in a non-steady state, the cooling rate was not controlled at a
constant level. Thus, their porous structure was composed of aligned ladder-like
micro-scale channels (dendritic honeycomb) and the aligned channel lengths tended to
be short in micrometer range. Zhang et al." introduced a pseudo steady state directional
freezing method similar to that of Mukai et al.”* and prepared aligned porous polymer.
Their polymer concentration in solution was higher and silica particles were added to
the polymer solution to create a composite. As a result, a ladder-like micro-scale
channel structure (dendritic honeycomb) was obtained. They did not investigate any of
the conditions for preparing aligned smooth-wall polymer micro-scale channels with a
honeycomb structure at a cross sectional area perpendicular to the aligned axis, i.e.,
cellular honeycomb. There is no publication reporting the preparation of honeycomb
monoliths with polymeric porous materials and the key factors determining the structure
by the solvent unidirectional freezing method remain unidentified.

In this study, a honeycomb monolith structured porous PLLA (a porous PLLA
with smooth-walled microchannels or ladder-like microchannels aligned in parallel to
the freezing direction, and a honeycomb structure perpendicular to the aligned direction
in cross section) was prepared by combining unidirectional freezing and freeze-drying.
The key factors controlling the wall thickness and surface feature of micro-scale

channel wall were thoroughly investigated.
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2.2. Experimental

2.2.1. Materials

PLLA (M, =2.8x10°, M /M, =224, density=1.12) was used as received.

The average molecular weight, M_W, the number average molecular weight, M, and

polydispersity, ]\Tw/ Z\Tn of the polymer were measured by gel permeation

chromatography (Shimadzu, model DGU-20A3). The retention time and molecular
weight were calibrated using polystyrene (PS) standards. The density of PLLA was
measured using an electro density meter (Mirage, model MD-200S). Dehydrated

1,4-dioxane (Wako pure Chemicals Ind. Ltd., Japan) was used as solvent.

2.2.2. Preparation of Porous Structure

By dissolving PLLA into dehydrated 1,4-dioxane at 323 K. The concentration of
PLLA in solution was changed at four levels, 3, 5, 7, and to 10 wt% so as to see the
effect of polymer concentration on porous structure. After it was cooled down to room
temperature, the solution was poured into a polypropylene (PP) test tube with a
thickness of 1.2 mm, 100 mm in length, and 10 mm in diameter. The solution was
unidirectionally frozen by immersing the test tube into a liquid nitrogen bath at a
constant rate. The liquid level of nitrogen in the cooling bath was lowered at a rate of
2.5 cm h™' due to evaporation. The actual tube immersion rate (freezing rate) to the
liquid nitrogen became smaller than the set point value. In this dissertation, the actual
immersion rate, which was subtracted by 2.5 cm h™' from the set point value, was used

to describe the experimental condition. The tube immersion rate was changed in the

23



range from 3.5 to 17.5 cm h™'. After freezing the solution completely, the solidified
sample was freeze-dried at 268 K for 4 days. To investigate the effect of water on the
porous structure, especially the ladder-like channel structure, distilled water was added
to the PLLA/1,4-dioxane solution. The water concentration varied in the range from

0.04 to 2.0 wt%.

2.2.3. Morphology Characterization

The microstructures of the obtained sample were observed by scanning electron
microscopy (Tiny-SEM 1540, Technex Lab Co. Ltd.). For SEM observation, the
freeze-dried samples were further frozen by liquid nitrogen to prevent deformation, and
cut with a razor blade in both parallel and perpendicular directions to the freezing

direction. The prepared sample was coated with gold-palladium in vacuo.

2.2.4. Measurement of Density and Porosity of Porous

Materials

The volume of the freeze-dried sample, V, was calculated by measuring the
sample dimensions carefully. The sample mass, M, was measured using an eclectic
balance (AUW220D, Shimadzu). The porosity, P, was calculated from Mg, V,, and

density of PLLA, D,,,, (1.12¢g cm™) by following equation.

PSZI_MS/(VSDPLLA) (2.1)
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2.3. Results and Discussion

2.3.1. Resulting Honeycomb Monolith Structure

Honeycomb monolith structure was successfully prepared from a 7 wt% polymer
solution without water by unidirectional freezing at a tube immersion rate of 3.5 cm h™'
into a liquid nitrogen bath. After freezing the solution completely, the solidified sample
was freeze-dried at 268 K (Fig. 2.1). Figs. 2.1a and b, respectively, show a photographic
image and SEM image of porous PLLA prepared from a 7 wt% polymer solution
without water by unidirectional freezing at a tube immersion rate of 3.5 cm h™'. Fig.
2.1b shows that the honeycomb monolith structure was established in the obtained
porous PLLA. Channel structure was created in cross section parallel to the freezing
direction, and honeycomb structure was created in cross sectional area perpendicular to
the freezing direction. Fig. 2.1c clearly shows the honeycomb pattern created in cross
section perpendicular to the freeze direction. Fig. 2.1d shows that micro-scale channels
with smooth walls were aligned in parallel to the freeze direction. The length of the

aligned channel was longer than 1 cm.
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Observation
direction

Freezing
direction

Figure 2.1. (a) Photographic image of porous PLLA prepared from PLLA 7
wt%/dehydrated 1,4-dioxane solution with a tube immersion rate of 3.5 cm hr', (b-d)
SEM micrographs of (b) honeycomb monolith structure taken at a tilted angle, (c) Cross
sectional area perpendicular to freezing direction, and (d) Cross sectional area parallel

to freezing direction.

2.3.2. Effect of PLLA Concentration

To investigate the effect of PLLA concentration on the porous structure, four
PLLA/1,4-dioxane solutions, of which the polymer weight percentage in solutions were
different, were frozen unidirectionally at a constant tube immersion rate of 3.5 cm h™".
Fig. 2.2 shows the SEM micrographs of the porous PLLA materials prepared from these
four different solutions. As can be seen, the aligned porous structures were created with
all PLLA materials. The walls of the aligned channels were smooth in the porous
materials prepared from solutions with polymer concentrations up to 7 wt% (Figs.

2.2a-c and e-g). In the case of freezing in the 10 wt% PLLA solution, the channel
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surface morphology was changed from smooth to a ladder form (dendritic honeycomb)
and the channels were interconnected to its neighbors by small pores (Figs. 2.2d and h).
Fig. 2.3 shows the average diameter and the number density of micro-scale channels in
unit area against the polymer concentration. Fig. 2.4 illustrates the average wall
thickness against the polymer concentration. The channel diameter, the number density
of channels, and the wall thickness were measured from SEM micrographs. The wall
thickness increased with an increase in PLLA concentration. The average channel
diameter increased and the number density of channels decreased as the polymer

concentration was increased.
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50um

Figure 2.2. Effect of PLLA concentration in solution- SEM micrographs of porous
PLLA prepared from PLLA/dehydrated 1,4-dioxane solution at the same immersion rate
of 3.5 cm hr™' : (a-d) Cross sectional area perpendicular to freezing direction, (e-h) Cross
sectional area parallel to freezing direction, (a and e) 3 wt% of PLLA, (b and f) 5 wt%

of PLLA, (c and g) 7 wt% of PLLA , and (d and h) 10 wt% of PLLA.
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Figure 2.3. Average channel diameter and number density of microchannels per unit
area perpendicular to the freezing direction vs. PLLA concentration. (O0) average
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Figure 2.4. Average wall thickness of microchannels vs. PLLA concentration.
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2.3.3. Effect of Water Addition

To investigate the effect of water as structure modifier, solutions with different
water concentrations and different PLLA concentrations were frozen by immersing the
PP tube into liquid nitrogen at a rate of 3.5 cm h™'. Figs. 2.5 and 2.6 show SEM
micrographs of the obtained porous PLLA with 7 wt% PLLA solutions. As shown in Fig.
2.5, the porous structure was dramatically changed with the addition of water. The
porous PLLA prepared from a solution with 0.04 wt% water content showed a
transitional surface morphology from a smooth wall micro-scale channel structure,
cellular honeycomb, to a ladder-like channel with an interconnected structure, dendritic
honeycomb (Figs. 2.5a and d and 2.6a and d). In the case of the solution with 0.12 wt%
water content, a highly ordered interconnected structure was observed (Figs. 2.5b and e
and 2.6b and e). For the solution with 2.00 wt% of water content, the number of
interconnected pores between the channels was drastically increased (Figs. 2.5¢ and f
and 2.6c and f). The structure resembles the superdendrite crystal observed by
Ragnarsson et al.”> PLLA as well as 1,4-dioxane is likely to contain moisture. The
experimental results suggest that small amount of water has dramatic effect on the
porous structure, and it is important to control moisture in materials used to prepare
honeycomb monolith structures by the unidirectional freeze-drying method. The lack of
moisture control may be a reason that honeycomb monolith structures were not created
in previous study."

We summarized the effect of water and PLLA concentration as a 2D graph. Fig.
2.7 shows that the porous structure of PLLA is affected by the water content. The
morphology shifted from honeycomb monolith structure to transitional structure and

then to interconnected structure, and finally highly interconnected structure as function
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of the water concentration. However, it was not related with PLLA concentration.

2004m

200sm

Figure 2.5. Effect of water on structure - SEM micrographs of porous PLLA prepared
from 7 wt% of PLLA / 1,4-dioxane solution: (a-c) Cross sectional area perpendicular to
the freezing direction, (d-f) Cross sectional area parallel to the freezing direction, (a and

d) 0.04 wt% of water, (b and e) 0.12 wt% of water, and (c and f) 2.00 wt% of water.
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Figure 2.6. Enlarged SEM micrographs of porous PLLA prepared from 7 wt% of PLLA
/ 1,4-dioxane solution: (a-c) Cross sectional area perpendicular to the freezing direction,
(d-f) Cross sectional area parallel to the freezing direction, (a and d) 0.04 wt% of water.

(b and e) 0.12 wt% of water, and (c and f) 2.00 wt% of water.
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Figure 2.7. Effect of water and PLLA concentration on the porous structure of PLLA.

2.3.4. Effect of Freezing Rate

Fig. 2.8 shows SEM micrographs of a sample cross sectioned perpendicular to the
aligned microchannels of the porous PLLA prepared from a 7 wt% solution at two
different immersion rates of 7.5, and 17.5 cm h™'. As can be seen, the average diameter
of channels decreased with an increase in the immersion rate, which is equivalent to the
effects of the cooling rate. This trend coincides with the result of Zhang et al.'” They
measured average spacing of ice crystal of poly(vinyl alcohol) aqueous solution with
temperature gradient plate and microscope. The average diameter and number density of
channels for three different freezing rates were measured from SEM micrographs and
illustrated in Figs. 2.9 and 2.10. The average diameter and wall thickness decreased

with an increase in the immersion rate. This is because rapid cooling increases the
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degree of supercooling and leads to the enhancement of crystal nucleation of
1,4-dioxane. This result shows that channel diameter and the size of the honeycomb can

be controlled by the freezing rate.

50um

Figure 2.8. Effect of tube immersion rate on honeycomb structure- SEM micrographs
of porous PLLA prepared from 7 wt% of PLLA/dehydrated 1,4-dioxane solution at the
cross sectional area perpendicular to the freezing direction: immersion rate of (a) 7.5 cm

hr' and (b) 17.5 cm hr’!
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2.3.5. Bulk Density and Porosity

The bulk density and porosity of the resulting porous PLLA is summarized in
Table 2.1. The bulk density and porosity were changed by the PLLA concentration in
solution. As the concentration increased, the channel wall thickness and density
increased and the porosity decreased. It was also noticed that the bulk density and the

porosity were affected neither by freezing rate nor by water content.

Table 2.1. Density and porosity of PLLA porous structure

PLLA Concentration Immersion Rate =~ Water Content Bulk Density ~ Porosity

[Wt%)] [cm hr'] [Wt%] [gcm™]
3 3.5 Not added 0.057 0.95
5 3.5 Not added 0.097 0.91
7 35 Not added 0.145 0.87
7 7.5 Not added 0.140 0.88
7 17.5 Not added 0.128 0.89
7 3.5 0.04 0.148 0.87
7 3.5 0.16 0.147 0.87
7 3.5 2.00 0.136 0.88
10 3.5 Not added 0.091 0.83
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2.3.6. Formation Mechanism of Aligned Porous Structures

As shown in Fig. 2.11, for the case in which a single phase solid is formed, the
equilibrium concentration of solute in the solid at the interface between solid and liquid
is different from the equilibrium concentration of solute in the liquid adjacent to it. In
the case of unidirectional freezing, solute is expelled continuously from solid and
diffuse toward liquid phase. This causes the pile up of impurities near the solid-liquid
interface. The steady state solution of solute distribution was derived for unidirectional

freezing by Tiller et al.**

1-n ‘DLZ
C, =C,| 1+ et (2.2)

n

C, : The initial concentration of solute in the solution

Z : Distance from solid-liquid interface

D, : Diffusion coefficient of solute in the liquid

V' : The constant growth velocity of the interface

n: The partition coefficient given by the ratio of the equilibrium concentration
of solute on the solid side of the interface to that on the liquid side of the

interface.

As illustrated in Fig. 2.12, higher solute concentration near the solid-liquid
interface lowers the melting point in that region. Thus the effective temperature driving
of crystal growth is decreased and the crystal growth rate is retarded. This causes the
instability of liquid-solid interface that is called constitutional supercooling. When the

degree of supercooling is large during the crystallization process, Mullins-Sekerka
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instability occurs and the planar interface usually breaks up into cellular or dendritic
structures.”* Details of Mullins-Sekerka insatiability was described in chapter V and
appendix L.

The porous structure was created by templating the aligned solvent crystals that
were formed during unidirectional freezing. In the course of unidirectional freezing,
PLLA and impurities were expelled from solvent crystals to the liquid phase and the
constitutional supercooling condition was established at the interface. As shown in Fig.
2.13a, the increment of solute concentration in the solid-liquid interface is higher than
the increment of solute concentration in the original solution because the difference of
equilibrium solute concentration between liquid phase and solid phase increases with
the increase of solute concentration in the original solution (Fig. 2.11a). The higher
concentration of water and impurities in the solution causes the higher degree of
supercooling. Thus, the degree of Mullins-Sekerka instability increased due to the
impurity-induced reduction of the freezing point of the solution. The instability created
dendrite-type branched crystals. As a result, the unidirectional freezing created
ladder-like channels in the presence of water. The interconnectivity of channels
increased as the instability increased. As described by Tiller et al.,** the concentration
gradient of solute increases by the decrease of diffusivity. It is obvious that the
diffusivity is decreased with the increase of polymer concentration. This also can induce
higher degree of Mullins-Sekerka instability (Fig. 2.13b).

