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ABSTRACT

This master thesis deals with the production of ultrathin ceramic hollow fibers
by dip-coating. Preparation of ceramic hollow fibres is nowadays limited by
dimension of outer and inner diameter. Application of dip-coating for preparation of
ultrathin hollow fibers is new and technologically demanding process that requires
the choice of a suitable sacrificial template, while mastering the control of coating
parameters. The basic materials selected with high application potential are
hydroxyapatite and titanium dioxide. Self-supporting hollow fibers with wall
thickness below 1 um were successfully prepared from both materials. Furthermore,
dip-coating process of thin sacrificial templates was described. This method is
unique because it allows the production of ultrathin ceramics fibers with an outside
diameter below 100 pm and a wall thickness below 1 pm.

KEY WORDS
dip-coating, ultrathin ceramic hollow fibers, hydroxyapatite, titania

ABSTRAKT

Tato diplomovéa prace se zabyva vyrobou ultratenkych keramickych dutych vlédken
pomoci metody povlakovani namacenim. Pfiprava keramickych dutych vldken je
V soucasnosti limitovana rozmérem vné¢jS$iho a vnitfniho priméru. Aplikace metody
povlakovani namacenim pro piipravu ultratenkych dutych je novy a technologicky
naro¢ny proces vyzadujici volbu vhodné Sablony a zaroven zvladnuti kontroly
parametri povlakovéani. Zakladnimi zvolenymi materidly s vysokym aplika¢nim
potencidlem jsou hydroxyapatit a oxid titaniity. Samonosna dut4 vlakna s tloustkou
stény pod 1 um byla Gsp&€$né pfipravena z obou materiali. Déle byl také popsan
proces povlakovani namécenim obétovanych Sablon. Tato metoda je unikatni,
protoze umoziuje produkci ultratenkych keramickych dutych vldken s vnitinim
primérem pod 100 um a tloustkou stény pod 1 um.
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1 INTRODUCTION

The term ceramic comes from the Greek word keramikos, which means ‘“burnt
stuff,” indicating that desirable properties of these materials are normally achieved
through a high-temperature heat treatment process called firing. Up until the past 60
or so years, the most important materials in this class were termed the “traditional
ceramics,” those for which the primary raw material is clay, products considered to
be traditional ceramics are china porcelain, bricks, tiles, and, in addition, glasses and
high-temperature ceramics [1].

The interest in recent years has focused on “advanced ceramics,” ceramics that with
minor exceptions have been developer within the last decades. Advanced ceramics
include ceramics for electrical, magnetic, electronic, and optical applications
(sometimes referred to as “functional ceramics”) and ceramics for structural
applications at ambient as well as at elevated temperatures “structural ceramics” [2].

Ceramics materials are inorganic nonmetallic materials containing metallic and
nonmetallic elements bonded by ionic and ionic-covalent bonds. Characteristic
properties of ceramics with ionic-covalent bonds are high hardness, excellent
chemical resistance, negligible ductility, low thermal conductivity and not significant
electrical conductivity. lonic ceramics tend to form closed packed structure similar to
metals, but they have no free electrons, resulting in low electrical conductivity [3].

Ceramics have many applications, at a given application one property may be of the
particular importance, but in fact, all relevant properties need to be considered.
General interest is in combinations of properties [2].

Ceramics used for the repair and reconstruction of diseased or damaged parts of
human body are termed bioceramics. With the growing demands of bioactive
materials for orthopaedic as well as maxillofacial surgery, the utilization of calcium
hydroxyapatite as fillers, spacers, and bone graft substitutes has received great
attention mainly during the past two decades, primarily because of their
biocompatibility, bioactivity, and osteoconduction characteristics with respect to host
tissue. Dip-coating method appears to be one of the options shaping hydroxyapatite
[4; 5].

TiO, powders have been commonly used as white pigments from ancient times.
Their other outstanding feature is the photocatalytic effect. Photo catalysis has
recently become a common word and various products using photocatalytic functions
have been commercialized. Among many candidates for photo catalysts, TiO, is
almost the only material suitable for industrial use at present and also probably in the
future. This is because TiO, has the most efficient photo activity, the highest stability
and the lowest cost [6].



2.

a)

b)

d)

GOALS OF WORK

Description of selected forming methods, which is connected with preparation of
thin wall ceramic hollow fibers by dip-coating.

Describe a method of dip-coating in the preparation of ceramic materials with
a view to preparing the fibrous structures.

Experimentally prepare thin wall ceramic hollow fibers from hydroxyapatite and
titania by dip-coating.

Describe the change in the microstructure of the prepared materials, depending
on the conditions of the coating process and sintering.



3 THEORETICAL PART (LITERATURE REVIEW)

3.1 Selected forming methods
3.1.1 Tape casting

Tape casting is important ceramic fabrication technique, as the name implies, thin
sheets of a flexible tape are produced by means of a casting process. These sheets are
prepared from slips, this type of slip consists of a suspension of ceramic particles in
an organic liquid that also contains binders and plasticizers that are incorporated to
impart strength and flexibility to the cast tape. The actual tape is formed by pouring
the slip onto a flat surface (of stainless steel, glass, a polymeric film, or paper);
a doctor blade spreads the slip into a thin tape of uniform thickness, as shown
schematically in Figure 1. Tape thicknesses normally range between 0.1 and 2 mm.
The green tape is then subjected to sintering. Many commercially important
electronic packages based on alumina substrates and millions of barium titanate
capacitors are made using this type of tape casting process [1; 7].

Warm air
source

Slip source

\ :
. Doctor blade d
&’//

Take-up reel ___ (s

Support structure

Reel of carrier film

Figure 1. The scheme of tape casting method [1].

To achieve a high quality coating of ceramic on the substrate, the slurry must have
the proper rheological characteristics, namely, pseudoplastic or shear-thinning
behavior. This means that the viscosity is low when a high shear rate is applied, but
the viscosity becomes high when the shear rate is low. The most common flaws that
occur in the fabrication of these materials are longitudinal cracks, these may result
from drying stresses or from pyrolysis process (to remove templates or sacrificial
additives). Also thermal expansion differences between template and ceramic coating
may lead to cracks at relatively low temperatures [8].



3.1.2 Sacrificial templates

Another way to produce porous ceramics is by mixing of appropriate amount of
ceramics powder and material, which is in the subsequent process sacrificed. The
biphasic composite containing a continuous ceramic matrix and a homogenously
dispersed sacrificial phase, the composite is usually prepared by pressing a power
mixture of the two components, slip, tape or direct casting of two-phase suspension,
or impregnation of previously consolidates preforms of the sacrificial material with
a preceramic polymer or ceramic suspension. Pore forming agents can be synthetic
organic matters (polymer beads), natural organic matters (starch, sucrose, gelatine,
and cellulose), inorganic matters (nickel, carbon, glass particles, etc.) and liquid
(water) [9; 10].

Organic fugitives are usually extracted by pyrolysis (200-600 °C). During this
process, the huge amount of generated gas can lead to a crack formation, thus
burning rate must be slow enough. Ceramic and metallic particles are usually
extracted by chemical way (e.g. acidic leaching) [9; 10].

