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ABSTRACT

Porousceramicshave successfully been used in a wide vaétyighly advanced applications.
Current routes to porous ceramics are limitethentypes of pasity they can create and noeoprocess
is flexible enough to create anggired structureThis study introduces the use of ice particles as pore
forming agents to fabricate porous materidlbis novel method possesses several advastager
current industrial techniques including environmental friendliness, low cost, and flexibility in size and
shape of resulting pore®orous ceramic structures were created by gdalieformed ice particles to an
alumina slurry which was quickly feen, air dried, and then sinterddorosity was characterized using
Scannigy Electron Microscopy (SEMArchimedes measurementnd gas sorption techniqueSmall
spherical pores were successfully createdinth2 200 e m r ange anpbredwargag@r spheri
created in the-8 mm range. Amount of porosity was controlled through specifying the amount of ice
added to the ceramic slurrgamples were prepared with porosity levels ranging froms36. As a
completely new process, these initial resalte quite promising and further development will allow for
even greatemorphologycontrol.
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Chapter 1. Introduction
The field of porous ceramics has been growing rapidly as these materials have been successfully
utilized inincreasinglydiverse and advanced technological applicatidrisese appliations include
molten metal filtergl], hot gas filter§2], catalytic support$3], thermal insulatiof4], lightweight
structural componen{$], ard bone regenerations scaffo[@, just to name a fewEach application
requires a unique set of pore structures and some of the more high tech applications can require pore

structures that are quite complex. Ezample, Takahashi et al. introduced a doldyered porous

alumina filter, which helps to reduce the

Top layer
T0% porosity

pressure drop seen across the f{li@r The
microstructure of the doublayered pore

structure isseen to the right in Figure 1. The

amount of open and closed porosity, pore siz§

DOUBLE-LAYERED
POROUS ALUMINA

and shape, pore uniformity, and degree of pore

interconnectivity all play crucial roles in

Bottom layer
55% porosity

determining the degree of success of a porous Figure 1Complex doubldayered pore structure for

component in its intended applicatio filtration applications{7]

Specific pore requirements are met through the selection and cafrdirobppropriate ceramic
processing method. Several different methods are used to manufacture porous materials, each with its
own set of advantages and disadvantages. The majbptpcessing methods that currently exist are
limited in the types of pores they can produEesezecasting, for example, aanvironmentally friendly
technique; however, this method is only able to make unidirectioslaiiyed cylindrical pores. An ideal
processing route to porous ceramics would be able to create any type of porous microstructure within any
system. It would also be easy to control, cost effective, easily performed in a manufacturing environment,
and eavironmentally friendly. Such a technique does not currently exist, although extensive research is

ongoing to identify one.



The purpose of the present study is to introduce and prove the feasibility of a novel processing
route to porous materials usirggiparticles as a peferming agent (PFA) or a pore template. Ice
particles can act as a pore holder when introduced to a ceramic slip. The structure can be set through
freezing and a simple drying process removes the ice, leaving a void in its Plésenethod has the
potential to meet all of the above described ideal requirements: flexibility in obtainable pore
microstructures, cost effectiveness, environmental friendliness, and ability to be performed in a
manufacturing environment. Flexibility pore size and shape is easily obtained with this method. Ice
particles can be created ahead of time to the exact size and shape of the desired pores within the final
structure. Spherical ice particles in a wide range of sizes can be created to form sptierical pores
in a ceramic component. If open directionally aligned tube shaped pores are desired, columnar ice
crystak can be grown and held in place while a ceramic slip is poured around them. Once the structure is
set and the part is dried, thgectionally aligned tubular voids will be present where the ice crystals once
existed. Higher degrees of porosity can be obtained by increasing the amount of ice introduced to the
ceramic slip.

Ice particles have considerable advantages over typicgdlating materials. Most often, organic
PFAbs are chosen to hold the place of pores withi
been used to make porous materiat¢tuding spherical polystyrene bea, organic polymer sponges
[9], biological agentfl(], poppy seedgll], wheat flouf12], graphite[13] and polyurethane foafd4].

These organics must be burned out for removal from the system, and organic burnout poses several
environmental concerns, suah the release of volatile organic components (VOCS) into the atmosphere.

Ice, on the other hand, has no known negative environmental effects. Secondly, many of the organics that
have been used as PFAs are limited in size and shape. Poppy seedsnfibe exhich were used as a

PFA in a study by Gregorvia et[dl1], only come in one size. This is not a limitation for a system which

uses ice particles as a PFA.



Ice particles have potential cost advantages over other PFA materials in a manufacturing
environment. The elimination of aaditional burrout schedule saves time and money. Ice particles can
easily be made in house as needed, eliminating the need to store PFAs in a warehouse before being used.

While porous ceramics are the focus of this study, this process also hatetit@pm be used to
create porous metallic components via a metallic powder processing method. Because this is a new
technique, many options must be investigated to find the ideal processing method. In this study, different
ice shapes and sizes, icduraes, setting and drying techniques, and sintering schedules are explored.

The goal is to introduce this method as a feasible processing route to porous ceramics and to identify the
boundaries of the procesh.is expected that pore size, shape, imiBnectivity, and percent porosity will

be easily controlled using this novel fabrication technique.



Chapter 2. Literature Review

2.1 Porous Ceramics

Receninterest in porous ceramics has been fueled by the successful integration of these materials
into many advanced technological applications. Porous catalytic supports are employed-staticro
combustors fopower generatiofiLl5]. Highly developed porous ceramic membranes function as-micro
filters in extremely corrosive artdgh temperature environmerts]. Pores introduced in piezoceramics
make these materials suitable tmderwater sonar detectors antladonic imaging applicatiod?].
Porous ceramics have also been widely used in the biomedical field as affolesand bone
replacementflg].