There are some differences in the porous structures between ladder-like channels
prepared in the presence of water and ladder-like channels produced with a
high-concentration of polymer solution. As shown in Figs. 2.6¢ and f, small pits, 2 xm

in diameter, could be observed on the channel wall. The formation mechanism of these
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small pits can be speculated as follows: water was expelled from 1,4-dioxane crystal
and concentrated on the solid-liquid interface due to the lower freezing point of water
than that of 1,4-dioxane (m.p. 11.8 "C). An increase in water caused a liquid-liquid
phase separation of polymer solution on the interface before the solution was
completely frozen. Since water acted as an anti-solvent to PLLA,’ the liquid-liquid

phase separation created small pits on the channel wall.
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Figure 2.11. The redistribution of solute during the unidirectional freezing of dilute
solution. a) portion of phase diagram of binary solution and b) distribution of solute at

steady state condition.
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2.4. Conclusion

In this chapter, honeycomb monolith structures of PLLA were successfully
prepared by thermally induced solid-liquid phase separation and subsequent solvent
sublimation. Water content and polymer concentration are key factors of creating
ladder-like structures in aligned microchannels. The interconnectivity of aligned
channels can be controlled by adding water to the solution. The average diameter and
the number density of channels per unit cross section perpendicular to the aligned
direction were controlled by polymer concentration. The wall thickness of channels was
controlled by PLLA concentration. We expect that this method has great potential for
the design of aligned porous materials for tissue, organic electronics, micro fluidics, and

membrane engineering.
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Chapter I11
Preparation of Porous Poly(L-lactic acid) Honeycomb
Monolith Structure by Phase Separation and Unidirectional

Freezing

3.1. Introduction

Chapter II presented a method for preparing a honeycomb monolith structured
porous poly(L-lactic acid) (PLLA) by unidirectional freezing and freeze-drying. This
structure has micro-scale channels aligned parallel to the freezing direction and a
honeycomb structure perpendicular to the freezing direction. It was shown that water
content and polymer concentration in the initial polymer solution were key factors of
changing the interconnectivity of the aligned microchannels. The interconnectivity can
be increased by increasing the degree of supercooling of the solvent crystal. However,
the uniformity of the honeycomb structure decreased with the increase of the
interconnectivity, because the large degree of supercooling enhanced the transition of
solvent crystalline structure from cells to dendrites and the resulting microchannel wall
texture from smooth to rough.

Interest in the honeycomb monolith structure is dramatically increasing'” because
of its inherently high contact efficiency and the controllability of its morphology. This
structure has great potential as a catalyst support,”® catalyst,’ substrate for drug
delivery,' or bioscaffold.""'* Despite of these prospects, the honeycomb monolith

structure (especially when prepared using cellular type solvent crystals as a template)
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has a shortcoming in its poor interconnectivity. The lack of connections between
microchannels can cause them to become plugged, decreasing the contact efficiency and
increasing the pressure drop. If the honeycomb monolith structure were used as a
catalyst or catalyst support, plugging of the microchannels would lead to a serious
deterioration in reaction performance. For a bioscaffold application, plugging of the
microchannels would disturb the proliferation of cells. Poor interconnectivity between
microchannels would also cause slow cell growth during cultivation because of the lack
of oxygen and inefficiency of nutrient supply and waste elimination.'”'* When the
bioscaffold is made of biodegradable polymers, the degradation rate is strongly affected
by the morphology and porosity of the 3D structure.'>'® Since the degradation rate of

14,17,18 ,1.- ..
"% this characteristic must be

the scaffold is very important for cell regeneration,
controllable. One of the solutions for increasing interconnectivity among the
microchannels is to create open pores in the microchannel walls.

In this chapter, liquid-liquid phase separation is integrated with the unidirectional
freezing method to prepare a honeycomb monolith structure with highly interconnected
microchannels while maintaining the cellular honeycomb structure. As described in
chapter I, phase separation of a polymer solution is one of useful methods to create and
control polymer morphology. There are several methods to induce phase separation such

as thermally induced phase separation (TIPS),"?

solvent induced phase separation
(SIPS),”* and nonsolvent induced phase separation (NIPS).*** These phase
separation methods utilize solubility difference as a driving force for morphology
development.

Phase separation of blended polymer was induced by temperature reduction and

crystallization of the solvent during unidirectional freezing, causing the microchannel
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walls of the honeycomb monolith structure to have an open porous structure, but not
changing the degree of supercooling to keep the cellular type solvent crystalline
structure. Poly (ethylene glycol) (PEG) was used to blend with the PLLA to prepare a
porous PLLA structure. PEG has a very unique property in that the hydrophilicity and

" This is because its end group is

solubility of PEG depend on its molecular weight.
hydrophilic and the repeating unit is hydrophobic. Thus, PEG can be easily dissolved
into water or relatively nontoxic hydrophilic solvents such as ethanol.*® It can be used to
design several interesting polymer blend morphologies by means of its water solubility
and controllable hydrophilicity.”® After preparing a single phase PEG/PLLA/1,4-dioxane
solution, the solution was unidirectionally frozen by immersing the sample into liquid
nitrogen at a constant rate. 1,4-Dioxane crystals nucleated in the solution and grew in
the freezing direction. Using the crystalline structure as a template, the PLLA/PEG
mixture was solidified and structured. The mixture of PEG/PLLA formed a
sea-and-island morphology, where PEG domains were dispersed in the PLLA matrix, in
the honeycomb monolith structure walls depending upon the ratio of two polymers. The
solvent crystals were then sublimated by freeze-drying, and the aligned porous structure

was developed. The porous structure in the microchannel walls of the honeycomb

monolith was created by selectively leaching out the PEG domains.

3.2. Experimental

3.2.1. Materials

PLLA (U0z B-0) was kindly supplied by Toyota Motor Corporation. Four kinds of

PEG with weight average molecular weights of 600, 2000, 4000, and 6000 were

46



purchased from Wako Chemicals Ind. Ltd. PLLA and PEG are dried at room
temperature in vacuo for 2 days before using and stored in a vacuum desiccator to avoid
absorption of moisture. The gel permeation chromatography (GPC) results of the PLLA

and PEG used in this study are summarized in Table 3.1. The weight average molecular

weight, M , the number average molecular weight, M

n 2

and the polydispersity,

w

M_W/ M_” , of the polymer were measured by gel permeation chromatography
(Shimadzu, model DGU-20A3). The retention time and molecular weight were
calibrated using PEG standards. Dehydrated 1,4-dioxane (Wako Chemicals Ind. Ltd.,

Japan) and ethanol (Wako Chemicals Ind. Ltd., Japan) were used as a solvent and

rinsing liquid, respectively. Dehydrated 1,4-dioxane was stored in a desiccator.

Table 3.1. GPC Results of PLLA and PEG used in this study

Materials M, M, M, /M,
PLLA 280,000 125,000 2.24
PEG600 440 500 1.14
PEG2000 1,710 1,870 1.09
PEG4000 2,380 2,600 1.09
PEG6000 8,240 8,650 1.05

3.2.2. Preparation of Porous Structure

The PLLA and PEG were codissolved in dehydrated 1,4-dioxane at 323 K. The
preparation of the solution was conducted in a working hood to avoid absorption of

moisture. A single phase solution could be prepared at this temperature simply by
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agitating the mixture with a magnetic stirrer until the solution became transparent.
Several solutions were prepared at 7 wt % total polymer concentration with different
blend ratios of PLLA to PEG (90/10, 70/30, and 50/50) to test the effect of the
PLLA/PEG blend ratio on the morphology of the honeycomb monolith structure and the
microchannel walls. After cooling to room temperature, the solution was poured into a
polypropylene (PP) test tube of 1.2 mm in wall thickness, 100 mm in length, and 10 mm
in diameter, and frozen unidirectionally by immersing the test tube into a liquid nitrogen
bath at a constant rate of 2.0 cm h™'. The PP tube was closed with a cap to prevent
absorption of moisture. We inserted a syringe needle to avoid pressure depression in the
tube, which is caused by freezing of the solution. After freezing the solution completely,
the solidified sample was freeze-dried at 268 K for 4 days. The honeycomb monolith
structures were then soaked in ethanol for 7 days, and the ethanol was replaced every 12
h to ensure complete leaching of the PEG. After leaching, the samples were soaked in
tert-butyl alcohol for 1 day, with the alcohol being replaced every 12 h. Finally, the wet

samples were freeze-dried at 273 K.

3.2.3. Morphology Characterization

The microstructures of the resulting polymer samples were observed by scanning
electron microscopy (SEM; Tiny-SEM 1540, Technex Laboratory Co. Ltd.). For SEM
observation, the freeze-dried samples were frozen by liquid nitrogen to prevent
deformation and cut with a razor blade both parallel and perpendicular to the direction
of the first freezing (i.e., the unidirectional freezing that created the honeycomb
monolith structure). The samples were coated with gold-palladium in vacuo. Since the

freezing rate was changed until a pseudo-steady state was established in the
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unidirectional freezing process, we cut out the sample piece from 5 cm above the
bottom of the tube for SEM observation and penetration tests. This is because Tamon

2,8,34
and co-workers™”

reported that the pseudo-steady state of the ice growth initiated at
least 5 cm above the bottom of the tubes and continued until the tube was completely

frozen.

3.2.4. Measurement of Freezing Point and Cloud Point

To measure the freezing point depression of PEG/1,4-dioxane solution and to
elucidate the phase transitions of the PLLA/PEG/1,4-dioxane solution, cloud point and
freezing point measurements were conducted by adopting a simple laser scattering
scheme (Keyence,LV-H62).” The detail scheme was illustrated in Figure 3.1. The
effects of PEG concentration and weight average molecular weight on the cloud point as
well as the freezing point were investigated by using PEG/1,4-dioxane binary solutions
and PLLA/PEG/1,4-dioxane ternary blend solutions with different PEG concentrations
and PEG weight average molecular weights. A sample cell containing a solution was
immersed in a temperature controlled water bath, and the temperature of the solution
was directly measured with a thermocouple. The whole system was set up in a
temperature controlled incubator (ESPEC Corp., LU-113). The temperature was
increased until the solution became homogeneous, and then it was decreased at a rate of
0.125 K min™ for the cloud point measurement and at a rate of 0.2 K min™ for the
freezing point measurement. Under continuous stirring, the solution became turbid
because of phase separation and finally crystallized. The intensity of a laser beam (650
nm wavelength) transmitted through the solution was monitored. The typical time

histories of the transmitted intensity and the temperature of the sample solution are
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plotted in Figure 3.1b. The cloud point was determined from the temperature at which
the light intensity changed drastically. The freezing temperature was determined by the

highest temperature of a plateau in the temperature-time curve.

a
Incubator 10C /
— —
| |
Mirror IS ] Laser
——”weynn,ww0pp
Ly
L
b -
= i Cloud point _ _ E
el / Freezing point - =
R : | @
[ O S o
L 4 £
4 =
E | | @
e 2
o o

Time (min)
Figure 3.1. Measurement of cloud point and freezing point. a) schematic diagram of
experimental apparatus for the measurement of cloud point and freezing point and b)

typical graph of laser intensity and temperature
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Figure 3.2. Measurement of cloud point and freezing point of PEG/1,4-dioxnae solution.
(a) PEG600/1,4-dioxane solution with 10 wt% PEG concentration., (b)

PEG2000/1,4-dioxane solution with 30 wt% PEG concentration.

3.3 Results and Discussion

3.3.1. Phase Diagram

The cloud point and freezing points of PEG/1,4-dioxane solutions with different
PEG molecular weights and concentrations were measured. Figure 3.2a shows the
temperature-time curve of a PEG600/1,4-dioxane solution with 10 wt % PEG
concentration. A plateau region was observed just after the laser light intensity
drastically dropped. During this plateau, the dioxane crystallized. On the other hand, the

temperature-time curve for the PEG2000/1,4-dioxane solution with 30 wt % PEG
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concentration had two plateau regions as shown in Figure 3.2b. The temperature of the
first plateau region was apparently higher than the solvent freezing temperature. The
first plateau may indicate the liquid-liquid phase separation of PEG2000 rich and
1,4-dioxane rich phases, with the crystallization of 1,4-dioxane following in the second
plateau. At the beginning of the first plateau, the laser light intensity decreased
gradually because of the liquid-liquid phase separation. After the liquid-liquid demixing,
the 1,4-dioxane was crystallized. It was difficult to observe the second drop in the
intensity corresponding to the crystallization because the intensity had already dropped
to an undetectable level at the cloud point. The difference in the intensity curves
between the PEG600 and PEG2000 solutions was caused by the difference in the
solubility of PEG in 1,4-dioxane. PEG600 is more soluble than PEG 2000 in
1,4-dioxane. However, even for the PEG600 solution, the liquid-liquid phase separation
occurred before 1,4-dioxane crystallization until the PEG concentration exceeded 70
wt%.

Figure 3.3 shows the freezing point curves of PEG/dehydrated 1,4-dioxane
solutions with different PEG molecular weights and concentrations. The freezing point
decreased as the PEG concentration increased up to 50 wt %. The depression of the
freezing point with the polymer concentration was very small for the high molecular
weight PEGs, while it was very large for PEG600. This effect might be caused by the
fact that the molar ratio of higher molecular weight PEG was lower than that of PEG600
when compared at the same weight concentration. Kimizuka et al. reported that the
degree of freezing point depression of water/PEG solutions become smaller as the
molecular weight of PEG increases.”” The liquid-liquid phase separation of higher

molecular weight PEG is another factor affecting the degree of freezing point
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depression. The solubility of PEG in 1,4-dioxane decreases with increasing PEG
molecular weight, since the hydrophilicity decreases with increasing molecular weight.
The liquid-liquid demixing temperature, at which the PEG was phase separated from the
dehydrated 1,4-dioxane solution, increases with increasing polymer concentration as
well as increasing polymer molecular weight. Thus, for higher molecular weight PEG,
the polymer concentration in solution was reduced by liquid-liquid phase separation
before the dioxane began to freeze. As a result, the freezing point was not strongly

affected by the polymer concentration for higher molecular weight PEG.
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Figure 3.3. Freezing point curves of PEG/1, 4-dioxane solution. (m) PEG600, (e)

PEG2000, (A ) PEG4000, and () PEG6000.

The cloud point of the PLLA/PEG/1,4-dioxane ternary systems with different PEG

molecular weights and compositions was investigated using the aforementioned method.
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It is hard to obtain the phase diagram by achieving thermodynamical equilibrium
condition when the cloud point measurement was conducted. It is because the phase
separation occurs under a supersaturated condition. Furthermore, it was reported that the
cloud point curves did not coincide with the bimodal curve when polydispersed
polymers were used; however, the cloud point curves could be utilized as a good
criterion dividing the homogeneous and the phase separated regions and explaining the
phase separation mechanism as well as the effect of quenching depth in the TIPS
process.”>*® Therefore, we used the measured cloud point curves to evaluate the effects
of PEG molecular weight and PLLA/PEG blend ratio on the morphology of the channel
wall. Figure 3.4 shows the liquid-liquid demixing temperature of the ternary systems
with different PEG molecular weights. In making these measurements, the total polymer
concentration was varied while keeping the PLLA/PEG weight ratio at 50/50. The
liquid-liquid demixing temperature increased with increasing total polymer
concentration as well as increasing PEG molecular weight. The PLLA/ PEG600
solution did not show PEG phase separation before the dioxane started freezing until the
PEG concentration exceeded 25 wt %. It was impossible to measure the cloud point of
the PLLA/PEG600 solution for PEG concentrations over 25 wt % because of the very
high viscosity of the solution. Figure 3.5 shows the change in the liquid-liquid demixing
temperature of PLLA/PEG6000/dehydrated 1,4-dioxane systems versus total polymer
concentrations and PLLA to PEG ratio with four PLLA/PEG weight ratios. The
liquid-liquid demixing temperature apparently increased with increasing total polymer
concentration for all PEG blend ratios.