The whole process of sacrificial fugitives is illustrated in Figure 2.

Drying,
‘| pyrolysis/
Addition of '| evaporation, |’
Sacrificial —_— | —
sacrificial _ sintering
template ohase o
Ceramic or ) o
ceramic precursor @ Sacrificial
in solid or liquid form material

Figure 2. Principle of sacrificial fugitives [9].

Porosity is controlled by the amount of the agents, and pore shape and size are also
affected by the shape and size of the agents respectively when their sizes are large in
comparison with those of starting powders or matrix grains. This approach is useful
particularly for obtaining of high open porosity. The agents, however, need to be
mixed with ceramic raw powder homogeneously for obtaining uniform and regular
distribution of pores [11].

In the present work, by using of sacrificial fibers, we can achieve infinitely long pore
-shape microchannel. A channel structure can be created in the bulk ceramic material
or ceramic hollow fibers can be self-supporting. The applied procedure is basically
the sacrificial template process.



3.1.3 Free standing ultrathin ceramics

Ceramic thin films are used in various applications for their structural or functional
properties. Below a thickness order of micrometers, ceramic films are typically
deposited, sintered, and used on a supporting substrate due to their fragility.
Literature reports versatile green film deposition and sintering techniques that allow
the fabrication of free-standing structures [12]. This concepts are not limited to
the materials used here and can potentially be extended to most ceramic materials
and glasses. So prepared free-standing ultrathin ceramic foils allow new assembly
and fabrication methods of devices and novel materials that contain thin ceramic
membranes.

The fabrication of these foils basically consists of three main challenges: the
substrate, the green film deposition method, and the sintering set up and conditions.
The requirements for each of these processing steps, the most promising solutions,
and the possible alternatives are illustrated in Figure 3 [12]. In the present work,
sintering set up and conditions are simplified and the main focus in on film
deposition method and a template selection.

Substrate Green film deposition Sintering
flat, mechanically stable controllable thickness control over microstructure
highly temperature resistant gradient-, aggregate- and defect-free absence of cracks, holes
chemically inert (even during sintering!)
igraphite foil ' 1 spin coating : 1 3D-sintering: with sacrificial substrate in air |
' fledibley | | : 0o hrink o
: cheap | |} —oeiwmes = L shrinkage &
: slightly rough; C s S '3 e 4 ety : -E !
H ideal as sacrificial substrate; . : i H H =,
1 e, UL LT STRETER ' : H !  —— ' substrate =
R anceee) Y [ g P bumedoff |
1|at! -l centered off-centered H H 1
1 expensive I ')':'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.l'.'.'.'.'.f-)'.'.'.'.'.'.'.'.'.'.'.'.'.'.I'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.J.
H ~ extremely inert] |7 | angmuir-Blodgett technique +1D-sintering: hot-pressing in inert gas 1
d tering in inert atmospheres! . H H !
1 4 1 L} ] 1
______________________________________ ' solvent dip- & iliilld 1lil4l @
H ' : evaporation coating : H 4_5!; ;
fiat] ' /,———\ 1 : R — £
tunabla CTE} biotees. © _cooteRon) ] 1 TTTTTTI @
coating step necessary | , k. [i BRI ,
idaal for hot-pressing; H H \  pressure o shrinkage H
possible alternatives: multiple firing steps
dip coating, tape casting, spray pyrolysis

sintering set-up determines substrate

Figure 3. Fabrication of the free-standing ultrathin ceramic foils including the
requirements and the solutions used for each processing step [12].



3.2 Suspensions and their physical properties

One of the ways to create ceramic green body is wet way. For this purpose it is
necessary to produce slurry containing ceramic powder. Then we need stabilize
suspension and add other substances that play an important role in the production of
green body. Issues of preparation of suspensions and their physical properties will be
discussed in the following chapters.

3.2.1 Solvents

The selection of a solvent involves basically a choice between water and an organic
liquid. Organic solvents generally have higher vapor pressure, lower latent heat of
vaporization, lower boiling point, and lower surface tension than water, due in
a large part to the strong hydrogen bonding of the water molecules. The actual choice
of a liquid for a given application often involves the consideration of a combination
of several properties: the ability to dissolve other additives, evaporation rate, ability
to wet the powder, viscosity, reactivity towards the powder, safety, and cost [2].

Evaporation rate is an important factor in the industrial tape casting where the tape is
often cast, dried, peeled off from the carrier film, and rolled up for storage in
a continuous operation. Fast drying solvents such as toluene and methyl ethyl ketone
are commonly used for tape casting, particularly for thick tapes. Water is used
occasionally for thin tapes, but has a distinct advantage over organic solvents when
safety, cost, and waste disposal are considered [2].

3.2.2 Stabilization of suspension and zeta potential

The fundamental problem of suspension production is its stabilization. Two basic
problems stabilizing suspensions are weight of ceramic particles and attractive Van
der Walls forces between them. Firstly, the heavy particles are effected by
gravitational forces, which lead to the sedimentation of the ceramic powder. The
second important factor is presence of Van der Walls forces between particles. If are
these forces large, particles create large colagulates, which tend sedimented [2].

Colloidal stability is governed by the total interparticle potential energy, Vwa, which
can be expressed as:

Vtotal = vaW + Velect + Vsteric + Vstructural’ (31)

where V.w is the attractive potential energy due to long-range van der Waals
interactions between particles, Ve the repulsive potential energy resulting from
electrostatic interactions between like-charged particle surfaces, Vsei the repulsive
potential energy resulting from steric interactions between particle surfaces coated
with adsorbed polymeric species, and Vswowa the potential energy resulting from the
presence of non-adsorbed species in solution that may either increase or decrease
suspension stability. The first two terms of equation (3.1) constitute the well-known

-9-



DLVO theory developed by Derjaguin, Landau, Verwey and Overbeek. This theory,
which predicts the stability of colloidal particles suspended in polar liquids, is
a cornerstone of modern colloid science [13].

There are several ways for achieving stabilization of suspension, but the most
commonly used are [2]:

1. Electrostatic stabilization in which the repulsion between the particles is based
on electrostatic charges on the particles

2. Steric stabilization in which the repulsion is produced by uncharged polymer
chains adsorbed onto to the particle surfaces

3. Electrosteric stabilization, consisting of a combination of electrostatic and steric
repulsion, achieved by the adsorption of charged polymers (polyelectrolytes)
onto the particle surfaces.

a) electrostatic stabilization for negatively
charged particles

b) steric stabilization

c) electrosteric stabilization

Figure 4. Schematic ilustration commonly used stabilizations [2].