Alumina is very well known for its excellent wear properties, making porous alumina
components highly favorable among many different types of applications. Within the biomaterials
community, porous alumina compane are extremely desirable in bone tissue engineering. In bone
regeneration applications, the alumina must have
interconnected to allow for adequate bone in grd@®h. Current work within this field is attempting to

improve the compressive strengths of these highly porous ceramic parts.

2.2 Ceramic Processing Methods

Porous ceramics may be categorized into one of four different structure tgpgke ftber
networks, closed cell structures, open cell structures, and memf28he®epending on the type of
application, a ceramic component will need any one of these structures. For example, in many filter
applications, ceramics adesired with unidirectional cylindrical pores that are uniform in size and shape.
These types of pores will allow for high permeability through the filter and they will provide high overall
strength for the filter. The ability to obtain these differgnictures depends entirely on the way the

ceramic is processed and thiss been a topic of much interesthe scientific community9].



Porous ceramics can be synthesized via several different reaids withits own list of
advantages and disadvantag€gramic processing typically begins with the formation of a green body
from a ceramic starting powder. The powder can be processed via a dry method or a wet method, where
the powder is introduced to a liqui&ome commonly used methddslude gelcasting, tape casting,
injection molding, insitu decomposition, and freezasting, among several oth¢?4, 22]. The methods
described below are most closely related to the method introduced in this study, the upartities as

a poreforming agent.

2.2.1 Dry Powder Partial Sintering

A simple way to create a porous ceramic is through partially sintering a compacted dry ceramic
powder. Pores will form between the powder particles as necking occurs during sintering, and the amount
of porosity in the final product is determined by th#tesiing temperature and tifi22]. As long as the
compact is not fully sintered, paity will remain in the component. Higher levels of porosity can be
obtained when green compacts are formed bypissing a mixture of ceramic powder and organic
additive[23]. The ideal organic additive is one which will easily decompose at a relatively low
temperature. When the compact is sintered, the organic additive will burn out, leaving behind a pore in
its place. The addition of more organic additive to the compact will result in more porosity as well as

higher levels of pore interconnectivity.

2.2.2 Slip CastingSacrificial Templating Technique

Slip casting is a wet ceramic forming process that is commnadd in commercial industry to
fabricate both porous and compact ceramic art[@4}s In the slip casting ntleod, a powder ceramic is
dispersed in an aqueous solution to create a ceramic slurry or a slip. A dispersant is often added to the
slurry to counteract the Van der Waals forces between powder particles which tend to cause powder
agglomeration within thaqueous suspensip25]. The ceramic slip is then poured into a porous mold

which uses capillary action to remove the solution from the powder slip, leaving behind a green body



mold. The green body is théired to impart strength on the cast ceramic 2. Figure2 shows the

typical steps used in the slip casting method.

Generation of porous mould
o8 sl Mixing of powder
and solution

7 Infiltration of the part 8 Finished tool Casting of mixture

. . into the porous mould

5 Demoulding of powder part Removal of the solution

6 Firing of the part ‘. nll ‘. [ 11 4 from the powder and drying

- i R . s

Figure 2 Bp-casting processing steps [R6

¥

1Ll =

‘-llf

When a porous component is desired, goreing agents are also added to the slip before being
poured into thenold. Once the slifs dried and castithin the moldthe poreformingagent (typically
an organic) idurned off, leaving behind a pore of identical size and shape. Several different materials
have been used as pore forming agéntke slip casting ethod including spherical polystyrene beads
[8], organic polymer spong¢9], biological agent§l0], poppy seedgll], wheat flour [12] graphite
[13], and polyurethane foafi4]. The pores are controlled by the type and amount offooneing agent
introduced to the slip during preparatioSlip casting is a relatively simple and inexpensive method for

forming porous ceramics.



2.2.3 Polymeric Sponge Templatingeplica Technique
Porous ceramics may also be formed using gpiging polymer sponge as a template. An
organic polymer spnge (often polyurethane) is selected with the same pore size and structure that is
desired in the final ceramic component. The sponge is coated with a ceramic slurry, such that the ceramic
forms an even and homogenous layer around the spbdigeT he coated part is then heated up to
decompose and burn out the organic polymer sponge. Heat is then further increased to sinter the
remaining ceramic structuf2Q]. The final ceramic component is identical to its polymer sponge
courterpart except for its slightly smaller pore sizes, an unavoidable effect of the coating process.
Sponge templating is commonly used in the ceramic processing industry because of its simplicity.
As long as a polymer sponge can be made with the correcspacture, ceramic copies can be made.
This preparation method is limited to creating opeh structures only. Because the ceramic slurry must

be able to reach all parts of the structure, closed porosity cannot be achieved.

2.2.4 Freeze Casting

Freeze casting was first introduced to the scientific community in 1992 and has since been widely
studied as an economical and environmentally friendly route to produce porous ceramic matrix
composite$27-33]. In this technique, a ceramic slip with a low solid content is poured into a mold and
subsequently froen. The solidification of the slip suspension forms dendritic ice crystals which push
aside ceramic particles and form long ice channels throughout the §8djpl@he entire structure is set
by the frozen liquid which is then sublimated by freeze drying. Once dried, the remaining ceramic green
body structure has open pore channels existing where the ice crystals had originally grown. The porosity
within these suctures strongly depends on the growth of ice crystals and is typically controlled by the
solid loading within the slip and the rate of freezing of the sap32e35].