From the freezing point depression data, the crystallization temperature of the

polymer blend solutions during unidirectional freezing can be estimated to be 283 K.
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The compositions of the PLLA/PEG/1,4-dioxane ternary system, for which the
liquid-liquid phase separation occurred at temperatures below the freezing point, 283 K,
were calculated with the measured liquid-liquid demixing temperature and total polymer
composition data. The calculated compositions were plotted on a phase diagram (Figure
3.6). The solubility of the PLLA/PEG blend in 1,4-dioxane decreased with increases in
both the PEG blend ratio and the PEG molecular weight. The results for the ternary

system agreed with those for the PEG/1,4-dioxane binary solution.
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Figure 3.4. Cloud point curves of PLLA/PEG/1, 4-dioxane ternary solution with
different PEG weight average molecular weight at 50/50 PLLA/PEG blend ratio. (m)

PEG2000, (o) PEG4000, and ( A ) PEG6000.
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Figure 3.5. Cloud point curves of PLLA/PEG6000/1, 4-dioxane ternary solution with
different blend ratios of PLLA to PEG of 90/10, 80/30, 70/30 and 50/50. (m)

PLLA/PEG=50/50, (e) PLLA/PEG=70/30, (A) PLLA/PEG=80/20, and ()

PLLA/PEG=90/10.
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Figure 3.6. Phase diagram of PLLA (1)/PEG (2)/1, 4-dioxane (3) solutions at 283K. (e)
PEG4000 and (m) PEG6000. The region A indicates homogeneous phase and the region

B indicates liquid-liquid phase separated region.

3.3.2 Resulting Porous Honeycomb Monolith Structure

Figure 3.7a and b shows a pair of SEM micrographs of a PLLA/PEG blend after
unidirectional freezing and freeze-drying but before leaching treatment. This sample
was made from a PLLA/PEG 6000/1,4-dioxane solution with 7 wt % total polymer
concentration, 90/10 PLLA/PEG ratio, and 2.0 cm h”! immersion rate. Figure 3.7a
shows a cross-sectional view perpendicular to the freeze direction. Figure 3.7b shows a

view parallel to the freeze direction. Both micrographs clearly show a honeycomb
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monolith structure, which has smooth-walled microchannels aligned along the freezing

direction and a honeycomb structure in cross section (cellular honeycomb).

Figure 3.7. SEM micrographs of honeycomb monolith structures prepared from
PLLA/PEG6000 blend (90/10) and dehydrated 1,4-dioxane solution (7 wt% total
polymer concentration). (a) cross sectional area perpendicular to freezing direction,
(b)-(c) cross sectional area parallel to freezing direction, (d) cross sectional area parallel

to freezing direction after leaching with ethanol

We prepared several SEM micrographs of cross sectional area parallel to freezing
direction. As shown in Figure 3.8, the pore channels in the z-axis are homogeneous in
shape. The maximum observable length of the aligned microchannel was longer than 1
cm. We also conducted the ink-penetration test with methylene blue/ethanol solution to

confirm the unidirectional pore channels in the z-axis were open. The similar test was
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previously done by Nishihara et al.® As shown in Figure 3.9, we dropped dye solution
on the center of top of honeycomb monolith structure (about 1.2 cm in length). Dropped
dye solution was penetrated to bottom of structure through inner pore channels. This

result also shows that pore channels are open.

Figure 3.8. Cross sectional areas of honeycomb monolith structure prepared from

PLLA/PEG6000 blend (70/30)

Before penetration test Dropping of dye solution Penetrated dye solution

Figure 3.9. Photographic images of penetration test.

As described in previous chapters, the honeycomb monolith structure was created
by using the solvent’s crystalline structure as a template to solidify the polymer. The
crystal was then sublimated by freeze-drying. The solvent was crystallized and grown in
the freezing direction by constitutional supercooling. When the degree of supercooling

was large, the crystal structure formed dendrite (ladder-like) structures, following the
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Mullins-Sekerka instability theory.””

In chapter II, moisture in the polymer acted as an
impurity, increasing the instability and enhancing the transition from a cellular to a
dendritic structure. In the polymer blends studied in this chapter, the minor polymer did
not hinder the creation of smooth-walled microchannels (cellular honeycomb) when the
compatibility of both polymers was high.

To prepare micro-honeycomb monolith structures with porous channel walls, the
sample was then immersed in ethanol, and the PEG contents were leached out. Figure
3.7c and d shows, respectively, SEM micrographs of a microchannel wall before and
after leaching. As can be seen, small pores are observed on the wall after leaching. We

measured the weight difference of the samples before and after PEG leaching and

confirmed that PEG was successfully removed by leaching treatment.

3.3.3. Effect of PEG Molecular Weight on Honeycomb

Monolith Structure

To investigate the effect of PEG molecular weight on the morphology of the
honeycomb monolith structure, we varied the PEG molecular weight while keeping the
weight ratio of PLLA to PEG at 90/10 and the polymer concentration at 7 wt %. Every
sample was prepared by freezing the solution unidirectionally at a constant tube
immersion rate of 2.0 cm h™. Figure 3.10 shows pairs of SEM micrographs of the
honeycomb monolith structures made from different PEG molecular weights. The
structure made from a PLLA/PEG600 blend solution only exhibited a dendritic
(ladder-like) microchannel structure (dendritic honeycomb) as illustrated in Figure

3.10a and e. On the other hand, the honeycomb monolith structures made from the
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solutions in which the PEG molecular weight was greater than 2000 had cellular type
microchannels (cellular honeycomb), as illustrated in Figure 3.10b-d and f-h. As can be
seen in these figures, the character of the microchannels in the honeycomb monolith
structure changed with the PEG molecular weight even when the polymer blend ratio
and the initial polymer concentration in the solution were kept the same. As described in
chapter II, the morphology could be controlled by adding the small amount of water.
The morphology of PLLA/PEG600 blend only showed a dendritic (ladder-like)
microchannel structure. The results indicated that water content could be highly
controlled in the PEG2000, 4000, and 6000 solutions. To confirm the moisture content
of PEG600 which was dried and stored in vacuum desiccator, we measured water
content of it using Karl Fischer titration method and water content was 388 ppm (max
13.6 ppm in solution). In chapter II, the transitional morphology from cellular
honeycomb to dendritic honeycomb occurred at 400 ppm and regular dendritic
morphology occurred at 1200 ppm. Thus, it is believe that the water content did not
affect the sample structure in this study.

The dendritic microchannel structure appears when the degree of supercooling is
larger. As can be seen in Figure 3.3, the degree of freezing point depression induced by
the polymer concentration was largest in the PEG600/dioxane solution. When the
solvent was crystallized, the polymer was expelled from the crystallizing solvent, and a
steep polymer concentration gradient was established at the solid-liquid interface. The
degree of freezing point depression becomes larger with increasing polymer
concentration, especially for PEG600. A steep gradient of freezing point depression at
the solid-liquid interface was also established in association with the polymer

concentration gradient. As a result, the degree of Mullins-Sekerka instability became
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highest in the PLLA/PEG600 solution and dendritic microchannels were created.

200pum ' 200pum

Figure 3.10. Effect of PEG molecular weight on structure - SEM micrographs of
honeycomb monolith structures prepared from PLLA/PEG blend (90/10) and
dehydrated 1,4-dioxnae solution (7 wt% total polymer concentration). (a)-(d) cross
sectional area perpendicular to freezing direction. (e)-(h) cross sectional area parallel to
freezing direction. (a) and (e) PEG600, (b) and (f) PEG2000, (c) and (g) PEG4000,

and (d) and (h) PEG6000
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3.3.4. Effect of PEG Molecular Weight on Pores in the

Channel Wall

The effect of PEG molecular weight in the polymer blend solution on the
morphology of the pores in the microchannel walls was also investigated. Four
PLLA/PEG/1,4-dioxane solutions with different PEG molecular weights (PEG600,
PEG2000, PEG4000, and PEG 6000) were prepared and leached in ethanol after
creating a honeycomb monolith structure by unidirectional freezing and freeze-drying
treatments. Figure 3.11 shows SEM micrographs of pores in the microchannel walls in
the structures prepared from four different PEG molecular weight solutions. As shown
in Figure 3.11, the pore structures were created in the tube wall by leaching. Note that
the scale of Figure 3.11a is different from the others. The pore size was the smallest in
the structure prepared from the PLLA/PEG600 solution. The pore size increased, and
the number of pores decreased, with increasing PEG molecular weight. From the
freezing point and cloud point data illustrated in Figures 3.2 and 3.4-6, one can infer
that the liquid-liquid phase separation in the PLLA/PEG600 solution occurred at a
lower temperature and a higher total polymer concentration than those in other solutions.
The viscosity of the polymer solution when liquid-liquid phase separation occurred was
higher in PLLA/PEG600 solution than in other solutions. As a result, the coalescence or
aggregation of the precipitated PEG droplets was suppressed by the higher viscosity.
The domain size of PEG in the PLLA/PEG blend was therefore smallest in the

PLLA/PEG600 blend.
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Figure 3.11. Effect of PEG molecular weight on the morphology of channel walls -
SEM micrographs of ethanol leached cross sections perpendicular to the freezing
direction prepared from PLLA/PEG blend (70/30) and dehydrated 1,4-dioxnae solution
(7 wt% total polymer concentration). (a) PEG600, (b) PEG2000, (c) PEG4000, and (d)

PEG6000

3.3.5 Effect of PLLA/PEG Blend Ratio on Pore Size in the

Microchannel Wall

Figure 3.12 shows SEM micrographs of microchannel walls in honeycomb
monolith structures prepared from four PLLA/PEG2000/1,4-dioxane solutions with
different PLLA/PEG blend ratios. As can be seen, the pore size increased with
increasing PEG content of the polymer. It was clearly observed for both 70/30 and

50/50 blend ratios that the microchannels were connected to each other through these
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pores. The effect of the blend ratio on the degree of interconnectivity could be explained
by the onset timing of liquid-liquid phase separation and the degree of aggregation of
PEG during the unidirectional freezing process. As the PEG content increased in the
polymer blend, the onset temperature of liquid-liquid separation increased (as shown in
Figure 3.5), and the viscosity of the PLLA/dioxane solution at the moment of phase
separation decreased. The lower viscosity enhanced the aggregation of the PEG
domains and produced larger pores. The effects of PEG blend ratio and PEG molecular
weight (PEG2000, 4000, and 6000) on the pore diameter in the channel wall were
analyzed with SEM micrographs, and the results are illustrated in Figure 3.13. The
average diameter of the pores on the channel wall increased with the increase in PEG
blend ratio as well as the PEG molecular weight. However, in the case of PEG2000, the
increase of pore diameter was not so large. The result could be explained by the cloud
point curve of PLLA/PEG2000 in Figure 3.4 as follows: The slope of the cloud point
curve of PLLA/PEG2000 was gentler than other curves prepared with high molecular
weight PEG blend solutions. The average pore diameter could not be measured for
PEG600 because the porous structure totally differs from others and the pore diameters

were too small to compare with those of the other samples.

65



2um
Figure 3.12. Effect of PLLA/PEG blend ratio on the morphology of channel walls -

SEM micrographs of ethanol leached cross sections perpendicular to the freezing
direction for different PLLA/PEG2000 blend ratios in dehydrated 1,4-dioxnae solutions
(7 wt% total polymer concentration). (a) and (d) PLLA:PEG=90:10, (b) and (e)

PLLA:PEG=70:30, and (c) and (f) PLLA:PEG=50: 50.

Average pore diameter (um)
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Figure 3.13. Average pore diameter in the channel wall versus PEG blend ratio. (m)

PLLA/PEG2000, (o) PLLA/PEG4000, and (A ) PLLA/PEG6000.
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3.3.6. Formation Mechanism of Pores on Channel Wall

The pores were created in the microchannel walls from the spaces occupied by the
PEG domains in the blended polymer. Understanding the formation mechanism of the
PEG domain is important for controlling the pore size. The phase separation of the PEG
rich domain from the solution occurs in the course of unidirectional freezing. The phase
separation of this process could be regarded as a thermally induced phase separation
(TIPS) from the viewpoint that the phase separation was induced by lowering the
temperature of the polymer solution. However, the cell morphology created by the
unidirectional freezing is different from the one prepared by the conventional TIPS
process. The conventional TIPS process uses phase separation between solvent and
polymer to create a porous structure even for the case of a polymer-polymer-solvent
ternary solution.” The cell morphology was determined by its quenching depth and
period.”>*® On the other hand, the cell morphology prepared by the unidirectional
freezing was created by two different mechanisms, that is, solvent crystallization and
phase separation between two polymers. The polymer-polymer phase separation occurs
in the space surrounded by solvent crystal. As we described in chapter II, the
unidirectional channel structure was created by templating of the aligned solvent
crystals. The solvent was crystallized and grown in the freezing direction due to the
constitutional supercooling mechanism. When the degree of supercooling was large
during the crystallization process, Mullins-Sekerka instability occurred and created
crystals with cellular or dendritic structures.”’”® While the crystals grow, the polymers
are expelled from the solvent crystal. In the course of unidirectional freezing, the
concentration of PLLA and PEG in the liquid phase surrounded by 1,4-dioxane crystals

increased, and the 1,4-dioxane content decreased (Figure 3.14). The change in solvent
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concentration induced a liquid-liquid phase separation; the phase separation of the PEG
dispersed domain from the PLLA matrix. The pore morphology in the channel wall was
created by the polymer-polymer phase separation. It was difficult to exactly describe the
phase separation mechanism of the polymer blend solution surrounded by solvent
crystal because we could not observe the initial stage of phase separation. However, the
final porous morphology was dominantly determined by coalescence of PEG disperse
domains. When the liquid-liquid phase separation occurs at the beginning of solvent
crystallization, the precipitated PEG is easily aggregated to form droplets until the
solvent is completely crystallized. On the other hand, if the liquid-liquid phase
separation occurs toward the end of solvent crystallization, the coalescence of the PEG
domains is limited by the viscosity of the polymer solution, where the solvent
concentration is reduced by crystallization. As the molecular weight of PEG increases,
the solubility of PEG in the solvent decreases, and liquid-liquid phase separation occurs
at a lower polymer concentration in the solvent as illustrated in Figure 3.14, resulting in
a lower viscosity of the polymer solution. This leads to larger PEG domains in the
PLLA matrix and therefore larger pores.

The increase of pore size with increasing PEG blend ratio can be explained by the
same principle. That is, the increase in PEG content reduces the polymer concentration
at which liquid-liquid phase separation occurs and accelerates coalescence of PEG

domains.
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Figure 3.14. Schematic diagram to explain the unidirectional freezing and the phase

separation and coalescence of the PEG-rich phase

3.4. Conclusion

In this chapter, honeycomb monolith structured PLLA with micro/submicron scale
porous walls was successfully fabricated by combining the unidirectional freezing
technique and phase separation of the polymer blend solution. PEG was used to create
pores in the microchannel walls in the honeycomb monolith structure. The pore size
could be influenced by controlling the onset of liquid-liquid phase separation and
solvent crystallization by changing the molecular weight of the PEG as well as the
blend ratio. We expect that this method has a potential of improving the contact
efficiency of aligned porous materials for tissue scaffolds, catalysts, organic electronics,

microfluidics, and membrane engineering.
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Chapter IV
Honeycomb Monolith-Structured Silica with Highly
Ordered, Three-Dimensionally Interconnected Macroporous

Walls

4.1. Introduction

In chapter II and III, the preparation method of PLLA honeycomb monolith
structures was discussed. In this chapter, unidirectional freezing technique was extended
to colloidal suspension system. As shown in previous chapters, unidirectional freezing is
a relatively simple and cost-effective method for the creation of microhoneycomb
monolith structures. It has been used to prepare various kinds of materials, such as
ceramics,' polymers,” carbon,’ etc. The unidirectional freezing method has been applied
to several systems, including sol-gel* and polymer-solvent systems.” However, there
have been no applications of this method to prepare highly ordered and
three-dimensionally interconnected structure by adopting particle templating technique.