Electrostatic stabilization, as outlined above, is said to occur when the repulsion
between the particles is achieved by electrostatic charges on the particles (Figure 4a).
The repulsion is not, however, a simple case of repulsion between charged particles.
An electrical double layer of charge is produced around each particle, and
the repulsion occurs as a result of the interaction of the double layers. Steric
stabilization is the term used to describe the stabilization of colloidal particles which
results from the interaction between uncharged polymer chains adsorbed onto the
particle surfaces (Figure 4b). The interactions between the polymer chains are
fundamentally different from those between the charged ions in electrostatic
stabilization and are dominated by the configurational entropy of the chains.
As outlined earlier, suspensions can also be stabilized by electrosteric repulsion,

-10 -



involving a combination of electrostatic repulsion and steric repulsion (Figure 4c).
Electrosteric stabilization requires the presence of adsorbed polymers and significant
double layer repulsion. It is commonly associated with suspensions in aqueous
liquids. A common way of achieving electrosteric stabilization in aqueous liquids is
through the use of polyelectrolytes,i.e., polymers that have at least one type of
ionizable group (e.g., carboxylic or sulfonic acid group) that dissociates to produce
charged polymers [2].

During stabilizing the suspension containing nanopowders it is necessary to take into
account the shape and size of the particles and therefore it is necessary to take into
account the raw powder production technology [14].

One of the ways to characterize this stabilization is the zeta potential ( ¢ ) which
expresses the tension at the interface between particles and solvent. This interphase
parameter is influenced by the properties of the particle surface and the solvent. Zeta
potential is usually expressed in milivolts and illustrates the voltage between
electrical double layers of particles in the suspension and prevents their approach.
Zeta potential can be measured by the Electrokinetic Sonic Amplitude (ESA) method
[15].

Another important factor in the preparation of suspensions is pH. Each colloidal
suspension has a different value of the zeta potential for different pH, change pH can
tend to higher zeta potential and better stabilization of suspension. Another factor is
the conformation of stabilizing polymer, which varies with the changing pH as
shown in Figure 5. DLVO theory predicted dispersions can be rendered unstable by
adjusting pH toward the isoelectric point (IEP). Values for selected materials are in
Table 1 [13; 16].

-11 -



lonic
strength pH

Figure 5. Schematic illustration of adsorbed anionic polyelectrolyte species on an
ideal ceramic surface as a function of pH and ionic strength (5 is the added layer
thickness and o, the plane of charge) [13].

Table 1. Isoelectric points of ceramic materials [13].

Material IEP
(1-A|203 8-9
3Al,03,2Si0; 6-8
BaTiOs 5-6
CeO, 6.7
Cr03 7
CuO 9.5
Fe304 6.5
La,O3 10.4
MgO 12.4
MnO; 4-4.5
NiO 10-11
SiO, (amorphous) 2-3
SizNy 9
SnO, 7.3
TiO; 4-6
Zn0O 9
ZrO, 4-6

-12 -



In the Figure 6 we can see impact dispersant and pH on hydroxyapatite suspension, it
is clear that suspension is stabilized in the range 11-12 pH, where the absolute value
of the zeta potential is the highest. It is also seen that use of the dispersant Does not
have such an effect in this range of pH. Another factor may be the size and shape of
the particles, this influence can be seen in Figure 7. In this case, the use of
suspensions without stabilization and stabilized through sodium dodecyl benzene
sulfonate (DBS) and hydroxypropyl methyl cellulose (HPMC).

20 . m with dispersant
| B . £
# \  —e— without dispersant
5 .
S n
o 1 =
© )
',E \\.- ."-.,
@ N ]
° L Sy
a )
% 20 " "
N N X
S N
o .
B — =~ 1
3 6 & 12
pH

Figure 6. The effect of pH and dispersant on the zeta potential of hydroxyapatite
suspensions [16].

~—m®— Sphencal. D=250nm (DBS. Run 1)
404 v Sphencal, D=250nm (DBS, Run 2)
*— o : o
;\_ —A— Cubic, L=300nm (HPMC, Run1)
N "\.\ < *  Cubic, L=300mm (HPMC, Run2)
- Yo - ctbmllng Jo surfactants
> ZI')-‘. b - g\\ _ @ Imegular, ~200nm (No surfactants)
= k v —p—P-25 (Run 1)
2z | L] \\r-\t_; ® P25(Run 2)
:,-:: | v ‘;.\-.
s 0 T -
] A v ® =
5 * - v ,——
N 1 e SRR
*
o
40+ *
T T T
2 - 6 R 10

pH

Figure 7. The influence of size, shape and dispersant on the zeta potential of titania
suspension [14].

-13-



3.2.3 Binders and plasticizers

Binders are typically long chain polymers that serve the primary function of
providing strength to the green body by forming bridges between the particles. In
some forming methods (e.g., injection moulding), they also provide plasticity to the
feed material to aid the forming process. The selection of a binder for a given
forming process involves the consideration of several factors that include binder
burnout characteristics, molecular weight, glass transition temperature, compatibility
with the dispersant, effect on the viscosity of the solvent, solubility in the solvent,
and cost [2].

Plasticizers are generally organic substances with a lower molecular weight than the
binder. The primary function of the plasticizer is to soften the binder in the dry state,
thereby increasing the flexibility of the green body (e.g., tapes formed by tape
casting). For forming processes in which the binder is introduced as a solution, the
plasticizer must be soluble in the same liquid used to dissolve the binder. In the dry
state, the binder and plasticizer are homogeneously mixed as a single substance. The
plasticizer molecules get between the polymer chains of the binder, thereby
disrupting the chain alignment and reducing the van der Waals bonding between
adjacent chains. This leads to softening of the binder but also reduces the strength

[2].
3.2.4 Viscosity

The viscosity of a fluid (y) is a measure of how resistive the fluid is to flow. For
example, thick honey is more resistive to flow than water, and so honey is more
viscous than water. Viscosity is the fluid analogy of friction between solids; both are
mechanisms by which the kinetic energy of moving objects can be transferred to
thermal energy. In the absence of friction, a block could glide at constant speed along
a horizontal surface. In the same way, an object moving through a nonviscous fluid
would experience no viscous drag force, that is, no resistive force due to viscosity; it
could move at constant speed through the fluid [17].

For an ideal fluid is assumed absence of shear-shear stress. For real liquid this is only
applies if the fluid is not moving. If the fluid flows and the individual elementary
volumes (molecules) are in relative motion and two adjacent layers have a different
speed. The interface between the two layers to form friction and to produce shear
stress, causing this phenomenon is the viscosity of the fluid. For laminar flow
Newton formulated the law under which the tangential stress in the fluid proportional
to the dynamic viscosity and velocity gradient. Newton's law of viscosity is
formulated by equation 3.2 [18].

-14 -



r=p% (3.2)
where: T is shear stress, [Pa]

n is dynamic viscosity, [Pa s]

du/dx is velocity gradient. [s™]

The above equation is valid for the liquid which is called Newtonian. Adding
ceramic powder, however, the suspension becomes non-Newtonian [2], this means
that viscosity depends on the velocity gradient, and viscosity should be measured for
different values of velocity gradients. This is illustrated in Figure 8.

n ®

T @ @ @
\ T = konst.
u ® @
L
;4 ®
0 dv 0 dv

=g

Figure 8. Rheograms (A) and dynamic viscosity (B) depending on the velocity
gradient [18].
1 - Newtonian fluid, 2-6 - non-Newtonian fluid

2 - pseudo-fluid, 3 - dilatant fluid, 4 - real plastic fluid, 5 - Binghams ideally plastic
fluid, 6 - Eyrings model of fluid

Characteristics of non-Newtonian liquids are shown in Table 2.
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Table 2. Characteristics of non-Newtonian liquids [18].