This forming technique is favorable becauséenvironmental friendliness as compared to
other methods which use an organic pore template. Freeze casting is particularly effective in creating

structures with unidirectionally aligned pores, as the slurry is frozen from one direction. The major



drawback is the fact that this process is severely limited because it is only able to create one type of pore.
Because of the nature of the ice crystal growth in the suspension, freeze casting methods are limited to
producing ceramic articles with a higlmaunt of open, tubular shaped porosity only. The microstructure

of a typical porous article prepared via freeasting is shown below in Figuge

'.‘ : n‘ : ‘. & 4 24 E 2 f— iq
Figure 3 Unidirectionally aligned pore channels withir

a Yttria Stabilized Zirconi@Y SZ) sample prepared by
freezecasting [33

It is not possible to create closed pores using freagéing because of the nature of ice growth
through the sample. While the cylindrical tube shapes have been found to be quite useful in bone tissue
engineering applicatiorfd9, 36|, this type of structure isot usefulwhen it comes to most other
applications, such as in heat insulation components. Several papers report on ttie ebilityl pore
morphology using the freeze casting metf@#31, 37, 38] howeve this comes at the expense of
severely complicating the freeze casting pssceThe changes made focus on control of the dendritic
features that form off of the tubes. The resulting pores are still unidirectionally aligned channels running

throughout the sample.



2.2.5 GelCasting

Gel-casting is a method that utilizes the binding ability of a polymer to set structures and improve
the mechanical strength of green bodies.-&asting has been widely used in the preparation of porous
ceramics and is quite succesqfe®-41]. First, a ceramic powder solution is well dispersed within a

monomer solution. Pores mag b

introduced to this ceramic/monomer ]
Ceramic powder Organic monomer
. . i . (Binder)
solution via sacrificial templating or the

slurry can be used to coat a polymeric

) Nonagueous
Solvent < Aqueous }

Dispersant

Mixing/Milling
(Slurry)

sponge for the replica technique. Dense

Degassing

structures may aldoe obtained via gel

Initiator
casting wherein no pore forming agents y

. . Casting
would be introdued to the solution.
When the desired structure is obtained, Coagulation
polymerizatioror gellingis promoted to PR T
. . Unmolding
set the structure by trapping the ceramic
particles within the rigid polymeric Drying -

-

network[42]. The resulting green body
Binder burnout

will have improved mechanical strength

and can even be machined to obtain a Sintering

specific part size. Gelasting is also Figure 4 Flowchart of the geadasting proces39]
highly favorable because it is a nesat
shape process for forming porous components. The added strength fimotytherized network
prevents collapse of the green body during drying. Figgmesents an excellent flowchart of the-gel
casting proces39].
Whengelcasting was first introduced to the scient

was most often used as the binding polymer. Acrylamide was later realized to be a neurotoxin, and so
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efforts turnedoward developing more natural based ciodgng polymerg43]. Agarose is a
environmentally friendly biopolymer that is actually derived from algae and it requires changes in
temperature to activateydrogen bonds between monomers, forming 43f#l Gellingwithin a solution
of agarose occurs when coodledt ben oiws 4K ¢hiEwrat &\th eab @ \
covalent hydrogen bonds and electrostatieractions will break, leaving the monomer units behind
Potoczek et al successfully created porous alumina components-gastief) with agarogel4]. Pores
were introduced via a foaming method. A 4 wt% solution of agarose monomers was hea¢€darad90
then carefully keptaround @5 e C bef ore being introduced-to the ¢
linking step did not occur before pores wereadtriced. The agarose solution was added to an alumina
slurry solution in varying amounts such that the final amount of agarose ranged anywhere from 0.25 to
1.00 wt %.
Ewais et al also prepared ceramic slurries using agarose as a gellinglageAgarose was
successfully removed frno the samples using the following heating schedule: ramglipng to 50@C,

dwell for 3 hours at 50T, and cooling back down to room temperature at a rateCafdn.

2.3 Drying

Drying is very critical in the preparation of ceramic materials and often times is the longest
processing stept6]. The most commonly used drying techniques currently used include air drying and
microwave dryind47]. When articles are not uniformly dried, cracking, warpage, bending, and
shiinkage can occur which can make a component ugdlglss As water is removed from a wet green
body, ceramic particles are free to move and fill the space once held by water. In some cases the ceramic
particles will move until they are in cadt with one another. Stresses present from the movement of
ceramic particles can induce miezad macro cracking within the ceramic component. Many studies
have focused on altering the drying process to ensure the shape of a ceramic part does not change

throughout processing, also called a neaishepe proceqdd6, 49-52]. Gelcasting, as described above

10



in section 2.2.5, is a near ratape forming process. The polymerization of the gel within the slurry

provides stragth to a green body and prevents shrinkage and cracks in a ceramic corffpgjnent

2.4 Sintering

Sintering is an extremely crucial step in ceramic powder processing. Duringtstéidsintering,
particle transport is driven by free energy reduction and resulsnsification, pore annihilation, and
grain growth within the powder compdé#]. The sintering of a powder compact progresses through
three stages: initial, intermediate, and final. During the initial stage, necking takes place at a relatively
high rate due to the large curvature of the particles. It is important to note timaf tharinitial stage,
necking occurs via six different competing mechanisms, some which lead to densification, or shrinkage,
and others which lead to coarsening, or a growth of the neck without shrinkage. These mechanisms are

listed below in Tabld [54].