Velev et al.” were the first to report a unique method for preparation of highly
ordered, three-dimensionally interconnected silica structures using a colloid crystal as a
template. Since then, materials with ordered structures have been investigated

>1% The unique structure reported

intensively by many researchers over the last decade.
by Velev’s group was determined by Zakhidov et al. to be an inverse opal.’ The

resulting 3D structures have great potential as photonic crystals, catalysts, electrodes,

. . 11516 . 578 . .17
and bio materials. > Several methods, such as filtration,™"" centrifugation, * and
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drying’ have been proposed for fabricating the regularly aligned colloid crystals.
Infiltration of an inorganic precursor into a prearranged template has often been used to
prepare the inverse opal structure.”™® Recently, a new method was developed, involving
direct introduction of colloid particles into precursor solutions.'”'® Iskandar et al.'?
prepared a reverse opal structure from silica by dip coating a colloidal suspension of
Si0, and polystyrene latex (PSL) mixture without preordered arrangement of PSL. Oh

et al.”?

conducted a sol-gel synthesis of the mesoporous silicate in the presence of the
polymer latex. However, these methods do not provide materials of large size and
uniform structure. More development is necessary to discover a simple method for
preparation of relatively large structures for commercial applications, such as catalysts
and adsorbents.

In this chapter, the unidirectional freezing of a colloidal suspension composed of

two kinds of monodispersed nanoparticles was tried to produce a honeycomb monolith

structure with highly ordered, three-dimensionally interconnected macroporous walls.

4.2. Experimental

4.2.1. Materials

Silica sol and monodispersed poly[styrene-(co-2-hydroxyethyl methacrylate)]
(PSHEMA) latex were used for this study. Silica sol (Snowtex OS) was kindly supplied
by Nissan Chemical Industries Co., LTD. The diameter of the silica nanoparticles was in

the range of 8-11 nm.
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4.2.2. Preparation of PSHEMA Particles

Monodispersed PSHEMA latex used in this study was prepared by modifying the
procedure reported by Reese and Asher.'® The latex was prepared by batch emulsion
copolymerization of styrene and 2-hydroxyethyl methacrylate using potassium
persulfate as initiator. Sodium dodecyl sulfate was added as a surfactant, to decrease the
diameter of PSHEMA submicroparticles. The amounts of reagent used in this study
were as follows: 70 g styrene, 2 g 2-hydroxyethyl methacrylate, 210 mL of distilled
water, 20 mg of Sodium dodecyl sulfate, and 0.11 g potassium persulfate. Emulsion
polymerization was conducted with three different contents of sodium dodecyl sulfate
of 0, 10, and 20 mg. The monodispersed PSHEMA particles were collected by
centrifugation, washed several times with water by repeating centrifugation and
dispersion, and dried in vacuo for 2 days. As shown in Figure 4.1, spherical PSHEMA
particles with uniform diameter were obtained. The average particle diameters and the
CV values were calculated by image analysis of the SEM micrographs. The average
particle diameter and the CV value of PSHMA decreased with an increase of the content
of sodium dodecyl sulfate. We summarized the average diameters and the CV values in
Table 4.1. PSHEMA particles with an average diameter of 385 nm and the a CV value

of 2.86% were used for this study.
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Figure 4.1. SEM images of PSHEMA submicroparticles prepared with sodium dodecyl

sulfate content of (a) 0 mg, (b) 10 mg, and (c) 20 mg.

Table 4.1. the average diameters and the CV values of PSHEMA particles.

Addition amount of sodium dodecyl sulfate ~ Average diameter CV value
(mg) (nm) (%)
0 (0.0 ppm) 855 10.20
10 (35.4 ppm) 460 3.18
20 (70.9 ppm) 385 2.86

4.2.3. Preparation of Porous Silica Structure

The dried PSHEMA particles were added to the silica sol with a 74.2/25.8
PSHEMA/silica volume ratio. The PSHEMA particles were dispersed by stirring and
ultrasonic treatment. Several compositions were prepared with three different levels of
total particle concentrations of 10, 20, and 30 vol % to investigate the effect on the
structure. After dispersion treatment, the colloidal solution was poured into a
polypropylene (PP) test tube, 100 mm in length and 10 mm in diameter. The test tube
was then frozen unidirectionally by immersion into a liquid nitrogen bath at a constant
rate (2.0-17.5 cm hr''). After freezing the solution completely, the solidified sample was

freeze-dried at 268 K for 4 days. The freeze-dried sample was then calcined at 723 K to
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remove PSHEMA particles.

4.2.4. Morphology Characterization

The morphologies of the resulting porous samples were observed by scanning
electron microscopy (SEM; Tiny-SEM 1540, Technex Lab Co. Ltd.). The samples were
cut with a razor blade parallel and perpendicular to the direction of freezing. They were
then coated with gold-palladium in vacuo for scanning electron microscopy (SEM)
observation. In the unidirectional freezing process, the freezing rate changes until a
pseudo-steady state is established in the unidirectional freezing process. Tamon and
co-researchers™'? suggested that the pseudo-steady state of the ice growth is established
at least 5 cm above the bottom of the tubes. Because of this, we harvested a sample

from 5 cm above the bottom of the tube for SEM observation.

4.3. Result and Discussion

4.3.1. Resulting Porous Honeycomb Monolith Structure

Figure 4.2a shows a photographic image of calcined honeycomb
monolith-structured silica, several centimeter in length and about 8 mm in diameter. The
test results for laser transmission perpendicular and vertical to the freezing direction
were illustrated in Figure 4.2b and Figure 4.2c¢, respectively. The light could transmit
through the sample structure. When the laser was perpendicular to the freezing direction,
the strength of the transmitted light was strongest in the center area and some light
transmitted thorough the sidewall because the porous structure had highly ordered,

three-dimensionally interconnected macroporous walls. The strength of the light
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transmitted vertical to the freezing direction was weaker than the strength of the light
transmitted through perpendicular to freezing direction. This indicated that the material
has unidirectionally aligned continuous pores, micro-scale channels, in the freezing

direction.

b light o c IR _\

q Laser

Laser

#

Transmitted light

Figure 4.2. Photographs of Honeycomb monolith-structured silica. (a) overall image of
the calcined sample, and (b) the result of laser irradiation through perpendicular to the
freezing direction, and (c) the result of laser irradiation through vertical to freezing

direction.

Figure 4.3 shows typical SEM micrographs of prepared silica micro-scale, honeycomb

structures. The SEM sample was prepared from PSHEMA/silica sol with a 20 vol%
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total particle concentration, a 74.2/25.8 PSHEMA/silica volume ratio, and a 3.5 cm hr!
immersion rate. Figures 4.3a and b show SEM micrographs of cross-sectional areas of
the sample, cut in parallel and perpendicular to the freezing direction, respectively. Both
images clearly show a honeycomb monolith structure in the cross-section, with
smooth-walled micro-scale channels aligned along the freezing direction. The magnified
SEM micrograph of the cross-sectional area parallel to freezing direction is shown in
Figures 4.3c. Macropores can be observed on the walls of the silica honeycomb
monolith structure. The pores originated from PSHEMA and were well aligned in
three-dimensions. This result indicates the spontaneous alignment and packing of two
particles with different sizes, occurring during the unidirectional freezing process.
Figure 4.3d clearly shows that the walls have highly ordered and three-dimensionally
interconnected macropores. The macropore size was determined by the size of the
PSHEMA particles. The size of the macropore is about 300 nm, which is smaller than

the particle size due to shrinkage during calcination.
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100 nm

Figure 4.3. Micrographs of honeycomb monolith structures prepared from
PSHEMA/silica sol with a 20 vol% total particle concentration, a 74.2/25.8
PSHEMA/silica volume ratio and a 3.5 cm h™' immersion rate. (a) cross-sectional area
parallel to the freezing direction, (b) cross-sectional area perpendicular to the freezing
direction, (c) magnified cross-sectional area parallel to freezing direction, and (d)

magnified micrograph that shows interconnected macropores prepared by calcination.

The nitrogen adsorption-desorption isotherms were measured at 77 K to confirm
the existence of mesopores and the result was shown in Figure 4.4. The inset shows that
the pore size distribution calculated from the adsorption branches. The isotherms were
measured with the sample prepared with a 20 vol% total particle concentration, a
74.2/25.8 PSHEMA /silica volume ratio, and a 3.5 ¢m hr'! immersion rate. The BET
surface area was 281 m’ g'l. The pore size distribution was determined using the BJH

method.? As shown in the inset of Figure 4.4, there was a peak at ca. 2.6 nm of pore
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diameter. The mesopore volume of the sample was small because the sample has highly
macroporous morphology and mesopore structure was formed with only several layers
of silica particles. The isotherm was compared with a nonporous silica standard '
(LiChrosphere Si-1000) in reduced units (divided by the adsorbed volume at a reduced
pressure P/Py equal to 0.4), which was previously reported by Cabanas et al. to
determine the existence of micropores.””> As shown in Figure 4.5, comparison of
adsorption data of Honeycomb monolith-structured silica showed almost complete
overlapping with the standard in the low-pressure range before nitrogen condensation,

which indicates the absence of microporosity in the sample.
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Figure 4.4. Nitrogen adsorption-desorption isotherms. The inset shows the pore size

distribution from the desorption branches. (m) adsorption and (o0) desorption.
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Figure 4.5. Comparison of the standard reduced nitrogen adsorption data for

macroporous silica LiChrospher Si-1000 with data of honeycomb monolith-structured

silica. (m) LiChrospher Si-1000 and (o) honeycomb monolith-structured silica.

4.3.2. Effect of Freezing Rate and Total Particle Concentration

The schematic diagram of the fabricated structure is illustrated in Figure 4.6. The
structure has three different kinds of pores; micro-scale channels prepared by templating
ice crystals, highly ordered and three-dimensionally interconnected macropores
prepared by templating PSHEMA particles, and mesopores between silica particles. The
average diameter and the wall thicknesses of micro-scale channels can be controlled by
the immersion rate (freezing rate) and total particle concentration. The test results are

shown in Figures 4.7 and 4.8. The effects of the freezing rate and the total particle
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concentration on the micro-scale channel diameter and the wall thickness were
investigated using SEM micrographs. The average micro-scale channel diameter
decreased with the increase in the freezing rate and total particle concentration. The
average wall thickness decreased with the increase in freezing rate and a decrease in
total particle concentration (Figure 4.9-10).

As shown in Figure 4.11, macroporosity was measured using mercury porosimetry
(Pore Master-60, Quantachrome .Instruments). The result clearly showed a bimodal
pore size distribution. The sample which was prepared with a 20 vol% total particle
concentration and 3.5 cm hr”' immersion rate showed a clear peak at 8.63 pm. The peak
corresponds to the micro-scale channels. As previously shown in Figure 4.9, the average
diameter of micro-scale channels was calculated from SEM images and the result was
9.61 um. The change in the average channel diameter coincided with the result of SEM
image analysis. The average channel diameter decreased with the increase in the
freezing rate and the pore volume of micro-scale channels decreased with the increase
in the total particle concentration. Even though all samples have macropores in 300 nm
diameter, the result of mercury porosimetry clearly showed clear a peak at ca. 70 nm.
This peak could be corresponding to the small holes interconnecting macropores. As
shown in Figure 4.3d, the average size of small holes was ca. 70 nm. Considering the
principle of mercury porosimetry measurement, this may be proper result for the inverse

opal structure.

83



Micro-scale channel

LI L L

) 000000

IIIIIILL

Silica particle Mesiopore

Macropore

Figure 4.6. Schematic diagram of the fabricated structure. (a) Honeycomb monolith

structure, (b) highly ordered macropores, (c) magnified macropores interconnected

three-dimensionally to each other, and (d) packed silica particl
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20um
Figure 4.7. SEM images of cross-sectional area perpendicular to the freezing direction
of honeycomb monolith structures prepared from PSHEMA/silica sol with a 20 vol%
total particle concentration, a 74.2/25.8 PSHEMA/silica volume ratio and an immersion

rate of (a) 2.0 cm hr', (b) 3.5 cm hr', and (¢) 17.5 cm hr™.
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Figure 4.8. SEM images of cross-sectional area perpendicular to the freezing direction
of honeycomb monolith structures prepared from PSHEMA/silica sol with a 74.2/25.8
PSHEMA /silica volume ratio, a 17.5 ¢cm hr' immersion rate, and a total particle

concentration of (a) 10 vol%, (b) 20 vol%, and (c) 30 vol%.
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Figure 4.9. Effect of the immersion rate on the average channel diameter and the
average wall thickness at a 20 vol% total particle concentration. (m) average channel

diameter and (®) average wall thickness.
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4.3.3. Formation Mechanism of Honeycomb Structure and

Particle Packing

In the previous chapters, a honeycomb monolith structure was created from poly
(L-lactic acid) (PLLA) and a dehydrated 1,4-dioxane solution, where the 1,4-dioxane
crystalline structure was used as a template. The solvent was crystallized and the
crystals grow in the freezing direction under the constitutional supercooling condition.
Thus, the crystal growth followed the Mullins-Sekerka instability theory.”> Impurities in
the solution increase instability and enhance transition from a cellular to a dendritic
structure in solvent crystals. However, in the colloidal solution used in the present work,
the existence of particles in the freezing solution did not seem to change the degree of
constitutional supercooling and instability. Therefore, the creation of smooth-walled
(cellular type) micro-scale channels was not hindered by the particles. The speculated
mechanism of particle packing and self-organization in the ice template is illustrated in
Figure 4.12. In the course of unidirectional crystal growth of water, the particles were

224 The concentration of water in the colloidal

expelled from the growing ice crystals.
liquid phase surrounded by the ice was gradually decreased according to the growth of
the ice. On the other hand, the particle density in the colloidal liquid phase increased
while maintaining dispersion, and finally the particles were closely packed. The growth

rate of the ice crystals could be considered to affect the repulsion of particles and the

ordered arrangement of PSHEMA /silica particles.
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Figure 4.12. Schematic diagram explaining particle packing by unidirectional growth of

ice crystals
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4.4. Conclusion

In conclusion, the unidirectional freezing scheme is proposed as a simple method
for packing colloidal silica and preparing honeycomb monolith-structured silica, with
highly ordered, three-dimensionally interconnected macroporous walls. The relatively
large size inverse opal structure, which has aligned micro-scale channels, can be easily
produced using this method. The experimental results indicate that three-dimensionally
interconnected macroporous structures develop by spontaneous self-organization of two
kinds of particles in the growing ice template. This new method could be applied to a
range of nanoparticle suspensions for particle packing and colloidal crystals preparation.
We expect potential applications in a wide range of areas, such as catalysts, adsorbents,

tissue scaffolds, ultralightweight materials, and micro fluidics.
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Chapter V
General Discussion: from the Viewpoint of Cell

Morphology Control.

5.1. Introduction

In chapter II, III, and IV, the preparation methods of honeycomb monolith
structures of PLLA as well as silica were discussed. The morphology was successfully
controlled using several methods such as the addition of third components, phase
separation of polymer blend and leaching, and PSHEMA particle templating and
burning out of it. In chapter V, the control of aligned porous structure will be discussed
by paying attention to the underlying principles of the crystal growth during
unidirectional freezing. To discuss the control of morphology, several papers that have
been reported up to now were reviewed and classified by raw materials; 1) polymer
solution, 2) colloidal suspension which is accompanying sol-gel reaction, and 3)
ceramic slurry and colloidal suspension which is not accompanying sol-gel reaction.