Non-Newtonian fluid

Description

Example

Pseudo-fluid

Dilatant fluid

Real plastic fluid

Binghams ideally plastic
fluid

Eyrings model of fluid

Drop in apparent viscosity
with an increasing shear
stress

Increase  of  apparent
viscosity with increasing
shear stress

At rest, the fluid-
dimensional structure
having a rigidity capable
of resisting any stress less
than the stress on the
deformation. After this the
stress across the fluid
behaves as a Pseudo-fluid.

At rest, the fluid-
dimensional structure
having a rigidity capable
of resisting any stress less
than the stress on the
deformation. After this the
stress across the fluid
behaves as a Newtonian.

These mode has two
parameters and Eyring
was derived from the
Kinetic theory of liquids,
so it is a semi-empirical
model, other models are
only empirical

Asymmetrical suspension
of particles, colloidal
solution, the solution,
polymer, rubber, ketchup,
whipped cream

Paints, solvents of paints,
starch pastes, concrete,
gum Arabic, honey

Some clays, some mugs,
mayonnaise

Concentrated slurry,
granular  slurry, mud,
pastes, paints oleaginous,
blood, toothpaste
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For measuring the viscosity of Newtonian liquids, the following devices are used:
capillary viscometers, viscometers outlet, ball viscometers, rotational viscometer,
and vibration viscometers. Measuring the viscosity of non-Newtonian liquids is more
difficult, viscosity is parameter of velocity gradient and it is necessary to measure
different values of velocity gradient, resulting rheogram, which express varying
viscosity depending on the speed gradient. To measure the viscosity of non-
Newtonian liquids it is therefore necessary to use the device with a clearly defined
geometry flow and we can determine the value of the velocity gradient du/ dx and the
corresponding value of shear stress. Conventional instruments for measuring
non-Newtonian liquids by capillary viscometers are rotational viscometers [18].

3.2.5 Surface tension

Surface tension vy is defined as a force which acts perpendicularly to the length of an
imaginary sectional surface, divided by the length and located in a plane tangent to
the surface of the liquid. Considering this, if the surface of the line segment of length
L, the two surface portions which are adjacent to it, at each force F applied, then
[19]:

y=1, (33)
where: y is surface tension, [N x m™]

F is force, [N]

L is length. [m]

This equation is schematically illustrated in Figure 9.

L'

Figure 9. Principle of surface tension [19].

Unit surface tension is therefore [N x m™], consequence is that to increase the
surface work is needed. Surface tension, however, may also represent an areal
density of the potential energy surface. In this case the surface tension is expressed in
units [J x m?]. [19]
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In colloidal systems there are at least two different phases separated by phase
boundary; properties of phase boundaries significantly affects the behavior of the
whole system. Due to the interaction of molecules of solid particles in the colloid
with molecules of liquid phase is clear that the surface molecules will have different
characteristics from the volume molecules, it is apparent from Figure 10. Surface
molecules are configured in such a shape that the surface energy is minimized.
Changing the interface surface is associated with executing the work to be done in
connection with a surface tension [20].

-

Figure 10. Different characteristics surface (A) and volume (B) molecules [19].

Surface energy or surface tension, can be easily measured at the mobile phase
interface gas-liquid, respectively. liquid-solid. There are the following methods:
static, semi-static and dynamic. When static methods is reached to equilibrium,
resulting therefore the equilibrium value of the surface energy. This group includes
the method capillary elevation method and sitting or hanging drop. The semi-static
methods are working under conditions approaching equilibrium, so that the values of
surface energy (surface tension) are very close to equilibrium. The most commonly
used method are using maximum bubble pressure or stripping Pt-Ir ring. These
methods allow the study of imbalances in multiphase systems that more correspond
to real technological processes such as washing or lubrication of moving parts,
painting operations and the like. The task of these methods, rather than measuring the
surface energy or surface tension, is determination of wetting of the solid surface by
liquid for dynamic conditions [20].

3.3 Material characteristics and applications
3.3.1 Hydroxyapatite (HAP) and biomedicine

Every year millions of people need a transplant of bone, therefore, the requirements
for materials to replace them. These materials must have suitable mechanical
properties, but also meet the requirements for biocompatibility. One material suitable
for bone tissue engineering is hydroxyapatite [21]. Hydroxyapatite is the main
inorganic component of bone and tooth of humans and animals, has been widely
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investigated for applications in biomedical fields owing to its excellent
biocompatibility. [22].

Hydroxyapatite is a non-resorbable calcium phosphate. Due to chemical composition
and crystallography similarity to bone mineral, hydroxyapatite exhibits an excellent
biocompatibility, and therefore this material is extensively studied for bone tissue
application. Hydroxyapatite belongs to a group of bioactive ceramics, this means that
it is osteoconductive and able to directly bond to bone. Hydroxyapatite is suitable in
bone tissue engineering, however, its application is limited due to low mechanical
strength and very slow biodegradation. Mechanical properties are influenced by
porosity, crystallinity, grain size, and composition as well. The stiffness, strength and
toughness can be enhanced by using crystalline, low porous small-grain-sized HAP
[10].

Thermal stability of hydroxyapatite depends on number of factors such as the
feedstock for the synthesis of the powder and its production technology.
Decomposition of Hap to a-TCP (a tricalcium phosphate) and TTCP (tetracalcium
phosphate) results in the changes in physicochemical properties of the final material.
Hydroxyapatite thermal stability is mainly determined by two factors. First is the
stoichiometry Ca/P ratio and structural substitutions and second is the gas
composition during heating. At a temperature of 1050 °C occurs dehydroxylation and
decomposition at 1250 °C. Thermal stability can be lowered the most by
a substitution of calcium and phosphate, leading to loss in phase stability [23; 24].

Hydroxyapatite structure we can see in Figure 11.

Figure 11. Structure of hydroxyapatite [25].

3.3.2 Titania and photo catalysis

Since its commercial production in the early twentieth century, titania (TiO,) has
been widely used as a pigment and in sunscreens, paints, ointments, toothpaste, etc.
In 1972, Fujishima and Honda discovered the phenomenon of photocatalytic splitting
of water on a TiO, electrode under ultraviolet light (UV) 6-8. [26] Since then,
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enormous efforts have been devoted to the research of TiO, material, which has led
to many promising applications in area photo catalysis [26].