Tablel Particle transport mechanisms during the initial stages of sedigte sintering[54]
Mechanism Number Transport Path Source of Matter Sink of Matter
1 Surface Diffusion Surface Neck
2 Lattice Diffusion Surface Neck
3 Vapor Transport Surface Neck
4 Boundary Diffusion Grain Boundary Neck
5 Lattice Diffusion Grain Boundary Neck
6 Lattice Diffusion Dislocation Neck

For example, the transport of material from the particle surface to the neck will not decrease the
distance between two partiatenters and so, will not cause shrinkage. However, transport of material
from the particle volume or from a grain boundary to the neck will decrease the distance between two
particle centers, resulting in densificatid], Mechanisms that result in digification are promoted at
higher temperatures; therefooensificationis more commoly seen ahigher sintering temperatures.

During the intermediate stages of sintering, pore channels are formed at the junction of three

grains and the channels begimiarrow. The powder curvature at the neck has diminished, slowing down

11



the rate of particle transport. At the final stage of sintering, pores are isolated from one another. This
transformation is displayed below in Figlrérom a study by Lame et gi55]. The location of the pores

is also very important in determining the final amount of porosity after sintering. A pore that is located
on the grain boundary can be elimiedby boundary diffusion and lattice diffusion while a pore within a
grain can only be eliminated by lattice diffusion. Because lattice diffusion is typically much slower than

other transport mechanisms, pores within angaaé much harder to elimindt&4].

Figure 5 Stages of sohstate sintering over time: a) initial b) intermediate
c) late intermediate and d) final [55]

2.5Porosity Resulting from PoreForming Agents

When a pordorming agent is used to create porosity within a body, it is important to understand
how the volume of PFA in the green body will translate to volume of porosity within the final sintered
ceramic body. ThX,; parameter, defined by Slamoviahd Lange, allows for the comparison between
volume of PFA added to a green body and porosity of a sintered ceranjggpaihis parameter takes

into accounthe volume of PFA with respect to the overall volume of sokgas well as the packing



density of the ceramic particles in the green body without any PFA ddddThe calculation foXpr is

shown below in Equation36].
» S Eq. 1

When the pores left by the PFAs are sufficiently large, Slamovich and Lange assumed that the pores will
shrink by the same amount that the surrounding ceramic matrix will shrink. Under this assuxyption,

will be equal to the amount of porosity fadiin the final, fully densified sintered bofly7]. If the body

is not fully densified X will be smaller than the total porosity in the sintered body and the difference is
porosity that results from partial sintering of the powder particles. In other words, the porosity found in a
sample depends on the volume fraction of PFA added to the grégiXhas well as the time and

temperature of sintering7].
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Chapter 3. Materials and Methods

In general, the following procedure was usddmana slurries were mixed with ice, poured into a
mold and set, removed from the mold, dried, and sintevediations weresystematically studied for
most steps in the procestwo different ceramic systems were used: one alumina system without a
binder and one alumina system with a biopolymer gelling agent. Three different types of ice particles
were testedyarying in shape, size, and uniformity. The amount of ice introduced to the ceramic slurry
was varied. Structures were set by either freezing or cooling to room temperature, depending on the
presence of binder in the slurry. Finally, sinteringtemperae s wer e varied from 130/
Samples were analyzed to determine the effect of the process variations on the pore volumes, pore sizes,
and pore microstructures. Characterization of the fired samples was performed using scanning electron
microscopy (SEM), optical mi croscopy, Archimedesd me
microscopy was also used to characterize the size and shape of the ice particles introduced to the ceramic

slurries.

3.1 Ice Particle Fabrication

In order to llustrate the flexibility of this process, pores were made using ice particles of different
shapes and sizes. This way it would be possible to see if a change in the shape of icequetisle
change in the shape ¢fd resulting pore. Thrdéndsof ice particlesdiffering in size shapeand

uniformity were made for this study.
3.11 Crushedice Particles

Crushedce particles were made using a commercial blen@ibe blender selected was a NINJA
(shown in Figure 6), which is specifically dgsed to crush icePrefrozen ice cubes from an ice tray

were added to the blender and crushed until the blender could no longer make the ice anyT¥maller.
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crushed ice was expected to be random in both size and shape due to the chaotic and ramedoitheatu

blending process.

3.12 Spherical Ice Particles

Ceramic structures with spherical poresaften desired

in many structural based applications because these types of p
allow for better mechanical strength within the ceramic

component. To createe particles with morshapeuniformity
than those created in the blending process, spherical ice particl
were made by hand, using liquid nitrogen. Two methods were
used to introduce ater droplets to a dewar of liquid nitrogen,

creating ice particles of two different sizes.nozzle from a spray

bottle was used as a water atomizecreate smaller spherical ice

Figure6 Ninja blender used to crush ice
and mix slurries

particles (referred to as smaller spherical.id®) eye dropper
was utlized to make significantly larger spherical ice particles
(referred to as larger spherical ic&)hen water droplets were introduced to the liquid nitrogen, they
quickly froze and sank to the bottom of the dewar becausg mere dense timdiquid nitrogen. After

the desired amount of ice haden made, the ice particles collected at the bottom of the derar

scooped out to be added to the ceramic slurry.

Particular arehad tobe taken during the spraying process. If sprayed too quickly, the ice
particles tended to agglomerate together at the surface of the liquid nitrogen dewar. Instead of forming
small ice particleghe water droplets collemtitogether and foredlarge ice chunks before freezing and
sinking to the bottom of the dewar. Too&Vthis problem, th@ozzle was sprayed once evergegonds.

This amount of time was sufficient to allow all of t@rayedvater droplets to completely freeze and

sink to the bottom beforeane water droplets were added. Table 2 below summariespiae @y ice
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particles made for this experiment and their expected properties. Ice properties were later confirmed

using optical microscopy techniques.