In order to control the morphology, several parameters affecting the final structure
have been reported such as raw material concentration,' particle size of ceramic

3 addition of third component,” and freezing rate.”” Almost of all papers

slurry,”
discussed about controllability of wall thickness and micro-scale channel diameter of
honeycomb by changing raw material concentration and freezing rate, but did not
discussed controllability of the cell structure. In general, the average micro-scale

channel diameter decreased with the increase in freezing rate as well as raw material

concentration. The average wall thickness decreased with the increase in freezing rate
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and as well as with the decrease in raw material concentration. Recently, Deville et al.?
summarized the relation between morphology and ice front velocity by observing the
change in morphology during the initial period of unidirectional freezing of alumina
slurry. Even though several research group reported the preparation of porous structure
using unidirectional freezing, the controllability of cell morphology in pseudo-steady
state freezing has not yet intensively investigated excluding unidirectional freezing of
colloidal suspension accompanying sol-gel reaction.® The change in crystal type of the
used solvent was pointed out only by Deville et al.” Therefore, to investigate the
relationship of morphology with solvent and raw material composition, the result
reported by several papers were analyzed. On the base of the analysis, the effect of
solvent and the raw material composition on the morphology were intensively discussed.
The unidirectional growth of solvent crystal was explained in the frame of
Mullins-Sekerka instability'® and Jackson and Hunt theory'' which were representative

theories for the unidirectional growth of binary and eutectic alloy.

5.2. Theories of the Unidirectional Growth of Binary and

Eutectic Alloy

A schematic phase diagram of binary alloy was illustrated in Figure 5.1. In general,
during solidification of alloy, solute is piled up ahead of the solid-liquid interface due to
the smaller solubility of solid when the partition coefficient is less than unit (A region of
Figure 5.1). The partition coefficient is the ratio of the equilibrium concentration of
solute on the solid side of the interface to that on the liquid side of the interface.

Interfacial concentration gradient of solute, which is established by diffusion of solute
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expelled from solvent crystals, leads to depression of freezing point. This is one of the
main factors that cause instability of solid-liquid interface. Freezing point depression is
the phenomenon where the freezing point of a liquid (a solvent) is depressed when a

solute is added. In other word, a solution has a lower freezing point than a pure solvent.

/Region A\

- ™

W

Region B

\\' ]

Temperature

Eutecti€ point

A Concentration B

Figure 5.1. A schematic representation of phase diagram of binary alloy.

As shown in Figure 5.2, cells or dendrites crystal is usually formed at the region A
where a single phase solid is formed by unidirectional freezing of binary alloy. This
structure development in the region A can be explained by the theory of Mullins and

Sekerka. '
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Cells Dendrites

Figure 5.2. Schematic representation of cellular and dendritic structure prepared by

unidirectional freezing of binary alloy

However, long-range diffusion and solute pile up do not occur at or near the
eutectic composition (in the region B of Figure 5.1.) since the solute is rejected by one
phase is used for the growth of the other phase. The unidirectional freezing of eutectic
alloy is different from the solidification of single phase in terms of structure. As shown
in Figure 5.3, lamellar or rods structure is usually formed by unidirectional freezing of
eutectic alloy. Jackson and Hunt'' analyzed the conditions for the stability of the rod and

lamellar structures.

Lamella Rods

Figure 5.3. Schematic representation of lamellar and rods structure prepared by

unidirectional freezing of eutectic alloy
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5.2.1. Mullins-Sekerka Instability

Mullins and Sekerka'® described that the instability of planar interface, which is
unidirectionally freezing at constant velocity, is governed by competition between the
destabilizing the solute interfacial concentration gradient and the surface energy and the
temperature gradient that stabilize the solid-liquid interface. The stability of the planar
interface was analyzed by introducing a sinusoidal perturbation to the infinitesimal
initial interface and calculating the time dependent behavior of the amplitude. Linear
stability analysis yields the following expression for the growth rate of a perturbation

(8) to the planar interface, of magnitude & as a function of the instability wavelength

2n/®):

Vol{-2T,T o’ [0*~(V /D) p|-(¢'+p) @*~(V I D) p]+2mG.[0*~(V/D)]}

SR

20mG, _,_(50’_50)[@)*—(V/D)p}

(5.1)

1

w*=(V/2D)+[(V /2D)’ + o’ |2

— 1
k ZE(ks +kL)

9=k, 15)G
©'=(ks/ k)G’
p=1l-n

&(¢): The amplitude of the sinusoidal ripple

V' : The constant mean growth velocity of the interface
o : The frequency of the sinusoidal ripple

T,, : The melting temperature of a flat interface

" = o/L: The ratio of the surface energy and the latent heat of fusion
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D : Diffusion coefficient of solute in the liquid

n : The partition coefficient given by the ratio of the equilibrium concentration of
solute on the solid side of the interface to that on the liquid side of the interface
G and G': The thermal gradients in the liquid and solid at the flat interface

G, : The concentration gradient in the liquid at the interface

ks and k, : The conductivity of solid and liquid

m : The slope of the liquidus line on the phase diagram including sign

As explained by Kurz and Fisher,'? cellular type crystal grows under conditions
close to the limit of constitutional supercooling of the corresponding planar interface.
On the other hand, dendrite type crystal grows when the degree of Mullins-Sekerka
instability is high. Detail derivation of Mullins-Sekerka instability was described in

appendix L.

5.2.2. Jackson and Hunt Theory.

The formation of lamella and rods structure of metal alloy is investigated by
Jackson and Hunt."" They analyzed the conditions for the stability of rod and lamellar
structures. They concluded that stable growth occurs at or near the minimum interface
undercooling for a given growth rate. They derived mathematical model for the
undercooling of interface of lamellar and rod-type eutectic. The following expression
was proposed for the undercooling of lamellar and rod-type eutectic as a function of

lamellar spacing, A, orrod spacing, R, and growth rate, v:
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For the undercooling of lamellar interface

—=Vi0"+— (5.2)
m A
1 1 1
_— = —
m m, mg
2
QL:P(1+./;) G,
¢D
s 3
P=Z(Lj sin?| e
o \ T S, +S8,
L aL
a" =2(1+¢)| —=+—L
m, mg
g_Sa/Sﬁ
C,=Cy +C)

m,, and m: The slopes of the o and B liquidus lines, respectively.

V' : The constant mean growth velocity of the interface

A= Z(Sa +S ﬂ) : Lamellar spacing
S, and S,: The half of the widths of a and B phase, respectively

T,

-+ The eutectic temperature

a. and aé : The constants of the a and B phase given by the Gibbs-Thompson
relationship
C¢ and C/: The amounts of B and A, respectively, rejected when unit volume

of the a and B phase freeze

For the undercooling of rod interface

R
éz:DRQR+%€ (5.3)

m
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r= 2(ra + rﬂ) : Rod spacing

r, and ry The radius of o and B phase, respectively

Jackson and Hunt derived the condition for rod formation at a given growth
velocity by comparing Eq. 5.2 with Eq. 5.3. They concluded that the growth of rod-type
eutectic occurs when the volume difference of two phases is very big. Detail derivation

of Jackson and Hunt theory was described in appendix II.

5.3. Unidirectional Freezing of Polymer Solution

Preparation of porous polymeric material using unidirectional freezing has been
mainly investigated for bio-scaffold usage in cell cultivation" or drug delivery' using
natural, biodegradable, or biocompatible polymers. The controllability of channel
diameter and inherently aligned micro-scale channel are the reason why unidirectional
freezing is adopted to this area. Papers related with unidirectional freezing of polymer
solution were reviewed and summarized in Table 5.1. As shown in Table 5.1,
unidirectional freezing of polymeric solution caused cellular honeycomb or dendritic

honeycomb. When water was used as sacrificial template, cellular honeycomb or
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dendritic honeycomb was prepared. However, only dendritic honeycomb was prepared
with organic solvents excluding benzene'” and dehydrated 1,4-dioxane cases of chapter
Il and III. Ma and Zhang"” prepared cellular honeycomb using poly(L-lactic
acid)/benzene solution and dendritic honeycomb using poly(L-lactic acid)/1,4-dioxane
solution. They claimed that the morphology could be changed by the used solvent.
However, cellular honeycomb was also successfully prepared with poly(L-lactic
acid)/dehydrated 1,4-dioxane solution as described in chapter II and III of this
dissertation. It was also confirmed experimentally that honeycomb morphology could
be transited from cellular structure to dendritic one by the increase of water content. The
cellular to dendritic transition of honeycomb structure can be explained by the theory of
Mullins-Sekerka instability. As described in Section 5.2.1, crystal type is determined by
the degree of Mullins-Sekerka instability. As explained in appendix I, the degree of
Mullins-Sekerka instability increases with the increase of solute concentration, slope of
liquidus line of phase diagram, and diffusivity of solute in the solution. On the opposite,
degree of Mullins-Sekerka instability decreases with the increase of interfacial energy,
temperature gradient.

Interfacial concentration gradient of solute, which is established by diffusion of
solute expelled from solvent crystals, leads to freezing point depression. Freezing point
depression is a colligative property, which means that it is dependent on the dissolved
particles and their number, but not their identity. The degree of freezing point
depression is proportional to the molar mass of the solution as given by the following

equation.

AT, = K, xmy (5.4)
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ATy The difference between the freezing point of the pure solvent and the
solution.

K;: The cryoscopic constant, which is dependent on the properties of the solvent.

my : Molar mass of solute.

This means that the degree of supercooling can be altered by the used solvent even
though the same amount of impurity is dissolved. Therefore, crystal type may be
changed with different kind of solvent at the same level of impurity content. The
cryoscopic constant was summarized in Table 5.2 for the solvents, which were usually
used for unidirectional freezing. As shown in Table 5.2, the cryoscopic constant of water
is much smaller than that of 1,4-dioxane. This means that the degree of Mullins-Sekerka
instability induced in water is much smaller than that of 1,4-dioxane at the same molar

mass of solute and condition.
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Table 5.1 Summary of materials, used solvents, and morphology (polymer solutions).

Materials Solvent Morphology Reference
30 mg/ml Agarose aqueous solution Water Cellular honeycomb 14
1:1 v/v mixture of 5 wt% PV A aqueous solution and 30 wt%
. ) , Water Cellular honeycomb 6
15 nm silica colloidal suspension
5-15 % (w/v) gelatin aqueous solution Water Cellular or dendritic honeycomb 15
2.5-10 wt% PVA Water Dendritic honeycomb
5 wt% PVA Water Dendritic honeycomb 6
o L Benzene or Cellular honeycomb (benzene),
2.5-10 wt% PLLA or poly(D,L-lactic acid-co-glycolic acid) . . . 13
1,4-dioxane Dendritic honeycomb(1,4-dioxane)
Dehydrated . Chapter
3-10 wt% PLLA . Cellular or dendritic honeycomb
1,4-dioxane 11
Dehydrated . Chapter
7 wt% PLLA/PEG blend ) Cellular or dendritic honeycomb
1,4-dioxane III
2.5-5.0 wt% PLLA or PLGA/HAP(PLLA or PLGA/HAP: . .
] ) 1,4-dioxane Dendritic honeycomb 7
30-100/0-70 weight ratio)
12 wt % 1,2,3,4,6-pentaacetyl B-D-galactose (BGAL) Liquid CO, Dendritic honeycomb 16
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Table 5.2 Cryoscopic constants of solvents usually used for unidirectional freezing'’

Solvent Cryoscopic constant (K kg/mol)
Water -1.86
1,4-Dioxane -4.63
Tert-butyl alcohol -8.37
Benzene -5.12
Diethyl ether -1.79
Camphene -37.6

5.4. Unidirectional Freezing of Colloidal Suspensions

Accompanying Sol-Gel Reaction

Several research groups have reported preparation of porous structure using water
base sol and gel. Morphology of unidirectionally frozen structure, which was prepared
with colloidal suspension system accompanying sol-gel reaction, was summarized in
Table 5.3. Since Mahler and Bechtold'® reported the preparation of lamellar and
polygonal fiber using unidirectional freezing of silica sol or gel, various structure of
silica, titania, silica/alumina composites were prepared by the unidirectional freezing
method. The method of controlling morphology was well explained by Tamon and
coworkers using mobility of silica.® They reported the preparation of lamella, flat fibers,
and cellular honeycomb by controlling the relaxation time of the hydrosol at the time of
freezing and the gelation time of the hydrosol. Cellular honeycomb, polygonal fibers,
and powder were also prepared by controlling elapsed time between gelation and
freezing, and the gelation time of the hydrogel. Recently, honeycomb of mullite
(3A1,03/2S10,) ceramics which had dendritic feature was also reported by Ding et al."’

They added poly(vinyl alcohol) (PVA) as binder and acetic acid as stabilizer to form a

stable alumina sol. The formation of dendritic honeycomb can be explained by the

105



Mullins-Sekerka instability. Acetic acid piles up on the solid-liquid interface and causes
freezing point depression. The addition of PVA leads to the increase of viscosity, which
disturbs the diffusion of acetic acid to liquid side. Nishihara®® also pointed out that
dendrite type ice crystals were grown with titania gel which includes impurity. To
prepare polygonal titania fibers, he removed impurities, ethanol and isopropanol, by
dialysis. Mahler and Bechtold'® also reported that fiber formation was precluded by the

presence of more than 0.025 M salts.
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Table 5.3. Summary of materials, used solvents, and morphology (colloidal suspensions accompanying sol-gel reaction)

Materials Solvent Morphology Reference

0.5-5 mol/l silica gel with less than 0.025 mol/l salt Water Lamellar or polygonal fiber 18

Zirconia gel Water Polygonal fiber 21

Titania gel Water Polygonal fiber 22

Alumina gel Water Polygonal fiber 23

. Lamella, flat fiber, cellular honeycomb, or

0.5—-2 mol/l silica sol or gel Water 24
polygonal fibers

1.6 or 1.9 mol/l silica gel Water Cellular honeycomb 25

TiO; hydrogel Water Polygonal fibers 26

Resorcinol-formaldehyde (RF) hydrogel Water Cellular honeycomb 27

. Cellular honeycomb, polygonal fibers, or self

Resorcinol-formaldehyde (RF) hydrogel Water . 28
standing bundle

1.0-9 mol/l silica gel Water Cellular honeycomb 5

. Lamella, flat fibers, cellular honeycomb, or

Silica sol Water 29
polygonal fibers

Si0,/Al,05 gel (Si/Al ratio = 1.9-9.5) Water Cellular honeycomb or polygonal fibers 30

. Lamella, flat fiber, cellular honeycomb,
0.5-2.0 mol/l silica sol or gel Water 8

polygonal fibers or powder
10 wt% SiOy/ALLO; (2:3 30 nm SiO, powder/Al,O;

) ) ) Water Dendritic honeycomb 19
sol) with PVA (PVA/AI20; 1:10 weight ratio)
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5.5. Unidirectional Freezing of Ceramic Slurries or Colloidal

Suspensions not Accompanying Sol-Gel Reaction

Recently, unidirectional freezing of ceramic slurry or colloidal suspension, which
is not accompanying sol-gel reaction, has been also investigated to prepare porous
ceramic materials. Papers related with unidirectional freezing of this system were
summarized in Table 5.4. So far, water and camphene were mainly used as solvent due
to the environmental friendliness of water, and high freezing point of (+)-camphene
(44°C-48°C).*! Deville’ summarized papers related with the preparation of porous
ceramics using unidirectional freezing. He explained that the formation of lamellar
structure in aqueous slurry with the anisotropy of crystal growth kinetics of water and
pointed out the formation of dendritic honeycomb with camphene. However, the method
of controlling morphology was not intensively investigated. As summarized in Table 5.4,
almost all results of unidirectional freezing that were prepared from aqueous slurry
showed lamellar or transitional structure of lamellar and cellular honeycomb. However,
very recently, preparation of dendritic honeycomb of titania was reported by Ren et al.*>
They prepared titania aqueous suspensions with ammonium polyacrylate as a dispersant,
polyvinyl alcohol as a binder, and polyethylene glycol as a plasticizer. This means that
morphology can be intentionally controlled by the addition of several additives, which
work as impurities and increase the degree of Mullins-Sekerka instability.