Word photo catalysis is composed of two words: photo=Ilight and
catalysis = process which is characterized in that a substance known as a catalyst
facilitates the reaction rate. It must be said that photo catalysis takes place on the
surface of semiconductors. From the different elemental semiconductors and other
substances with semiconducting properties for photo catalysis best suited titania
through suitable width forbidden gap. Irradiate semiconductor light quanta which
have energy higher than the band gap energy occurs therein to form a pair of hole -
electron. If a suitable acceptor does not capture these defects occur within a few
nanoseconds to recombine. Life time of this process is not limited. This has the effect
that the surface leads to decomposition of organic substances, these substances may
be undesirable hydrocarbons or living organic substances such as bacteria, viruses or
fungi. This property has use in areas with high demands on hygiene, such as
hospitals [27].

Titania is a polymorphic material and exists in three structures: rutile, anatase and
brookite. Rutile is the stable phase at high temperatures, but anatase and brookite are
naturally common in fine grained (nanoscale). In a thermal process, and grain
coarsening can be seen the structure of the following transformations: anatase to
brookite to rutile, brookite to anatase to rutile, anatase to rutile, and brookite to rutile.
These transformations are often dependent on particle size. For small TiO;
nanoparticles (<50 nm), anatase is more stable and transformed to rutile at
temperature >700 °C [26]. TiO, nanoparticles had anatase or brookite structures,
which transformed to rutile after reaching a certain particle size. If rutile
transformation to take place, rutil grew much faster than anatase. It was found that
rutile became more stable than anatase for particle size > 14 nm [28].

There are two the unit cell structures, rutile and anatase. These two structures can be
described in terms of chains of TiOg octahedra, where each Ti** ion is surrounded by
an octahedron of six O% ions. These structures are shown on Figure 12.
The properties of titania include, in particular its photo stability, corrosion resistance,
non-toxicity, high photocatalytic activity and low price. For the purposes of the
photocatalytic titania frequently in two forms - as a suspension of ceramic powder
and in the form of a thin layer deposited on the substrate [26].
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Figure 12. Lattice structure anatase (A) and rutile (B) [25].

3.4 Sintering

Sintering is a processing technique used to produce density-controlled materials and
components from metal or ceramic powders by applying thermal energy. When
thermal energy is applied to a powder compact, the compact is densified and the
average grain size increases. The basic phenomena occurring during this process,
called sintering, are densification and grain growth. This technique is one of the
oldest human technologies, originating in the prehistoric era with the firing of
pottery. These days, sintering is widely used to fabricate bulk ceramic components
and powder metallurgical parts [29].

3.4.1 Driving force of sintering

Non-compacted ceramic body, which has not undergone heat treatment (sintering), is
called a green body. This green body is formed by ceramic powder and compared to
the solid body has a significantly greater surface area and surface energy A(yA). This
excess energy is the driving force for sintering, because the system tries to reduce
this energy. It follows that what is the size of the ceramic powder is smaller, the
specific surface area is larger and sintering proceeds rapidly. In order to reduce the
surface energy process is started, it is necessary to supply the initial activation
energy, that is generally supplied in the form of thermal energy. At high temperatures
is made possible by the diffusion between ceramic particles and reducing the surface.
During the sintering process, subsequently decreasing the volume and porosity of
green body and leads to grain growth in the microstructure [3; 29]. Coarsening and
densification of green body is shown in Figure 13.
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AlyA)
Densification
and coarsening

yAA
Coarsening

Figure 13. Basic phenomena occurring during sintering under the driving force
A(yA) for sintering [29].

3.4.2 Diffusion

Many reactions and processes that are important in the treatment of materials rely on
the transfer of mass either within a specific solid (ordinarily on a microscopic level)
or from a liquid, a gas, or another solid phase. This is necessarily accomplished by
diffusion, the phenomenon of material transport by atomic motion. From an atomic
perspective, diffusion is just the stepwise migration of atoms from lattice site to
lattice site. The atoms in solid materials are at high temperature in constant motion,
rapidly changing positions. For an atom to make such a move, two conditions must
be met: there must be an empty adjacent site, and the atom must have sufficient
energy to break bonds with its neighbour atoms and then cause some lattice
distortion during the displacement. At a specific temperature some small fraction of
the total number of atoms is capable of diffusive motion, by virtue of the magnitudes
of their vibrational energies. This fraction increases with rising temperature. Several
different models for this atomic motion have been proposed; of these possibilities,
two are dominant: vacancy and interstitial diffusion for metallic diffusion [1]. Both
models are represented schematically in Figure 14.
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Figure 14. Schematic representations of (a) vacancy diffusion and (b) interstitial
diffusion. [1]

In the case of ceramic materials and sintering it is necessary to take into account the
grain boundary diffusion. This is shown in Figure 15 [30].

Meck

Grain boundary

fa)

Figure 15. Schematic representations of grain boundary diffusion (a)
particles after pressing, (b) particle coalescence and pore formation as
sintering begins, (c) as sintering proceeds, the pores change size [1].

During diffusion decreases the concentration differences which movement usually
takes place on locations with a higher concentration to locations with a lower
concentration. The mathematical description of the diffusion process is described by
Fick's laws. First Fick law gives the diffusion flux J as the amount of diffusing
agents with diffusion coefficient D which, when the concentration gradient dc/dx
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passes through a unit area (1 m?) perpendicular to the direction of diffusion per unit
time dt = 1s. Mathematical expression of Fick's law is described in equation 3.4.
Fick's first law, however, can only be used if the concentration gradient does not
change in time [31].
dc

where: J = diffusion flux, [kg x m? x s,

D = coefficient, [m? x s,

dc/dx = concentration gradient.  [kg x m™].

Second Fick law considering the volume concentration ¢ [kg m™] diffusing substance
and its change depending on time and location. The second Fick's law is derived
using Fick's first law, and with regard to the law of conservation of mass. This law
allows for changing the concentration gradient and the final mathematical solution, it
is necessary to determine the boundary conditions. Second Fick's law for
unidirectional diffusion in the x-axis direction in the exact shape, is also called as
differential equations of diffusion and is illustrated by the equation 3.5 [31].

ac 0 ac
=D, (3.5)

where the variables are defined as variables in the first Fick's law.

3.4.3 Partial sintering

Partial sintering is the simplest method suitable for processing of structures with
randomly arranged irregular pores. Pore size and porosity can be controlled by the
pore size of a raw powder and by sintering conditions like lower temperature and
shorter time than required for full densification. The resulting pores are too small to
allow bone tissue penetrate inside thus this technique cannot be used separately in
tissue engineering. However, it can be convenient to combine this method with
another [10].
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3.5 Ceramic Fibers

Ceramic fibers can be essential components of new high-temperature-resistant
lightweight materials. Manufacture of ceramic fibers is often difficult proces and in
most cases polymeric components or structures are key factors for fiber spinning.
Organic polymers are used as additives to produced oxid ceramic fiber and inorganic
polymers are the precursors for the production of non-oxide ceramic fibers [32].

In this work will be presented basic methods for producing ceramic fibers and
selected types of these fibers.