Table 2 Ice particles made and expected ice properties
IceType Made From Shape Size
1 Blender Crushed Random
2 Atomizer andiquid nitrogen Spherical Small
3 Dropper andiquid nitrogen Spherical Large

3.2 CeramicSlurry Preparation
Alumina systems were preparasingc o mme r c i a | FALO;powaer (9920% pueity, U
<1.0 micron, Alfa Aesar).Two different slurry systems were prepared to determine the effect of using an

organic binder in the system.

3.2.1 AluminaSystem without a Binder

Slipswere prepared by addirrguminapowder to deionized water until a thick slurry was
obtained. Sluies must be quiteiscousin order tosuspend the ice particles while the ceramic structure
is being set.The desired amount of powder was weighed out on a.séalg visible powder
agglomerates wemmanually crushed with a spatula and the powder wasrttieed dry in the blender to
further remove any clumpsSuspensions were prepared with an alumina solid loading of approximately
53 wt%to create a sufficiently thick ceramic sliphe appropriate amount of water was then added to the
blender and blendkfor several seconds ensure completamixing of the slip. Slips were visually

inspected to ensure complete mixing was achieved.

3.2.2 Alumina System with Agarose Gelling Binder
Commercially available agarose powder (Fisher Scientific, Low EEO/muytygergrade) was
used to prepare a 4 wt% agarose solution in deionized water. The agarose solution was heated in a flask

on a hotplate to 90eC for 20 minutes to allow f
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solution. Astir barcontinually stired the agarose solution while being heated. The solution was then
maintained at a temperature of6® ¢ C t gelliegulid notroecur. The alumina slurry for this

system was prepared in the same manner as the slurry without binder (describdd; ih@®&ver, the
alumina solid loading in these slurries was initially prepared at 64 wt%. This way, when the agarose
solution was added to the alumina slurry, a final alumina solid loading of 53 wt% was obtained, exactly
the same as in samples withoutder. The 4 wt% agarose solution was added such that all final

agarose/alumina systems contained 53 wt% alumina and 0.75 wt % agarose binder.

3.3Introduction of Ice to the Ceramic Slurry

Ice particles were introduced to the alumina and alumina/agsyetsms to create alumina/ice
mixtures. Variations were made in the type of ice that was added (crushed, small spherical, or large
spherical) as well as the amount of ice added by volume percent (0, 43, 56, or 75). Alumina samples were
prepared with O @ume percent ice, 43 volume percent crushed and large spherical ice, and 43, 56, and 75
volume percent small spherical ice. The alumina/agarose systems were prepared with O volume percent

ice, and 43, 56, and 75 volume percent small spherical ice.

3.3.1Alumina System without a Binder

Ice wasintroduced to the slip in the blendérhe plain alumina system without a gelling agent
was prepared with all three types of ice particles : crushed, small spherical, and large sphéhieal.
case of therushedce, large ice cubes were added and crushed while being blended in with the ceramic
slurry. Because the spherical ice particles were made ahead of time, thesgdedr®dhe blender and
blended with the ceramic slurry to mix. The spherical ice pastiwere already small enough that they
were notsignificantly crushed any furtherhen mixed in the blender.

The amount of ice added to the blender depended on the desired amount of porosity within the
final part. Higher icdo-slip volume ratios were esd to obtain higher amounts of porosity. For crushed

ice systems, ice volume was measured by adding the appropriate number of large ice cubes,
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understanding that each ice cube had a volume of approximately 15 cc. Slurries prepared with crushed
ice contaned 43 volume percent ice. The desired volume of spherical ice added was obtained by
weighing the ice particles before adding them to the slip. Slurries with 43 volume percent ice were
prepared using both the small and large ice particles. To detahmingaximum amount of porosity that
can be achieved in the small spherical ice particle system, samples were made with 55 as well as 75
volume percent ice. One control group of samples was also prepared without the addition of ice. These
samples were inteled to determine the amount of porosity resulting from other aspects of processing,
such as the loose packing nature of the powder particles and partial sintering.

Ceramic/ice mixtures were then scrapedajuhe blendemto small circular aluminum dhes
using a spatulaThe dishes were filled to the top with the ceramic ice mixture to allow for comparisons in
volume shrinkage during later stages of processing. The aluminum dish had a diameter of 7 cm and a
height of 1.25cm. The mixture was caréfiddded to avoid the introduction of any air to the samile.
air pocketsappeared, theyere pushed out with the spatula. Porous molds were not used here because
the structure of the sample needed to be set beforeatey was removed. afpleswerefrozen one of
two ways. A majority of samples were placed inafreezé&sgtC over ni ght to freeze.
were frozen more quickly by introducing them to cryogenic temperatures immediately after being poured

in the aluminum dish.

3.3.2 Alumina Sgtem with Agarose Gelling Binder

Alumina agarose systems were prepared using 43, 56, and 75 volume percent small spherical ice.
For this system, ice was added to the system immediately after the agarose solution was poured into the
blender as describetbave. The ice and slurry were blended as quickly as possible and immediately
scooped into the aluminum dish mold. The mold was only needed to form the desired shape of the green
body. The aluminum dish was peeled off of the sample after molding asdritpte was placed on the
lab bench to set and dry. These samples need not be frozen to allow the structure to set because agarose

will polymerize when left at room temperature. An alumina agarose system without any ice was also
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made as a control sampl&€able3 summarizes each of the different ceramic slurry and ice mixtures made

for this experiment.