The formation mechanism of lamellar structure with aqueous slurry may be
analogous to lamellar eutectic growth. In the case of lamellar eutectic growth,
long-range diffusion and solute pile up do not occur at the eutectic composition since

the solute rejected by one phase is needed for the growth of the other. In the colloidal
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suspension, the existence of particles in the freezing solution does not change the degree
of constitutional supercooling and instability. This may be the reason why lamellar
structure is formed by unidirectional freezing of aqueous slurry.

As shown in Table 5.4, unidirectional freezing of aqueous alumina slurry, which is
believed most pure system, leads to lamella structure formation. Furthermore, Jackson
and Hunt'' reported that the lamellar to dendrite transition of eutectic growth occurred
when the volume difference of two phases was very big. The formation of thin fiber
with 1 wt% of 80 nm PS nanoparticle suspension is another example showing that the
unidirectional freezing of colloidal suspension is analogues to unidirectional eutectic
growth. Several research results obtained from aqueous slurry, dealt with system with
dispersant and impurities, showed transitional structure of lamellar and cellular
honeycomb, continuous open pores with flat shape. Even though the reason was not
explained, Gutierrez et al.*® reported the morphology transition of unidirectionally
frozen structure of multiwall carbon nanotube (MWCNT) aqueous suspension with
small amount of chitosan (1 wt%). The morphology transited from transitional structure
of lamellar and cellular honeycomb (2 wt% of MWCNT) to cellular honeycomb (8
wt%) by the increase of MWCNT. These results can be explained by the change in
impurity concentration in slurry. The increase of impurities induced the transition from
the system analogues to lamella eutectic growth to the system affected by
Mullins-Sekerka instability. To confirm this speculation, the morphology transition of
alumina lamellar structure was tested. 0.2 pm alumina powder was used for this
experiment (99.99 % purity, TM-5D, Taimei Chemicals Co., Ltd.). PEG with weight
average molecular weights of 70,000 were used (Wako Chemicals Ind. Ltd.). PEG was

dissolved in distilled water. The concentration of PEG was varied from 2 vol% to 8
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vol%. Then, 8 vol% of alumina was added in the solution. The alumina particles were
dispersed by stirring and ultrasonic treatment. After dispersion treatment, the alumina
colloidal suspension was poured into a PP tube. The prepared tube was unidirectionally
frozen at the constant speed of 3.5 cm hr' by soaking into liquid nitrogen. After
freezing the solution completely, the solidified sample was freeze-dried at 268 K for 4
days. The SEM images of the experimental results were shown in Figure 5.4. The
morphology was changed from lamella structure (2 vol% of PEG) to transitional
structure of lamellar and cellular honeycomb (4 and 6 vol% of PEG), and finally to
cellular honeycomb (8 vol% of PEG). As calculated by Tiller et al,** the concentration
gradient in the liquid near the solid-liquid interface was increased by the decrease in
diffusivity that can be caused by the increase of viscosity. Ragnarsson et al.*> pointed
out that the dominating effect of using a polymer solute is the reduction of solute
diffusivity. They used purified succinonitrile and poly(ethylene oxide) of varying
molecular weight as solvent and solute in their experiment. Furthermore, the formation
of dendritic honeycomb from titania aqueous slurry with 0.2 wt% NH4PAA
(Dispersant), 2.5 wt% Poly (vinyl alcohol) (Binder) and 3.8 wt% PEG400 (Plasticizer)
coincides with the speculation.’> As described by Deville,” the formation of dendritic
honeycomb with camphene slurry was reported several times. This result also can be
explained with severe Mullins-Sekerka instability which was caused by the low purity

(97 %) and the high cryoscopic constant (-37.6 K kg/mol) of used camphene.
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Table 5.4. Summary of materials, used solvents, and morphology (ceramic slurries or colloidal suspensions not accompanying sol-gel

reaction) continued.

Materials Solvent Morphologies Reference
0.3 um alumina aqueous solution Water Lamella 36
Alumina with dispersant (Darvan 811, 1 wt% of alumina), PVA (2 wt%
) Water Lamella 2
of alumina)
80 nm 1 wt% PS nanoparticle Water Round Fiber 37
17-37 vol% HAP with 1 wt% dispersant (Darvan 811) and 1 wt% PVA Water Lamella, TLC* 38
Hydroxy aphataite (HAP) Water TLC 36
4.9 g (45 £9.6 g (125 titani ith 3.6ml deionized water,
g (45 um) o g (125 pm) titanium wi ml deionized water Water TLC 3
0.2 wt% agar and 1 pl neutral detergent
28-45 vol% alumina with a small amount of dispersant, Alon A-6114 Water TLC 39, 40
30 vol% Al,0O3/Al(OH); mixture with Aron A-6114 (1 wt% of powder) Water TLC 41
20-30 vol% Si3N4/Y,03/Al,05 (95/5/2 weight ratio) with a small amount
) Water TLC 42
of dispersant, Alon A-6114
La0,6Sro,4C00,2Fe0,gO3-delta-Ceo.ngo.101,95 Water TLC 43
45-65 % ceramic powder/silica sol mixture Water TLC 44
22 vol% titanium with 0.2 wt% Agar Water TLC 45
30 vol% alumina with 0.53 wt% dispersant (Dolapix CE 64) and 10 wt%
Water TLC 46

binder (Optapix PAF 60)

TLC: transitional structure of lamellar and cellular honeycomb.
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Table 5.4. Summary of materials, used solvents, and morphology (ceramic slurries or colloidal suspensions not accompanying sol-gel

reaction) continued.

Materials Solvent Morphologies Reference

2-8 wt% MWCNTs or Pt/MWCNTs with small amount of chitosan Water TLC, cellular honeycomb 33
10-50 wt% TiO, with 0.2 wt% NH4PAA (Dispersant), 2.5 wt% PVA

) . Water Dendritic honeycomb 32
(Binder) and 3.8 wt% PEG400 (Plasticizer)
20-50 vol% alumina with dispersant (an amine derivative of a fatty acid .
. Camphene Dendritic honeycomb 47
condensation polymer, Perfad 9100)
5 vol% alumina with 3 wt% dispersant (oligomeric polyester Hypermer .
. Camphene Dendritic honeycomb 48
KD-4) and 10-30 vol% PS of alumina
20 vol% bioglass (a composition of 46.1 % Si102, 24.4% Na,O, 26.9% .
] ] ] Camphene Dendritic honeycomb 49
Ca0, and 2.6% P,0s in mol%) with 3 wt% dispersant, KD-4
5-20 vol% alumina with 3 wt% dispersant, KD-4 Camphene Dendritic honeycomb 50
5-25 wt% polycarbosilane Camphene Dendritic honeycomb 51
10 vol% SiC/camphene with polycarbosilane (0-20 wt% of SiC)and 3 .
, Camphene Dendritic honeycomb 52
wt% dispersant, KD-4
20 vol.% of 1:1 wt.% mixture of nickel oxide (NiO) and yttria-stabilized .
] ] ) Camphene Dendritic honeycomb 53
zirconia (YSZ) doped with 8§ mol% Y203
10-25 vol% Lead zirconate titanate-lead zinc niobate (PZT-LZN) with 3 .
Camphene Dendritic honeycomb 54

wt% dispersant, KD-4

TLC: transitional structure of lamellar and cellular honeycomb.
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Table 5.4. Summary of materials, used solvents, and morphology (ceramic slurries or colloidal suspensions not accompanying sol-gel

reaction)
Materials Solvent Morphologies Reference
10-20 vol% HAP with 6 wt% dispersant, KD-4 Camphene Dendritic honeycomb 55, 56, 57
HAP with PS (0-30 vol% of HA), and dispersant, KD4 Camphene Dendritic honeycomb 58
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Figure 5.4. Effect of PEG concentration on structure - SEM micrographs of honeycomb
monolith structures prepared from Alumina/PEG/water slurry. (a) 8/2/90 volume ratio,

(b) 8/4/88 volume ratio, (c) 8/6/86 volume ratio, and (d) 8/8/84 volume ratio.
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5.6. Conclusion.

In summary, Mullins-Sekerka instability and Jackson and Hunt theory must be
considered to control aligned porous morphology prepared by unidirectional freezing.
To control the morphology, the proper selection of solvent and raw material
composition is necessary. The relationship between Mullins-Sekerka instability and the
structure prepared by unidirectional freezing is summarized in Figure 5.5. By the
increase in the degree of Mullins-Sekerka instability, the structure is changed from
round fiber and lamellar to transitional structure of lamellar and cellular honeycomb,
cellular honeycomb, and finally dendritic honeycomb. The degree of Mullins-Sekerka
instability increases with the increase of solute concentration, slope of liquidus line of
phase diagram, and diffusivity of solute in the solution. On the opposite, degree of
Mullins-Sekerka instability decreases with the increase of interfacial energy,

temperature gradient.

. Volume of raw material
*Volume ratio =

Volume of solvent

Determined by volume ratio of raw material and solvent
[ [ TLC ] [Cellular Honeycomb ] [Dendritic Honeycomb]

Round Fiber

'\

Volume ratio*

v

Degree of Mullins-Sekerka instability

Figure 5.5. Relation of Mullins-Sekerka instability and structure prepared by
unidirectional freezing. TLC means transitional structure of lamellar and cellular

honeycomb.
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Detail strategy to control the morphology of each system can be summarized as

follows;

1. Polymer solution

It is better to use water or organic solvent that has low cryoscopic constant for the
preparation of cellular honeycomb. To prepare dendritic honeycomb, the addition of
impurity or the use of organic solvent instead of water can be helpful. In the case of
polymers, which are insoluble in water or solvent with low cryoscopic constant, highly

purified organic solvent and polymer have to be used to prepare cellular honeycomb.

2. Colloidal suspension accompanying sol-gel reaction

The morphology can be changed by controlling mobility; the relaxation time of
the hydrosol at the time of freezing and the gelation time of the hydrosol, and the
elapsed time between gelation and freezing as well as the gelation time of the hydrogel.
Sol has to be prepared by special route to prevent contamination by impurities or has to

be purified to avoid the formation of dendritic honeycomb.

3. Colloidal suspension not accompanying sol-gel reaction

To prepare lamellar structure, the use of water or organic solvent with low
cryoscopic constant is helpful. To prepare round fibers, small volume fraction of particle
must be used. To prepare lamellar or round fiber, the raw material has to be purified and
the addition of additives must be minimized. On the other hand, to make cellular or
dendritic honeycomb, the selection of solvent with high cryoscopic constant or addition

of additives such as polymer is necessary.
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Chapter VI

General Conclusion

In this dissertation, the preparation of honeycomb monolith structure using the
unidirectional freezing of polymer solutions and a colloidal suspension has been
investigated and the morphologies have been manipulated using the addition of third
component, phase separation of polymer blend and leaching of polymer, and burning
out of polymer particles. The key factors for controlling the aligned porous morphology
have been fully investigated. The detailed contents were summarized for each chapter as
follows.

In chapter II, honeycomb monolith structures of PLLA were successfully
prepared by the unidirectional freezing and a subsequent solvent sublimation. Water
content and polymer concentration were key factors for the creation of ladder-like
structures in aligned microchannels. The interconnectivity of aligned channels could be
controlled by the concentration of polymer and the addition amount of water. The
microscale channel diameter and the number density of pore channel per unit cross
section perpendicular to the aligned direction were controlled by the PLLA
concentration and the freezing rate. The wall thickness of channel wall was also
controlled by the PLLA concentration and freezing rate.

In chapter III, honeycomb monolith-structured PLLA with micro/nanoscale
porous walls was successfully fabricated by combining the unidirectional freezing
technique and the phase separation of the polymer blend solution. PEG was used to

create pores in the microchannel wall in the honeycomb monolith structure. The pore
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size was controlled by the onset time of liquid-liquid phase separation by changing the
molecular weight of the PEG as well as the blend ratio of PLLA/PEG. The effect of
PEG molecular weight on the freezing point depression was investigated by the freezing
point measurement. A ternary phase diagram for PLLA, PEG, and 1,4-dioxane was
obtained from cloud point measurements data. Based on the measurement of the
freezing point depression and the phase diagram, hypotheses for the mechanism of the
cellular-dendritic transition and the formation mechanism of the pores in the channel
walls were proposed.

In chapter IV, unidirectional freezing scheme was proposed as a simple method
for packing colloidal silica and preparing honeycomb monolith-structured silica, with
highly ordered, three-dimensionally interconnected macroporous walls. Relatively large
size inverse opal structure, which has aligned micro-scale channels, was successfully
produced using this method. The experimental results indicated that three-dimensionally
interconnected macroporous structures develop by the spontaneous self-organization of
two kinds of particles in the growing ice template.

In chapter V, the key factors to control the aligned porous morphology were
investigated by reviewing several papers. To discuss the control of morphology, several
papers were classified by used raw materials; polymer solution, colloidal suspension
which is accompanying sol-gel reaction, ceramic slurry or colloidal suspension which is
not accompanying sol-gel reaction. The importance of Mullins-Sekerka instability was
discussed with several cases. To control Mullins-Sekerka instability, the proper selection
of solvent and raw material composition is necessary. Detail strategies to control the
morphology of each system were summarized respectively.

As can be seen above, the preparation and the control of morphology of
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honeycomb monolith structure were experimentally investigated and were discussed by
reviewing several papers. The result showed that general formation mechanism is based
on the growth morphology of solvent crystal, which is affected by impurities and the
properties of solvent itself.

The transition of cellular to dendritic honeycomb (In chapter II and III) and the
transition of lamellar to cellular honeycomb (In chapter V) were shown in this thesis.
However, the preparation of all morphologies (round fiber, lamellar, transitional
structure of lamellar and cellular honeycomb, and dendritic honeycomb) with same raw
materials and solvent is not reported. Thus, further study to verify the speculation of
chapter V must be conducted in the future. Despite of unique properties such as aligned
channel, high contact efficiency, and high permeability, there are not so many research
results to utilize the structure prepared by unidirectional freezing. Further studies should

be conducted for the utilization of these novel porous structures.

123



Appendix I
Stability of a Planar Interface during Solidification of a

Dilute Binary Alloy: Mullins-Sekerka Instability

Al.1. Introduction

As shown in Fig. Al.1, for the case in which a single phase solid is formed, the
equilibrium concentration of solute in the solid at the interface between solid and liquid
is different from the equilibrium concentration of solute in the liquid adjacent to it. In
the case of unidirectional freezing, solute is expelled continuously from solid and
diffuse toward liquid phase. This causes the instability of liquid-solid interface. » 1is
the partition coefficient given by the ratio of the equilibrium concentration of solute on

the solid side of the interface to that on the liquid side of the interface

a b

@)
S

=3

3

Liquid

Temperature

Concentration

o
S

Solid

v
v

nCo, Gy Con
Solute concentration

Distance

Equilibrium concentration of solid

Partition coefficient n = — - —
Equilibrium concentration of liquid

Figure Al.1. The redistribution of solute during the unidirectional freezing of dilute
solution. a) portion of phase diagram of binary solution and b) distribution of solute at

steady state condition.
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The stability of a planar interface during unidirectional freezing has been studied
systematically by Mullins and Sekerka. They considered a planar interface moving

along z-axis with constant velocity V as shown in Fig. A1.2.

[0——)

Z/ Solid § Liquid

Cold plate (7" ) < > Ilot plate (7,)
Thermal gradient : G = (7, -7")/1

Figure A1.2. A solid-liquid interface moving along z-axis with constant velocity.

The stability of the planar interface was analyzed by calculating the time
dependence of the amplitude of a sinusoidal perturbation of infinitesimal initial
amplitude introduced into the shape of the plane.