3.5.1 Classification of different types of fibers

The term “‘ceramic fibers’” includes all non-metallic inorganic fibers (oxide or non-
oxide) with the exception of fibers manufactured via solidification of glass melts.
Difference between ceramic fibers and glass fibers became more difficult during the
last years, because ceramics produced via new precursor or sol-gel routes can also be
of amorphous structure and the production process can also contain a melt processing
step. This means that ceramic fibers can be either polycrystalline, partially crystalline
or amorphous, but the expression ‘‘glass fibers’’ should only be applied to fibers that
are produced via solidification of typical glass melts based on silicate systems. If
these melts are produced by using minerals like basalt, the fibers should be called
““mineral fibers’’. Classification of different fiber types is shown in Figure 16 [33].

Fibers
Inorganic fibers Organic fibers
Nonmetallic Metal fibers  Carbon Paolymer fibers
inorganic fibers fibers
e
—_—
___\_\__‘_‘—‘——_ ________———_

Ceramic fibers Glass and mineral fibers Single-crystal fibers

(polycrystalline or amorphous)

[T

[ _—_H____\__““—\—._\____\_\_\_\_
Oxide ceramic fibers Mon-oxide ceramic fibers
(Al:04, mullite, ZrOs...) (SiC, Si-C-0, Si-C-N, Si-B-C-N...)

Figure 16. Classification of different fiber types [33].
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3.5.2 Processing of fibers

Indirect fiber production

CVD process

Using this method are ceramic fibers formed by vapor deposition of ceramic material
on the carrier fibers. This carrier fiber forms the core of the resulting ceramic fibers.
Because the carrier material remains in the fiber, the resulting fibers are mostly thick,
stiff, and difficult to process [32; 33].

Relic process

In relic proces absorbent organic fiber materials (mostly cellulose-based) are
saturated with salt solutions or sols. Then will burn organic material and salt or salt is
converted to ceramics [33].

Direct fiber production

Direct production processes can be identified by the preceramic precursor
components used in the spinning dopes.

Spinning dopes based on molecularly dispersed precursors

In these processes soluble salts are used in the spinning dopes, which can be
converted into ceramics during a calcination step. Salt is disolved in form of ions,
which are disperzed. In addition to the salt, the spinning dope consists of organic
polymers to achieve the rheological properties needed for the spinning process.
Solvents are usually water or water/alcohol mixtures. In some cases it is possible to
add nanoscaled ceramic particles to control the structure formation during
ceramization. In this case, the process is called the “solution process” [32].

Spinning Dopes Based on Colloidally Dispersed Precursors

This process is similar to the one mentioned above, but here colloidal inorganic
components are used as preceramic precursors. They are also used polymers to
obtain rheological properties. The same solvenst are used as stated above. In this
case, the process is called the “sol/gel process” [32].

Spinning Dopes Containing Coarse Ceramic Particles

Sometimes, coarse ceramic particles are added to salt or sol based spinning dopes in
order to increase the ceramic yield and to reduce the shrinkage during calcinations
and sintering. In this case, the process is called the “slurry process” [33].
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Spinning Dopes Based on Inorganic Polymers

In this case the spinning dope consists of either a solution of an inorganic polymer,
which can be spun via a dry spinning process or the precursor polymers are meltable
and can be spun using a melt spinning process. It is no need add polymer to
adjustment of rheological properties. In this case, the process is called the “precursor
polymer process.” The precursor polymer process technique is particularly applied
for the production of non-oxide ceramic fibers [32].

Production route of ceramic fibers with facilities is shown in Figure 17.

Vessel
for spinning dopes

Spinning head
and spinneret

Blower

Solvent- or melt spinning processes
Heated shaft (1.5 m)

| —  — Lrl

|

Pyrolysis / Sintering

|

Heated shaft (6.0 m)

o
Spin finish =
pin finis|
application (I) Winder

Figure 17. Production route of ceramic fibers with facilities [33].

3.5.3 Selected ceramic fibers

Oxide ceramic fibers

Known examples for oxide ceramic fibers are fibers made of aluminia (Al.Os),
mullite (mixed oxides of Al:Osand SiO:), YAG (yttrium aluminum garnet, Y:AlsO1.),
and zirkonium dioxide (ZrO:). All these fibers have a polycrystalline microstructure
and are characterized by high values of tensile strength and modulus. Due to their
oxidic nature they are stable against oxidation also at high temperatures. Although
oxidation is not a problem for oxide fibers, creep, due to grain boundary sliding at
high temperatures, is a limitation and is higher than for SiC-based fibers. Oxide
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fibers which are currently available commercially are mostly based on Al,O3; or
Al,05/SiO, ceramics [32].

Overview of commercial oxide ceramics is shown in Table 3.

Table 3. Overview of commercial oxide ceramic fibers [33].

Elemental Diameter Density Production Tensile — Tensile
Trademark composition [um] [oem®]  technique strength  modulus
P a 9 f [GPa]  [GPa]
3'\"7'\2'3“6' AlLOs Si0, 10-12 3.4 sol/gel 2.1 260
SMNextel Ao, 10-12 39 sol/gel 3.1 380
610
M N | .
3 sngte AlL,Os, Si0, 1012 3.03 sol/gel 2.0 193
3M Nextel Al>,O3,
440 S0y, B,Os 10-12 3.05 sol/gel 2.0 190
3M Nextel Al>,O3,
312 S0y, B,Os 10-12 2.7 sol/gel 1.7 150
Sumitomo o, si0, 1015 33 Powalumi- g 210
Altex noxane,
Nitivy .
Nitivy ALF Al,03, SIO, 7 2.9 sol/gel 2.0 170
Mitsui Al,O3, SIO 7-10 2.9 unknown not available
Almax-B e8P '

Non-Oxide ceramic fibers

Non-oxide ceramic fibers are used for high temperature exhibit high values for
tensile strength and modulus (higher than oxide fibers) and due to their structure,
which is amorphous or polycrystalline, exhibit also lower creep rate at high
temperatures than the polycrystalline oxide fibers. The use of non-oxide fibers is
limited by their susceptibility to oxidative degradation. The lower the oxygen content
of the fiber the better is the oxidation resistance. Commercially available non-oxide
ceramic fibers are based on SiC and Si-C-O materials which contain undesirable
oxygen to a greater or lesser extent and can also contain some percent of Ti, Zr, Al,
or B [32].
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Overview of commercial non-oxide ceramics is shown in Table 4.

Table 4. Overview of commercial non-oxide ceramic fibers [33].

Approximate Av.erage Tensile  Tensile
max. Elemental fiber
Trademark  Manufacter . .\ . strength  modulus
production  composition diameter
[GPa] [GPa]
temperature [wm]
Nicalon Nippon .
NL 200/201 Carbon 1200 S1,C, 0 14 3 220
Tyranno Ube . .
LoxM Industries 1200 Si,C,O, Ti 11 3.3 187
Ube : :
Tyranno S : 1200 Si,C,O0, Ti  85/11 3.3 170
Industries
Hi-Nicalon  IPPON 1300 Si,C,0 14 2.8 270
Carbon
Tyranno Ube .
ZMI Industries 1300 Si,C,0 11 3.4 200
Hi-Nicalon — Nippon >1500 Si, C, 0 12 2.6 420
S Carbon
Tyranno Ube .
SA 13 Industries >1700 Si,C,0,Al  10/75 2.8 380
. COl SiC, TiB,
> :
Sylramic Ceramics 1700 B.C. O 10 2.7 310
Sylramic- col >1700 SIC/BN 10 3.0 400
IBN Ceramics




3.6 Dip-coating

Dip-coating is a simple method for coating any desired templates with a high
potential for industrial use. The method can applied very thin films produced from
the suspension in which is dispersed requested material. The films made by
dip-coating have very good quality, the whole process is also economically very
unpretentious [5].