Table3 Alumina/ice mixtures prepared
, _ Ceramic Loading in Volume Percent
Mixture Ceramic System Slurry (wto6) g Ice Type Ice
AC Alumina 50.0 None 0
Al Alumina 53.1 Crusled 43.8
A2 Alumina 53.1 SmallSpherical 43.8
A3 Alumina 55.8 SmallSpherical 56.2
A4 Alumina 57.1 SmallSpherical 751
A5 Alumina 53.1 Large Spherical 43.8
A6 Alumina/Agarose 52.3 SmallSpherical 0
A7 Alumina/Agarose 52.9 SmallSpherical 44.3
A8 Alumina/Agarose 52.9 SmallSpherical 56.8
A9 Alumina/Agarose 52.9 SmallSpherical 75.2

3.4Drying and Agarose Burnout

3.4.1 Alumina Systems without a Binder

Frozen samples were removed from the freezer| il e
and the aluminum dish mold was peeled off leaving
behind the circular ceramic sample. The samples were
left overnight on the lab bench to dry in room conditions
Once all ice had melted out and the samples were
relatively dry to the touch, they were neal/to a furnace
for further drying. Complete drying washaeved by

heating samples inamall Barnstead Thermolyte furnace

Figure7 Dried green body
for 12 hours at 150eC. The dried ceramic parts

19



quite brittle and difficult to handle. Therefore, tremendous care was\udleammoving the samples
from the lab bench to the furnace. Figdmepicts a dried green body in the aluminum dish used as a
mold.
3.4.2 Alumina System with Agarose Gelling Binder
Alumina agarose samples were removed from the aluminum mold immedi&elpeing
poured from the blender. The samples were left on the lab bench overnight for an initial drying. Further
drying and removal of the organic agarose were achieved in the Barnstead Thermolyte furnace. A heating
rate of 3C/min was used up to 580. The samples were kept at §0Gor 3 hours and then cooled back

down to room temperature at the same rate©fr8in.

3.5 Sintering

Samples were fired in air using a Deltech Inc. tube furnace (shown in gigéréeating rate of

1.5eC/ min was used followed by a 2 hour dwel/l at
were cooled back to roo 2 C/ mi
Alumina samples with 43 volume percent ice (either

spherical or crushed) werentéred at all three

temperatures. Alumina samples without any ice wer

sintered at 1300eC and mpl es

including samples with agarose, were sintered at
1500GC only. Tabled summarizes the matrix of the 1
types of alumina samples preed and tabl®
summarizes the matrix of 4 alumina/agarose sample
prepared. The astericks seen in Tabiledicate those
samples were frozen both in a freezer and in liquid

nitrogen (as described in section 3.3.1).

Figure8 DelTech Inctube furnace
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Table4 Summary of Alumina Samples Prepared
Sinterin Crusted : Large
¢ SYLIS IQ\JIJ- ¥ No lce Ice Small Spherical Sphe?ical
0 vol % 43 vol % | 43 vol %| 56 vol %| 75 vol %| 43 vol %
1300 X X X
1500 X X X X X X
1600 X X
*slurries were frozen botln a freezer and in liquid nitrogen

Table5 Summary of Alumina/Agarose Samples Prepared
¢ Ss\lfntigng\]_ i No Ice Small Spherical
Ovol% | 43vol% | 56 vol % | 75 vol %
1300
1500 X X X X
1600

3.6 Characterization
Fired samples were characterized to understand the effect of ice type and amount, ceramic

system, freezing method, and sintering temperature on volume shrinkage, porosity, and microstructure.

dur i

Samples were measured to determine the amount of shrinkage odcun g processin

ng
principle was utilized to qualitatively understand the amount of total, open, and closed porosity within
samples. SEM and optical microscopy were used to quantitatively assess pore size and qualitatively

review pore Bape and degres pore uniformity. Gas sorption isotherm curves were analyzed by BJH

and and BET calculations to obtain pore size distributions, surface area, and pore volumes.

3.6.1 Volume Shrinkage
Sample measurements were taken in order to quantify the changes in sample shapes occurring
during the drying and sintering stages of processing. The initial cylindrical volume of each sample was

known as all samples were poured to fill the same circigarrdold with a diameter of 7 cm and a height
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of 1.25 cm. Calipers were used to take rough measurements of the height and diameter of each green
body after the drying step was completed. These measurements were also repeated after sample firing.
Percentvolume shrinkage occurring during drying, firing, and total volume shrinkage were calculated and

compared between sample types.

3.6.2 ArchimedesPorosityMeasurements

Archi medes6 principle provides a relatively
measurements (open, closed, and total) of fired samples. Samples were weighed dry jg)air (W
submerged in water and weighed in air agaip4W/, and weighed while suspended in water using a
spring scale (Mlspenaes  The amount of open porosity (psity within the sample that is open to the air)

can be obtained by subtracting the weight of the dry sample from the weight of the sample filled with

water . The difference between theggs=100gic) val ues,

provides the volume of water that fills the open pores in the sample. The calculation for volume of open

pores (\pen is related by Equatio®.

) 7 7z 7 7 Eq.2

The amount of closed porosity can be determined by téaking o account Archi mede

which states that the buoyant force of an object suspended in water is equal to the weight of water that the

object displaces. Because the open pores of the sample were not covered when the samples were
suspended in wat, the water displaced is equal to the volume of ceramic and the volume of closed pores

only. Equation 3 fothe volume of closed pores ()9 is derived below.

w w w
w w W W
[H) ) ) W
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@ o S Eq.3

The values ofV gpen, Veaosed, and the theoretical density of alumina (3.97 g/cc) were used to
calculate the total amount of porosity in the samples. The bulk volume (volume of open pores, volume of
closed pores, and volume of ceramic component) was calculated for each sampéddodakulate the
percent of open, closed, and total porosities in each sample. Comparisons between porosity
measurements were made usingest at the 95% confidence interval. Two porosity values were
considered statistically different if the valugghin their 95% confidence intervals did not overlap. The

equation for the 95% confidence range is related by Equétion

w6 0bd c‘)ZM—_ Eq.4

Here,&is the sample mean, t is thethtistic based on the number of samples tested, s is the
standard deviation for all samples, and n is the number of samples. Because the sample size was always

equal to 3, the twaailed tstatistic for a 9% confidence interval was 4.303.