Z = ¢(x,t)= 5(t)sin x (Al.1)
5(t): Amplitude
@ : The frequency of the sinusoidal ripple
A =2r/®: The wave length of a sinusoidal perturbation

The solid-liquid interface is unstable if any sinusoidal wave grows. This is

determined by & = % If >0 within a range of the wave length the ripple grows

and if §<0 at whole rage of the wave length the ripple decays.

To calculate &, it is required the calculation of the velocity v(x) of each element
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of interface, as a function of its position x, in terms of the values of the local thermal

and diffusion gradients. The average moving rate of the solid-liquid interface, the

average growth rate of the solid, is an average of v(x) in one wavelength.

A1.2. Calculation of the Time Derivative o of the Amplitude

of a Fourier Perturbation

The expressions of composition and temperature must satisfy the appropriate
steady-state equations. In a coordinate frame that moves with a constant velocity, V and
with the origin at z=0, as shown in Figure A1l.2, the steady-state differential equations

for the thermal and diffusion fields are

For the liquid

ViC + (Kj (a—cj =0 (Al.2a)
D)\ oz

v L [6_Tj =0 (A1.2b)
D, )\ oz

For the solid

VT + r (a—Tj =0 (A1.2¢)
D[h’ Oz

V. Constant mean velocity of the interface with respect to either phase
C : Concentration of solute in the liquid
T and T': Temperature in the liquid and solid

D : Diffusion coefficient of solute in the liquid
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D, =k, /C, and D, =k,/C, : Thermal diffusivity of the liquid and solid
kg and k, : Conductivity of solid and liquid

C, and C;: Specific heat of the liquid and solid/unit volume

Al.2.1. Thermal and Diffusion Equation for the Flat Interface.

To calculate the steady-state solutions of perturbed interface, an unperturbed flat

interface has to be solved. For solute diffusion in the liquid phase, the solution of

differential equation is

4

C= AvLBe_BZ

As shown in Figs. Al.1 and A1.2, Boundary conditions for flat interface are
C(z=0)=C,
C(z=»)=nC,

n : The partition coefficient given by the ratio of the equilibrium concentration

of solute on the solid side of the interface to that on the liquid side of the

interface

C, : The solute concentration on the liquid side of the interface at steady-state
G.: The concentration gradient in the liquid at the interface

Thus, diffusion equation is

v

C=nC, +(1—n)COe_BZ

C=C, +C0(n—1)[1—e_;zj:C0 +(G;/D](1—e‘ﬂ (Al.3a)
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And similarly the thermal equations are

T:Y})+(G'D”‘j Lelnf
v

0

’ 4 —L]z
T=T, +(GD”1 l—e[D’h
v

C, : Solute concentration of liquid for a flat interface

T, : Temperature for a flat interface

G, : Concentration gradient in the liquid at the flat interface

(A1.3b)

(A1.3¢c)

G and G':Thermal gradients in the liquid and solid at the flat interface

A1.2.2. Calculation of Thermal and Diffusion Equation for the

Perturbed Interface

Eqgs. A1.2 must satisfy the correct boundary conditions at infinity. i.e., C, T, and

T' should agree with the equations, Eqs. A1.3, for the flat interface (6 =0) at several

wavelengths from the interface. Eqs. (A1.2) must satisfy the following two boundary

conditions at the perturbed interface, z=¢. First, According to the phase diagram and

assumption of local interface equilibrium must hold on the interface.

I, =mCy+T,

T,=T,+T,[K=T, —T, 60" sinox

m : The slope of the liquidus line on the phase diagram including sign

T\ : The temperature in the absence of solute at the perturbed interface

T,, : The melting temperature of a flat interface

K : The average curvature at a point of the interface
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I =o/L: Capillary constant
o : The specific liquid-solid interfacial free energy

L : The latent heat of the solvent per unit volume

The second condition that must be satisfied at the interface is that the velocity v(x)

at each element of interface calculated from heat flow consideration must agree with the

velocity calculated from diffusion consideration

V<x):%[ks(aa§j¢_h (g_jl}:ﬁ(g_jl (ALS)

For the geometry of sinusoidal ripple, the temperature and concentration at the

interface takes the expressions of

T¢=7})+a5(t)sin(a)x)=To+a(p (Al.6a)

C, =C0+b§(t)sin(a)x)=C0+b(p (Al.6b)
Where, T, and C, are the values for a flat interface and the second terms are the

first-order corrections corresponding to the infinitesimal ripple
The solution of Eq. Al.2a can be solved using the method of separation of variables
Let C(x,z)=X(x)Z(z)

2 2
8(;:)("2, 8(;:)(2", anda—C=XZ'
Ox 1574 1574

X'"Z+XZ"+(V/D)XZ' =0

Z X
Z"+(VID)Z'-0’Z=0 and X"+®°Y =0

Z’'+IiDz _ X' _

For Z

7 = Ae™* + Be™*
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A =%(—V/D+J(V/D)2 +a)2)=—{(V/2D)—[(V/2D)2+a)2}; >0

X =%(—V/D—J(V/D)2 +a)2)=—{(V/2D)+[(V/2D)2+a)2]; <0

Thus, 4=0.Set B=1
Z=e""
The solution of Y is
Y = Esin(wx) + F cos(wx)
Thus, the general solution of diffusion equation is
C(x, z) =e™* (E sin(wx) + F cos(a)x)) +G
This solution should agree with the general solution of diffusion equation for flat

interface (0 =0) at several wavelengths from the interface. From general solution of

diffusion equation for flat interface, Eq. Al.2a

C(x,z) =Cy +(G.D/V)(1-e""?)+{Esin(wx) + F cos(wx)} ™

At the interface, C(0,0)=C,

Thus F=0

C(x,2) = C, +(G.D/V)1-e ") + E sin(wx)e™”

This solution can be simplified using Taylor’s theorem. On the interface
z=¢ (nor z=0), z=5sinwx. C(x,z) must satisfy Eq. A1.6b.

C, =C, -G Osinwx + Esin(wx) = C, +bo sin wx

G=6(0b-G,)

Finally

C(x,2)=C, =(G.D/V)1-e"""*)+5(b-G,.)sin wxe
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1
w*=(V /2D)+|[(V /2D) + o’ ]!
The required expressions satisfying Eqs. A1.2 and A1.3 and reducing to Eq. A1.6 on

the interface z=¢ are the following:

C(x,2)=C,=(G.D/V)(1-e"""7)+5(b-G, )sin(wx)e (AL7)
T(x,2)-T,=(GD, /V)(1=¢"""*)+5(a~G)sin(wx)e (AL8)
T'(x,2) =T, =(G'D, /¥ )(1-e """ )+ 5(a~G')sin(wx)e ™" (A1.9)
where
1
w*=(V /2D)+|(V/2D) + o’ |2 (A1.10a)
1
@, =V /2D,)+[(V /2D,y +& |? (A1.10b)
1
w,'=(V/2D,)-[(V /2D, ) +& | (A1.10c)

The gradients of the thermal and diffusion fields at the interface calculated form Eqgs.

Al1.7, 8, and 9 to the first order in & are

(a_cj - Gce—(V/D)ffsin(wX) —w* 5(1) -G, )Sin (a)x) o dsin(o)
oz ),

(A1.11)
~ —a)*{b—Gc [1—(V/a)*D)]}é'sin(a)x)+GC
Similarly
oT .
[a_j ~—a,la—Gll-(V 1@, D, |5 sin(ax)+ G
Z
¢ (A1.12)

[a—TJ ~—w(a—G)Ssin(ax)+ G
oz ),
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(8T j ~ -0, {a—G'[l—(V/a)tthh'):|}5sin(a)x)+G'
Oz
4

(A1.13)

(887; j ~ w(a—G")dsin(wx)+G’

4
Put Egs. Al.11, 12, and 13 into Eq. A1.5 and integrate with respect to x over an

interval of one wave length

_ 17 Lo
V= jv(x)dx_L(kSG k,G) (Al.14)

0

N

A
D __Dn g (A1.15)

V=g )= G0 T ()

In order to determine a and b, Put Egs. A1.7, 8, and 9 into Eqgs. A1.4 and 5 with
the aid of Eqs. A1.11-15.

2

T,=me, + T, +T,[K =mc, +T, +Tmr(%j =me, +T, ~T,[ 50" sin ox
X

[

T, =T, +adsinwox = m(Cy +bSsinwx)+ T, —T,I 6 sin wx
Because T, =mC,+1T,, above equation will be

ad sin wx = mbS sin wx — T, [ Se” sin wx

Thus, a=mb-T &’ (A1.16)

. 2GI,T @ + G, (9 +p)+G,[0*~(V /D) ](p'-p)
- w* (' — )+ 20mG. —(kp/ DL) (' - )’

. 26T, T o' +0G, (¢'+¢)+G. [a)*—(V/D)](gO'—go)
B 20mG, +(¢' - )| 0*~(V /D) p]

(A1.17)

where
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— 1
k =E(ks+kL)

@:(kL/];)G
o'= (ks / k)G’
p=1-n

To determine G, Substitute Eqs. A1.8 and 9 into Egs. A1.5.

v(x) =V +dsinwx = (k / L)(p'—p)+ (k / L)w{2a—(p'+ ¢} 5 sin wx (A1.18)
Thus, V =(k /L)(p' - ) (A1.19)
And 6= (k/L)o{2a—(p'+p} S sinwx (A1.20)
Substituting for a in Eq. A1.20 by using Eqs.A1.16 and 17

Vol-21,To’ [0*~(V /D) p|-(¢'+p) @*~(V /D) p|+2mG [o*~(V/D)]}
20mG, +(go'—50)|:a)*—(V/D)p:|

S _
S

(A1.21)

A1.3. Analysis of the Stability of the Planar Interface.

To analyze the Eq. Al1.21, we must consider the sign of the denominator and

numerator of Eq. A1.21. The denominator of Eq. A1.21 is always positive because

1) omG, is always positive because m and G, have same sign.

kG -k,G _E>
k k

3) From Eq. A1.10a, @*-V/D>0 and w*-Vp/D>0 because 0< p<1.

2) (9'-9) 0.

The numerator of Eq. A1.21 can be expressed as

2vo[w*—(V / D)p]S(w) (A1.22)

[0*-(V I D)]

A123
[@*—(V / D)p] ( )

S(w)=-T,T &’ —%(go'+go)+ch
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Eq. A1.22 is always positive. Thus, the question of whether & has positive value
turns into the question of whether Eq. A1.23 is positive or not. The first term of above
equation is related to interface energy and is always negative. The larger interface
energy possesses more stable interface. The second term is about the gradient of
temperature around interface. The positive gradient of temperature around interface
helps to maintain interface stable. The third term is about the effect of the solute
diffusion on the interface stability. When V/DI[ 1, the third term approaches to
2mG,.. This means that steep slope of liquidus line or high concentration gradient lead
to instability. In summary, the instability of interface is determined by the competition
of interface energy, temperature gradient, concentration gradient and slope of liquid line.

Slope of liquidus line is determined by the value of cryoscopic constant.

134



Appendix 11
Lamellar and Rod Eutectic Growth: Jackson and Hunt

Theory

A2.1. Introduction

As shown in Figure A2.1, lamellar or rods structure is usually formed by
unidirectional freezing of eutectic alloy. The formation of lamella and rods structure is
investigated by Jackson and Hunt. They analyzed the conditions for stability of rod and
lamellar structures. They concluded that stable growth occurs at or near the minimum
interface undercooling for a given growth rate and that the growth of rod-type eutectic

occurs when the volume difference of two phases is very big.

Lamella Rods

Figure A2.1. Schematic representation of lamellar and rods structure prepared by

unidirectional freezing of eutectic alloy

To determine the conditions for stability of rod and lamellar structure, they derived

equation for undercooling by combining freezing point depressions by average
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composition and average curvature. To calculate average composition in front of liquid
interface, they solved the steady-state solution for the diffusion equations for a lamellar
and rods type eutectic growth. Equation for average curvature of lamellar and rods

structure was also derived.

A2.2. Diffusion in Lamellar Growth

To calculate the average composition of liquid in front of a and B phase, consider a
plane interface, with S, and Sg respectively half the widths of a and B phases as shown
in Fig. A2.2. The interface is assumed to be advancing in the z direction with velocity V,

at steady-state.

S

o

7

| x

O \
I 1
€E—>le—o3
I

1

1

I

o B
A=2(Sy+S,)

N

Figure A2.2. Planar lamellar eutectic interface showing definition of S, and Sg and the

coordinate system.

For steady-state growth with the coordinate system moving with velocity V in the z

direction, the diffusion equation becomes

A2C+K8—C=O (A2.1)
D oz
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0’C o°C vV oC
st—+——=0
ox 0z D oz

With the boundary conditions,
C=C,+C, at z=0

8_C:0 at x=0 and x=S5,+S5,
ox

Figure A2.3. Phase diagram showing definition of C,,C{, and C/ .

The conservation of matter at the interface requires

(a—cj _ VG 0<x<S,
aZ z=0

D
) (A2.2)
(a_C] VG S,<x<8,+8,
0z )., D

D : Diffusion coefficient

C, : Eutectic composition
C, : The difference between the eutectic composition and the actual composition

far from the interface.

C¢ and C/: The amounts of B and A, respectively, rejected when unit volume
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of the a and B phase freeze, as shown in Fig. A2.3.
The solution of Eq. A2.1 can be solved using the method of separation of variables.
Let C(x,2)=X(x)Z(z)

X”Z+XZ”+%XZ'=O

Z'+ /D)7 _ X" _

Z X
X"+@0’Y =0
Z"+(VIDYZ' —&°Z =0

For X

X (x) = Asin wx+ Bsin ox

For Z

7 = Ee"” + Fe™? = Fe™?

4 / V.
=——+, /(=) +o" >0
4 2D (2D)

Thus, the general solution of diffusion equation is
C(x, z) = (Asin wx + Bcos wx)e™ +G

By the boundary condition C=C,+C_ at z=o
G=C,+C,

i—c = (Aw cos wx — Bwsin wx)e™
X

By the boundary condition Ga_C =0 at x=0 and x=S§,+S,
X
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(5—Cj = (Aw)e™ =0 hence, A=0
ox )

oC
— =-Bwsin|o(s, + A =0
(50)..., 7 pesnlets sl

nrw

Hence, o= , n isinteger

S, tS,

Thus infinitely many solutions are obtained X (x) =X, (x) , where

X, (x)=Bcos nr
A

+

A general solution of Eq. A2.1 is

[ e )2]

nr 2D\ 2D’ '5,+S

C,(x,z)=C, +C, +Bcos x e +"
S, +8,

Clearly, a single solution C,(x,z)will not satisfy the conditions of the conservation of

matter, Eqs. A2.2, at the interface. To obtain a solution that stratifies these conditions,

the infinite series must be considered. Thus the solution of Eq. A2.1 is

LA AT NS
) [21) G’ +(sa+s/,)]
xXe

C(x,z)=C,+C, +§‘Bn cos(
n=0

S, +5,

This reduces to

%4 o _ nrz
C(x,2)=C,+C,+Be > +) B, COS{S ”fS Jxe S+ (A2.3)
a B

n=1

Since

>>K for n>0
D

S, +S,

To evaluate the Fourier coefficients that satisfies the conservation of matter,

Vv o _ nrz
5_C=—KBOe CR— ZBn cos| X | St
oz D S, +S S, *+8,

p n=l a
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(5—(?] =—KBO— n ZBncos nrx
0z )., D S, +S S, +8,

p n=l

Using Euler formulas of Fourier series,

—KBOI 1 J-Sﬂ(a—cj dx+J-S,,+S/;(5_Cj dx
D S, +S,\70 Loz ). S oz ).,

(s et

S, +8, D D

5 G5 -CJS,

A2.4a
0 S, +S, ( )
. nm B
S, +8,
= 2 Isa oc cos| 7~ dx+Jsa+Sﬁ oC cos| — 7~ | ax
S, +8, (70 L0z ). AR Y Sa 0z )., S, +5,

2 veg . | nxS, | vCl . | nxS,
=— — s - Sin
nmw D S, +8, D S, +8,

2 V .| nxS,
B, :—W(s*aJnsﬁ)B(,*0 sm(S J (A2.4b)

Where C, = CJ +C/ , as shown in Fig. A2.3.