3.6.1 Principle methods

Principle of the method is to form a suspension containing the desired material, such
as ceramic powder. The suspension must be stabilized and substances
homogeneously dispersed before the process start. The main characteristics of
suspension for dip-coating are surface tension and viscosity. The coated template, in
in this study is the thin fiber immersed in the suspension and subsequently is
withdrawn out. During this process the template forms a coating whose thickness is
determined by the properties of the slurry, template and setting of the dip-coating
process. By selecting suitable parameters of the above aspects, we can achieve the
required thickness of film. Principle of the method and real image of the process is
shown in Figure 18.

interface
substrate - air

interface { 4————— coating
suspension -substrate

suspension (#,7)

Figure 18. Schematic and real illustration of dip-coating.
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3.6.2 LLD theory

One theory, which links the film thickness on the fiber and coating conditions, is the
LLD theory that processed Landau and Levich Deryagin. LDD theory determines the
thickness of the coating as a result of viscous, capillary, gravitational and inertial
forces. To describe the results of these forces auxiliary numbers are used: capillary
number, Bond number and Weber number. These numbers help to determine
conditions of the coating and decisive forces for a layer formation [34].

3.6.3 Influence of viscosity, surface tension and rate of withdrawal

When the template is withdrawn from the suspension, creates two interfaces. The
first interface is fiber-suspension and the second is air-suspension. At the first
interface (fiber-suspension) acting viscous force due to presence of shear forces z.
This describes Newton's law of viscosity (Eq. 3.2) and due these forces suspension is
captured on the surface of the fibers. Equitation (3.2) also shows that with increasing
dynamic viscosity and withdrawal rate grow these shearing forces [34].

Conversely, at the interface of the slurry is critical growing meniscus, which is
generated by withdrawing the fiber from the slurry, which is greater the greater the
film layer is formed on the fiber. Against this acts surface tension which prevents
increasing surface interface [34].

From these findings can be concluded, that the rate of withdrawal and viscosity helps
form the film while the surface tension has the opposite effect. It is obtained the first
parameter, the capillary number, which is defined as follows [34]:

Ca = 77y_v (3.6)
where: n = viscosity, [Pa x s]

v = rate of withdrawal, [mx s

y = surface tension. [Jx m?]

With increasing capillary number starts at a certain stage the layer to grow more than
would be expected, which means that coating begin to have a greater impact inertia
forces. This gives us Weber describes the number that relates the forces of inertia
(pv*) and capillary forces (r/y). Weber number is defined as follows [34]:
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We =21 (3.7)

14
where: p = density, [kg x m?]
v = rate of withdrawal, [m x s
n = viscosity, [Pa x s]
y = surface tension. [0 x m?]

Another factor which has not been mentioned is the influence of gravity to the
coating process. It is necessary to decide whether or not they can be neglected.
Capillary length (x') is defined as the comparison of Laplace and hydrostatic
pressure in the liquid. Capillary length is defined as follows [34]:

N (3.8)
where: y = surface tension, [Jx m?]

p = density, [kg x m?]

g = acceleration of gravity.  [m x 5]

Gravity can be ignored if » < x. This condition is based last auxiliary number, which
helps determine the mode of coating is Bond number. Bond number is defined as
follows [34]:

2

Bo = %, (3.9)
where: p = density, [kg x m3]

g = acceleration of gravity, [mx s

r = diameter of fiber, [m]

y = surface tension. [Jx m?]

3.6.4 Coating modes

The above auxiliary numbers (Ca, We, Bo) help to determine coating mode in which
is under the given conditions (viscosity and surface tension of suspension, rate of
withdrawal fiber) dip-coating process. Various modes are differentiated by the forces
under the given conditions prevail. These modes are called visco-capillary, visco-
inertial and boundary layer mode. In each of these modes leads to different changes
of thickness depending on the capillary number. This is shown in Figure 19.
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h/r
[1I boundary layer mode

II visco-1nertial mode

I visco-capillary mode

Ca

Figure 19. Dependence of the ratio of thickness and radius of the fibers to the
capillary number [34].

Visco-capillary mode

Visco-capillary mode takes place at low speeds and viscosities, possibly under high
surface tension. Capillary and Weber number are low and the main forces acting are
viscous and capillary forces. In this mode, it can be observed only a relatively small
increase of thickness due to the increase capillary number. The coating thickness can
be expressed by the equation 3.10 [34]:

h = 1.34rCa?/3, (3.10)
where: h = thickness, [m]

r = diameter, [m]

Ca  =capillary number. [-]

This simple relationship is only valid if r >> h. If the conditions are not met, White
and Tallmage correction have to be used. That reflects when thickness of film and
diameter of fiber are similar. White and Tallmage correction is expressed in
equation 3.11 [34]:

_ 1.34rca?/?
T 1-1.34rCa?/3’

(3.11)

where: h = thickness, [m]
r = diameter, [m]
Ca = capillary number. [-]

-33-



Bond number characterized the gravitational force, when Bond number is close to
zero the gravitational force can’t be neglected, the entrainment law for the thickness
of the coated layer is expressed in equation 3.12 [34]:

h = 0.94x~Ca?/?, (3.12)
where: h = thickness, [m]

k* = diameter, [m]

Ca  =capillary number. [-]

Visco-inertial mode

Conditions for visco-inertial mode are after reaching of certain withdrawal rate and
the film begins to significantly grow on the template (see Figure 19, part II).
The increase of the thickness is much larger than would be expected based on
the increase of the capillary number due the higher coating velocity. To understand
the sharp increase in the film thickness the influence of inertial forces need to be
considered. Inertial forces entrain them more material from the suspension and
capillary forces and capillary forces become less important. Condition for this mode
is that the Weber number approaching 1. The coating thickness in this mode can be
expressed by the equation 3.13 [34]:

p =22 (3.13)
where: h = thickness, [m]

r = diameter, [m]

Ca = capillary number, [-]

We = Weber number. [-]

Boundary layer mode

Conditions for boundary layer mode are at high withdrawal rate. If Weber number
goes to one, the thickness is determined by viscous, capillary and inertial forces, if
rate of withdrawal is further increased and the Weber number is larger than one, the
capillary forces can be ignored and only the viscous and inertial forces need to be
considered. There was no further significant increase of thickness and due to the high
rate of withdrawal must also include a length of reservoirs. Law for the thickness of
the coated layer in this mode is expressed in equation 3.14 [34]:
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h=12 %, (3.14)

pv
where: h = thickness, [m]
n = Viscosity, [Pa x s]
L = length of reservoirs, [m]
p = density, [kg x m™]
v = rate of withdrawal. [mx s

Overview of these modes are shown in Table 5:

Table 5. Overview laws and exceptions for the different coatings modes [34].