3.6.30ptical Microscopy

Optical images were obtained using an Olympdsi10 research stereo microscope. Varying
magnification levels were used to observe samples. Images were taken of the spherical ice particles, both
small and large, prepared for this study. Because the ice particles tended to melt very quickly under the
microscope light, images had to be taken very quickly. Optical micrographs were also obtained for the
final porous alumina structures after being fired. These images were intended to provide a general idea of
the structure of different porous aluminamgdes. Qualitative assessment on pore size, shape, and

uniformity can be made with these images.
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3.6.4Scanning Electron Microscopy
Samples were cut to an appropriate size using

a diamond saw and were then mounted onto a sample A !

holder and coated around the edges with silver paint
for SEM (Scanning Electron Microscope) imaging.
Images were acquired at the Virginia Tech Institute ¢
Critical Technology and Applied Science Nanoscale
Characterization and Fabrication Laboratory (VT
ICTAS NCFL) with a LEO (Zeiss) 1550 field Figure 9Leo Zeiss 1550 FESEM
emission SEM (Figur8). A working distance 06-8mm and EHT of 5.00 kV was use®arying

magnification levels weresed to observe samples.

3.6.5 Gas Sorption
Gas sorption was performeding a Quantachrome Autosetlsystem.Four different samples
were testedSamples were placed in a 9mm tube with a rod and outgassed@tf808pproximately 24

hours. Nitrogen was used as the absorbate gas and analysis was performed measuring 10 adsorption and

10 desorption poist The Quantzhrome data analysis software

produced a linear isotherm plot for each sample tested. The ﬁ—‘
B
general shape of sorption isotherm curves can provide informati

=

N I
about the porosity of the studied sample. Isotherm shapes are 3 =
typically classified into one of six types, each type revealing % B
information on the ability of the adsorbate to interact with the E " -

adsorbent and the relative size of pores withe structurg¢58].

The six isotherm shapes, classified by the International Union of

. . . . Relative pressurg —
Pure and Applied Chemistry (IUPACare shown in Figure 10 Figure 10UPAC classificatiorsf

[59. sorption isotherms[59]
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The BarrettJoynerHalenda(BJH) method was used on tisetherm desorption curte obtain a
plot of cumulative pore volume as a function of pore raditug nature of the desorption process is
typically more stable than adsorptiB8] and so th@esorption isotherm curve wased to obtain pore
size distributions.The BJH method also provides information reliyag the surface areand total pore
volume of each sample.

The four samples analyzed by gas sorption methods are summarized b&kdkeié These
samples were specifically selected to look at the effect of changes in amount of ice added and freezing

method on the pore size distributiohhe presence of pores withiretoontrol sample (whichdidét u s e

any ice) was also of high interest.

Table 6Samples analyzed by gas sorption
I\?jr??gzlj System Ice Setting Method Tesénsg:ggre
AC1 Alumina 0 vol% Freezer 1500
A24 Alumina 43 vol% small spherical | Freezer 1500
A25 Alumina 43 vol% small spherical | Liquid Nitrogen 1500
A4l Alumina 75 vol% small spherical | Freezer 1500
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Chapter 4. Results

Chapter 4 summarizes the reswaltgained from the experimental procedure outlined in Chapter

3. These results are further analyzed and discussed in context of the entire process in Chapter 5.

4.1 Volume Shrinkage
Sample dimensions were measured after the drying process and aft@ngsifitigure 11shows
a green body after firing. Large cracks have developed throughout théjgare 12depicts the amount
of shrinkage resulting from drying for samples with and without agarose. The presence of agarose does
not appear to alter themount of shrinkage experienced during drying. Shrinkage sharply increases as
more ice is added to the slurry. A large increase in shrinkage is seen at 56 vol% ice addition. Most
samples were quite brittle after the drying process, but remainedimthetr cylindrical shape and could
still be handled. This was not the case for samples which used 75 vol% ice, which essentially fell apart
after drying. Samples which had 75 vol% were extremely thin and fragile. Volume measurements were
taken of thecollapsed dried green bodies, however it was very difficult to collect pieces to be placed in
the furnace for sintering. In fact, the alumina/
agarose sample which contained 75 vol% ice co
not be handled at all and was not able to be
sintered.
Figure 13illustrates the volume shrinkage

after sintering as a function of sintering

temperature used. Sintering temperatures appea

linearly affect the amount of volume shrinkage, a

seen by the trend line superimposed on the graph  kigue 11Dried green body subjected to cracking and

volume shrinkage
Samples shrank equally &l dimensions during the g

solid-state sintering process.
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4.2 ArchimedesPorosity Measurements

Archimedes Principle was used to estimate the amount of open, closed and total percent
porosities within samples as described in Chapter 3. This analysis allows for identification of the type of
porosity that is present (open or closed) and it can also reveal shifts in porosity type and amount during

processing.