The average composition in the liquid at the in front of the a phase (z=0) is given by

Sa o0
5a=CE+Cw+BO+LJ.ZBnCOS M \dx
P S, +8,
i (A2.5a)
2(S,+58,) ¥
=Cp 4Gt Byt LGP

a

And similarly, in front of the B phase, by
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S, +S

1 B o
C C+C+B+— B cos dx
-[z £S+SJ

n=1
o 5 (A2.5b)
2(Sa+Sﬁ) Vv
=C,+C, +B——< "L " cp
, D

3
Where P= Z(nlﬁj sin’ (Snisg‘ ] P depends only on the ratio S, /S,
@ g

A2.3. Diffusion in Rod Growth
To calculate the average composition of liquid in front of o and B phase, consider an
interface, with 7, and g respectively half the widths of o and  phases as shown in

Fig. A2.4.

Figure A2.4. Schematic drawing of a rod structure viewed normal to the interface

showing definition of 7, and g
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The interface is assumed to be advancing in the z direction with velocity V, at
steady-state. For steady-state growth with the coordinate system moving with velocity V

in the z direction, the diffusion equation becomes

A2C+K8—C =0 (A2.62)
D oz

o’C 1oC &C voc _,

+—— +—— A2.6b
or* ror 022 Doz ( )
The boundary conditions:
C=C,+C_ at z=w (A2.6¢)
a—czo at r=0 and r=r,+r, (A2.6d)
or
The conservation of matter at the interface is similar to that for lamellar
(G_C] :—VCO 0<r<r,
0z )., D
(A2.6¢)
(acj vcy
- = Ty <V <T,+71,
oz )., D

The solution of Eq. A2.6a can be solved using the method of separation of variables.

Let C(r,z)=R(r)Z(z)
" 1 ! 14 V !
R'Z+—RZ+RZ"+—RZ'=0
r D

R'+(/nR _ 7 +(V/D)Z' _

-
R Z
Z"+(VIDYZ' —&°Z =0 (A2.7a)
R’ +1R' +@’R=0 (A2.7b)
r

For Z

7 = Ee"? + Fe™* = Fe®*

4 / V.,
=——+, /(=) +®" >0
& 2D (ZD)
A, :—L—‘/(L)z-ira)2 <0
2D 2D
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Thus 4, =0.8Set F=1
7 e(—;;— /(%)Zmz ]z

For R, introducing the new independent variable s = wr, we have 1/r = @/s, so that, by

the chain rule, the derivatives become

2
p_dR_dRds _dR . ., &R .

= =——=—0®
dr ds dr ds ds*

By substituting this into Eq. A2.7b and omitting the common factor @’ we obtain

2
d §+ld—R+R:O
ds s ds

This is Bessel’s equation. A general solution is

R=AJ,(s)+BY,(s)
Where J, and Y, are the Bessel functions of the first and second kind of order zero.
Since the concentration of the system is always finite while ¥, becomes infinite as s
approaches zero, we cannot use Y, and must choose B=0. Clearly 40 since

otherwise R=0.

R(r)=A4J,(s)=4J,(or)
7 e(—;;— /(%)Zmz ]z
L I(%)Zerz jz

C(r,z):AJo(a)r)e[ 0 +G

By the boundary condition C=C,+C_ at z=o

G=C,+C,
i_f = wAJ] (a,,,)e[_zVD'\/(zVDT”z]Z — wAJ, (W)e[—fa-m]z

because J;(x)=J,(x)
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By the boundary condition %—C =0 at r=0 and r=r7,+ry
r

r

(5—C] =wAJ,(0)e™ =0
5 r=0

since J,(0)=0

[i—f]r_w =w4J (o(r, +74))=0

Thus, we require that, J, (a)(ra +7, )) =0
The Bessel function J, has infinitely many real zeros. Let us denote the roots of

JI(S) by S:a)(ra_'_rﬁ):yﬂ’ VisVasmtore (70 :0)

Y
vty

a

Thus, a)(ra+rﬁ):7/n or w=wm, =

Hence the functions

Rn(r):AnJO(a)nr):AnJO(r 7'/:7" l"], (n:Oa la 2a )
a  fp

Are solutions of Eq. A2.7b.

Hence the functions

[V (L)z+( 2 ”z
7/ 2D 2D Tptrp
C (I",Z):C +C +AJ 1 r|e B (n:()a 1929 )
n E © n* 0 ]/'a-i-lf‘ﬁ

are the general solutions of the differential equation A2.6a, satisfying the boundary
conditions. Clearly, a single solution C,(r,z)will not satisfy the conditions of the
conservation of matter, Eqs. A2.6e, at the interface. To obtain a solution that stratifies
the condition of the conservation of matter, Eq. A2.6e, the infinite series must be

considered. Thus the solution of Eq. A2.6a is
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n=0

C(r,z):CEJerJrZAnJO( 4 rje o

This reduces to

v w _hZ
C(r,z)=C,+C,+4e +ZA,1JO{F 7::7, ”Je “ (A2.8)
w1y

Since y,=0, J,(0)=1 and Vi 55V for n>0
r,+ry, D

To evaluate the coefficients that satisfies the conservation of matter

V _TaZ
a_C:_KA ZAHJ yn r+rﬁ
0z D r, +rﬁ,,1 r,t+r,

5_C __V ZAJ }/nl”
0z )., D r, +rﬁ =ty

Using formulas for the constant of Fourier-Bessel series that satisfy the condition

Jn+1(]/n):0

cmzmgrf( ), (@, r)dr (m=0, 1,2, -,

Thus,

|14 +rp
——4 = r)J,
DAO (r +r) JZ(O)J. 7 ( )

7 — a v+ 4
J.ar VG dr+J.a "y Gy dr
0 D Ta D
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1 veer? Ve (raJrrﬂ)2 VClr? vi( Y p
= - “+ “ - C, -G

2
(,,a_,_,,ﬂ) D D D D\ r,+r,
2
4, :[ o ] c,—c’ (A2.9a)
1+
e e e
ra+rﬂ (ra+rﬁ') J(?(j/n) ra+rﬁ

r — a ¥ +r, B
= 22 S Ioar[ fo jJQ( }/’1’/ jdr‘i‘j”a ﬂ}"(_Vgo jJQ[ }/nr }d}"}
(r+7) 5 Ta t 1 " CRR)

_VCS’ (ra +rﬂ)rJ ¥ r -
) v,D : V1 »
= 2 r=r,+r,
(ra+rﬂ) Jg(%,) VCOﬁ(I’a-FI"ﬂ) ; 7 r !
+ 7. 1
v.D : 1,1,
_ 2 _Vcoa(ra_'_rﬁ)ra.] ]/nra _Vcoﬂ(ra_'_rﬂ)raJ ]/nra
= 1
(Va+rﬂ)2']02(7n) 7D Ta + 7 7.0 Ta + 7
Jl( ynra ]
:2Vra ra+f"ﬁ
D 0(ra+rﬂ)]/n‘](f(}/n)
VT
J n o
2Vr llra+rﬂ]
A =—=2C (A2.9b)

I Al
The average composition of the liquid at the in front of the a phase (z=0) is given by
— 4V
C, :E(ra+rﬂ)C0M+CE+Cw+AO (A2.10a)
And

2
C —MKCM+C +C, + 4, (A2.10b)
/. 2D 0 E ® .
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JIZ( ra]/n ]
* v, +r
M=y L \a®y)

n=1 7/3 J()z(]/n)

M depends only on the ratio r, /7,

A2.4. Average Curvature of a Lamellar Interface

As shown in Fig. A2.5, Taking the origin at the center of a lamella, so that the slope

is zero at x=0

Figure A2.5. Schematic drawing of a lamellar interface showing definition of S and 6.

The average curvature is given by

dzz

<r(1x)> jr(x)=§0( (dszrdx

dzy
~-dx

By setting tan@ = Q, thus cos™ 6d0 =
dx dx
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d’z

1 17 d? 17 —cos?@
< >:§Jﬁdx=§fﬁd9
r(x) 0(1 (dz] ] 0 (1+tan 6?)

o (A2.11)

-6

17 1 1
:——jcosﬁdﬁz(——sinej =—sin@
S5 S . S

A2.5. Average Curvature of a Rod-Type Interface

For a point of P on a surface of revolution obtained by rotation about AB (Figure
A2.6), one of the principal radii of curvature, pl, is in the plane of the paper. The other,

P2, 1s in the plane normal to the surface at P.

B

i e e e S >
A T

Figure A2.6. The average curvature of a surface of revolution generated by rotating any

curve about the line AB depends only on the limiting radii #; and 7, between which

the average is to be computed, and on the angels 191 and 92 at these limits.

The radius of curvature in the plane of the paper is given by
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where z(r) is the equation of the surface in the plane of the paper.

From Fig. A2.5 and Meunier’s theorem

L:_smﬁ where tané?:£

ol r dr

Total curvature at P is

I 1 1

P P P

The average total curvature of the surface between r; and r; is
<l> =%J’27N‘(L+L]dr
pl z(rK-r); PP

2
2 2 dr 2 2

=— - sin Odr
7”22 _rlz ;'l.l: [dzjz}s/z 7”22 _rlz_!:
I+ —
dr

Using same method used for the calculation of the lamellar case

0, r "2
<l>=— = > | reos0do - = zjsinﬁdrz[— = zrsinﬁj
P h=hy h=hi n—h ,

1

2 . .
=————(rsing, —rsinb)
h—h

For a rods in a B matrix, we have for the o phase
d
nhL=r,h :Ov 92 :tarfl (_yj :_9a9 91 =0
X /2

So that
<i>=3sin0a
yom 7
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For the B phase

n=rtrg,n=r,,60=0, 0,=0

So that
2 )
<L> = (%sm 0, (A2.13b)
Pg r,t+rg) =1,

A2.6. Average Undercooling at the Interface and the
Extremum Condition

A2.6.1. Interface Temperature

The freezing point depression by the departure of the local composition from the

eutectic composition, A7, can be calculated by
AT, = m(CE —C(x))
m : The slope of the liquidus line

C(x) : The composition of the interface at x.

The freezing point depression by a non-planar interface, AT, can be calculated by

a : A constant given by the Gibbson-Thompson relationship

7 (x) : The local curvature of the interface

Thus total undercooling can be calculated by following equation:
T.-T,=AT =AT,. - AT,

T, : The eutectic temperature
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T, : The local actual temperature of the interface

A2.6.2. Average Undercooling of the Interface

The undercooling at any point on the interface is given by

(A2.14)

AT =m(C, —C(x))+—
r(x)
The average undercooling at the interface for a lamellar eutectic is obtained by inserting

average values for C(x) and 1/r(x) from Eq. A2.5 and Eq. A2.11 into Eq. A2.14.

2
S +S L
AT, =m, Cw+30+zcoup + e (A2.15a)
D S, S,
2
S +S L
AT, =m | -C —B +2 ¢ MP & (A2.15b)
B B w 0 0 S
B s

a, =(T,/L) o,sing,

L

=(T/L),04sinb;

m, and m;: The slopes of the a and B liquidus lines, respectively (defined so
that both are positive.

L : The heat of fusion per unit volume of the appropriate phase.

ol and aé : The specific surface free energies of the a-liquid and B-liquid
interfaces, respectively.
The temperature within a few lamellar spacings of the interface is constant to within one

hundredth of a degree or less.

Thus

AT = AT, = AT,
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We can delete C, and B, by combining Eq. A2.15a and b.

AT, L p
ﬂ+_ﬁ:+2_Vcop(Sa+Sﬁ)2£L+LJ+a_a+ aj
D

m, m, S, S;) Sm, Sym,

Using 1=2(S,+S,), £=S8,/S,

S,=2/2(1+¢) and S, =2/2(1+¢)

—t— -

m, mg S, Sy

AT( 11 ]_%COP(SQ+S/, Sa+Sﬁ]+£2(l+§) at 2(1+¢)

Ve (146 +2(1+€)££+iJ
D - A m, m

a

=

—=Vi10" +— (A2.16)
m A

Where m, Q",and a" are constants given by

1,1 (A2.17a)
m, m,

1
m

. P(1+¢) G,

Q D

(A2.17b)

at :2(1+§)(;—5+;—ﬁJ (A2.17¢)
B

a

Eq. A2.16 is shown schematically for a given growth velocity in Fig. A2.7. The
lamellar spacing, A, may be adjusted arbitrarily for Eq. A2.16 to be satisfied.
Assuming that the solid grows at the extremum. Eq. A2.16 has a minimum at constant

growth velocity.

1 6(AT) . at
————=VQ"-—=0
m oA -7
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Thus

L
a

ﬂ,zV = E (A218a)
2

AT =4m’a" Q" (A2.18b)

AT A =2ma* (A2.18c¢)

This relationship also corresponds to the maximum in the V vs A curve, plotted at

constant AT .

Rods

Lammella

—— - — ——

AT

Fixed V>0

AOrTR —
Figure A2.7. Schematic drawing of the variation of interface undercooling with

lamellar spacing., A , or rod spacing, R , for a given growth rate V.

Equations similar to Eqs. A2.15 but for the rod structure are obtained by combining

Eqgs. A2.10,A2.13, and A2.14

R
AT, =m, (cw + 4, Jr%c0 (r, +rﬂ)Mj+ 24, (A2.19a)

r

(04
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(r,+7,) .
AT, =m,| ~C, — Ay +——Cy 0 M |4 — L (A2.19b)

0

Where

(04

ay =(TE/L)ﬁ oy, sin Gy

ay =(T;/L), o, sinb;

The superscript R refers to the rod structure since in general o and € will be
different for lamellar and rod interfaces. As in the lamellar analysis, it will be assumed

that the ratio of the two phases is constant ¢ and R is defined by

R=r,+ry =ra\/@

So that

r R andr, =R I—L
SN [ JI+¢

Eqgs. A2.19 can be combined giving

R
AT _pro* +% (A2.20)
m
Where
R a, a§
a =21+¢ | —+=+—+— (A2.21a)
m, {mﬁ
and
4(1+
o = (Dg’g) C,M (A2.21b)

Eq. A2.20 is formally identical to Eq.A2.16. The extremum is there for given by

following equations.

R
a

RZV:E
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AT?

— 4mPa” Q" (A2.22)
ATR =2ma"®
A2.7. Rod Formation

When the rod minimum undercooling is smaller than that for lamellar, the lamellar
structure will not be formed. By comparing Eq. A2.16 with Eq. A2.20, the condition for

rod formation at a given growth velocity can be calculated by

AT, AT,
m m

a® an
> a® =21+ | =+~ (A2.23)
+

For isotropic solid-liquid and o-f interfacial free energies, the left-hand side of this
equation is equal to one. The right hand side is given in Table II. It is evident from the

table that, if the surface energies are isotropic, rods have the lower minimum when
(1+¢&) <1z . (A2.24)

Thus, the growth of rod-type eutectic occurs when the volume difference of two phases

is very big.
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