4.2.1 Porosity vs. Volume % Ice Added to Slurry

Figurel4illustrates the changes in porosities (total, open and closed) versus the volume percent
of ice that was added to the alumina slurry. Each of the samples presented in this figure underwent the
exact same set of processing steps except for the amogstinfroduced to the slurry. Samples were
made without agarose gelling agent, used small spherical ice particles, were frozen in a freezer, and were
subsequently sintered at 18Q0after drying. Each data point represents the average porosity measured

from three different samples and the error bar spans two sigma of the sample population.
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Figure 14Percent porosityas a function of volume percente added to the slurry for alumina samples fired
at 150GC
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A large increase in porosity from O vol i#e to 43 vol% ice is evident. Samples with 43 vol%
ice had almost double the porosity of samples which contained no ice. For the data points included in this
figure, the correlation appears to fit a linear curve. Hesttwas utilized at a 95% coadince interval to
determine the statistical significance of changes in porosity between 43, 56, and 75 vol% ice. At 95%
confidence, the samples with 75 vol% ice had a significantly higher porosity than samples with 43 vol%
ice. Samples with 56 vol% iceWwever, were significantly different from the samples with either 43 or
75 vol% iceatan85% confidence Samples that were prepared without any ice had open as well as
closed porosity in the final fired samples.

Percent open and closed porosities steadily increase as more ice is added to the slurries. The
differences observed in closed porosity for the three samples with ice are not statistically significant when
compared using thetést. The open porosity pegg in the same with 75 vol% ice is significantly higher
from the open porosity seen in the sample with 43 vol% ice.

Figure 15depicts the changes in porosities (total, open, and closed ) as a function of the volume

percent of ice that was added to thewna agarose samples.
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Figure 15 Percent porositgs a function of volume percenté added to the slurry for alumina/agarose samples
fired at 150GC
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Each of the samples presented here were subjected to the same processing conditions except for
the amount of ice introduced to the slurry. Samples were made of the alumina/agarose system, used small
spherical ice particles, were set and dried on a lab bench, and were firedegt 15@dould be noted
that data does not exist for samples withof%vice. These samples completely collapsed during the
drying stage and porosity measurements could not be taken.

The porosity values presented in this figure are comparable to porosity values seen in samples
without agarose ifrigure 14 An overall incease in porosity is observed as more ice is added to the
slurry. The amount of closed porosity does not significantly change from 43 to 56 vol% ice, however, a

significant increase is observed in the % open porosity.

4.2.2 Porosity vs. Sintering Tempdtae

Figuresl6 and 1depict the percent porosities (open, closed, and total) resulting from samples
sintered at all three sintering temperatures. The ice used for the samppgénlBivas blended ice and
small spherical ice particles were used to make the samples $égarm 17 These samples were made

of alumina only systems, used 43 vol% ice, and were frozen in a freezer.
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Figue 16 Percent porosityersus sintering temperature with 43 vol% blended ice
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Figure 17Percentporosity versus sintering temperature with 43 vol% small spherical ice

Both figures indicate a significant decreaseotaltporosity from 1304C to 150@C. No
significant changes were observed in any of the porosity types when the sintering temperature was
increased from 15@C to 160@C. Both sets of samples indicate a significant decrease in open porosity
when sinterig temperature is increased from 18000 150@C. Closed porosity does not appear to be
affected by sintering temperature in either set of samples. It is also noted that the % total porosity values
are comparable between the samples prepared with bleedadd samples prepared with small spherical
ice. Samples prepared with small spherical ice tended toatagher amount of closed porosity

(especially at higher sintering temperatures) than the samples prepared with blended ice.
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Figure 18shows thepercent porosities (open, closed, and total) present in alumina samples that
were frozen in liquid nitrogen and sintered at all three temperatures. The slurries used to prepare these

samples contained 43 vol% small spherical ice particles.
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Figure B Percent porosity versus sintering temperature when frozen in liquid nitrogen, prepared with 4:
vol% small spherical ice

Similar to the two previous figures, increasing sintering temperature causes a decrease in the total
amount of porosity observed samples; however, these samples have significantly lower porosity levels
than samples that were frozen more slowly in a freezer. Samples frozen in liquid nitrogen also see a
sharper increase in the amount of closed porosity and a sharper decreasmoutiteohopen porosity as

higher sintering temperatures are used.
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4.3 Optical Imaging

4.3.1 Ice Particle Imaging

Figure19 depicts the large spherical ice particles used in this experiment. Images had to be taken
quickly before the ice particles began to mdihese ice particles averaged approximately 3 mm in
diameter and all particles exhibited relatively decent unifgrinisize and spherical shape as

can be seen in the figure below.

Figure 19 arge spherical ice particles

Figure 20depicts the optical image taken of the small spherical ice particles used in this study.
These images were sigmiéintly more difficult to capture because the small ice particles would rapidly
melt when placed under the microscope. The image presented is the best image that could be obtained
where the ice particles can be seen. Particle size diameters typicallg eangvhere between 100 and
200 microns. The average particle diameter was about 150 microns in diameter.
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Figure 20Small spherical ice particles

4.3.2 Porous Alumina Imaging

Figures21-25 are presented below to give an idea of what the final porous alumina parts looked
like. Qualitative assessments were made on pore shape, size, uniformity, and distribution with these
images. Clear differences are observed in the sizes of pores refaltinte large and small sgtical
ice particles. Figure 2depicts a sample made from large ice particles. It has large pores ranging
anywhere from 0.5 to 2 mm. dtire 22shows a sample made from the smaller ice particles. These are
significantly smaller in size ranging from a few tens of microns up to 200 microns. The pores observed in
both of these figures are relatively round in shape and evenly dispersed throhglsarhple Figure 23
is an optical micrograph of a control sample which was made without using any ice. While the surface of
the sample is somewhat rough, no pores are visible. Figdrasd 25how one pore in a sample made
with 43 vol% blended iceUsing different focusing settings, interconnected porosity is observed further

inside of the sample.
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Figure 21 Pores resulting from large spherical ice particles, fired at 00

Figure 22Pores resulting fromsmall spherical ice particles, fired at 158D
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