Mode Name Rate of Validity Forces Thickness
withdrawal
Visco- Low Ca<0,64 viscous
i We<1 ) = 1. 2/3
capillary capillary h =1.34rCa
Visco- Low Ca<0,64 viscous
capillary We<1 :
with c~h capillary b= 1.34rCa?/®
| White and " 1-—1.34rCa?/3
Tallmage
corection
Visco- Low Bo>1  viscous
i We<1 .
capillary capillary
when _
gravity gravita- h = 0.94k~1Ca?/3
can’t be tional
ignored
1 Visco- Medium We—1  viscous
inertial capillary 1.34rCa?/?
inertial 1-We
11 Boundary High We>1  viscous L
layer inertial h=12 ov
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4 EXPERIMENTAL PROCEDURE

4.1 Materials

In the preparation of thin wall ceramic hollow fibers by dip-coating we have two
essential input materials: suspensions and fibers. The fiber serves as a sacrificial
template and suspensions as coating which is applied on the template. In this chapter
suspensions and fibers will be characterized.

4.1.1 Suspensions

In this work two types of suspension are used, hydroxyapatite suspension and titania
suspension. Their preparation is in many respects similar, but because of the
fundamental differences between produced powders differences in preparation and
proportions of raw materials. This part will be described feedstock, particularly
ceramic powders, for the preparation of a suspension preparation itself will be
described in the next chapter.

Hydroxyapatite suspensions

The basis of this suspension is commercially available hydroxyapatite powder
Cas(OH)(PO4); having a purity p.a. (for analysis) and the contents of main
components > 90 %, from Sigma Aldrich. This powder was subsequently calcined at
800 °C due to the high activity of bacteria which caused a very low durability of
suspension. As dispersant was used Dolapix CE64, which was used to stabilize the
suspension. Methylcellulose with a defined viscosity of 15 cP was used as a binder.
For pH adjustment were used 25% ammonia solution.

Titania suspensions

The basis of this suspension is commercially available TiO, nanopowder with
a particle size having < 25 nm and the contents of main components > 97 %, from
Sigma Aldrich. As a dispersant was used Dolapix CE64 and as a binder
methylcellulose 15 cP. For pH adjustment in this case was due to different starting
powder was used molecular phosphoric acid solution.

4.1.2 Sacrificial templates

Fiber serves as a template, which is in the course of the experiment coated and
subsequently high temperature sacrifice. For dip-coating are important mechanical
properties, the number and surface of filaments and diameter of fiber. For the
subsequent sintering regime are important temperatures of decomposition, thermal
expansion and relaxation fibers at high temperatures. Three were selected
UHMW PE, carbon and cotton fibers for this work.
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UHMW PE fiber

This fiber is formed by a high molecular weight polyethylene has a diameter 35 pum
and it has very good mechanical properties (mechanical strength in range
of 1400-3000 MPa). It is formed of several interconnected filaments which are glued
together by Teflon, it results in a poorly defined surface. Temperature of
decomposition fiber is between 500-600 °C. It has a large ratio of thermal expansion
and high temperature leads to a considerable relaxation of fiber. UHMW PE fiber we
can see in Figure 20.

Figure 20. UHMW PE fiber used as sacrificial template, diameter 35 pum.

Carbon fiber

This fiber has diameter 34.5+2.5 um and it has relatively good mechanical
properties (mechanical strength 860 MPa), but shear strength is low relative to the
fiber diameter. It is formed of a monofilament carbon with a definable surface.
Temperature of decomposition is between 400-450 °C. It has a very small thermal
expansion and high temperatures leads to minimal relaxation of fiber. Carbon fiber is
shown in Figure 21.
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Figure 21. Carbon fiber used as sacrificial template, diameter 34.5 + 2.5 um.

Cotton fiber

This fiber has diameter about 170 um and it has good mechanical properties
(mechanical strength in range of 400-800 MPa). It is formed of loosely braided
filaments of cotton, it results in a poorly defined surface and free spaces between the
filaments. Temperature of decomposition is between 450-550 °C. It has a small
thermal expansion and high temperatures leads to small relaxation of fiber. Cotton
fiber can be seen in Figure 22.

Figure 22. Cotton fiber used as sacrificial template, diameter about 170 um.
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4.2 Production of suspensions

Due to the very similar process for the preparation of both types of suspension will
be generally described preparation procedure and subsequently commented
suspension specifics for hydroxyapatite and titania suspensions.

A given amount of water was heated to 80 °C and then added to methylcellulose.
After dissolution was added dispersant and adjusted pH. To the resulting mixture was
then gradually added ceramic powder. Then to the suspension were added ceramic
balls and the suspension was placed on rotation mill for 24 hours. Milling need to be
applied before each dip-coating at least 1 hour. If suspension contains large amount
of air bubbles it is possible to add octanol, which reduces surface tension, but it can
have a negative impact in the coating, which under certain conditions can result in
drops instead of film.

Hydroxyapatite suspension

Hydroxyapatite suspensions were made in several variants.

The first series of suspensions 17HAP-XMC (where X expresses the content of
methylcellulose) was designed for the coating of PE fibers, which are characterized
by high thermal expansion and considerable relaxation of fiber. Therefore was used
higher volume percentage of ceramic powder (17.5vol. %) and various volume
percentage of binder (1 -3.5vol. %). Suspensions were labeled according to the
content of binder A-E, overview suspensions 17HAP-XMC series is shown
in the Table 6. Hydroxyapatite suspensions are stable in alkaline environments and
therefore pH was adjustment by 25% ammonia solution.

The exact compositions of the suspensions with the lowest and highest content are
binder shown in Table 7 and Table 8.

Table 6. Content of binder series 17HAP-XMC.

17HAP A B C D E

vol.% binder

15 2 3 35
(X)
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Table 7. Hydroxyapatite suspension 17HAP-1MC.

Weight  Volume Density Weight Volume
[g] [cm®] Chemical Function [gcm™®]  [%] [%]
189.52 189.52 Water Solvent 1.00 57.83% 80.01%
2.03 1.69 Dolapix CE64  Dispersant 1.20 0.62% 0.71%

Calcined HAP Ceramic
131.06 41.48 powder powder 3.16 39.99% 17.51%
Methylcellulose
3.02 2.32 15 cP Binder 1.3 0.92%  0.98%
6 drops Octanol Surfactant
2.09 1.88 Amoniac (25%)  Stabilizer 1.11 0.64% 0.79%

Table 8. Hydroxyapatite suspension 17HAP-3.5MC.

Weight  Volume Density Weight Volume
[g] [cm®] Chemical Function [gem™®]  [%] [%]
183.51 183.51 Water Solvent 1.00 55.66% 77.43%
2.24 1.87 Dolapix CE64  Dispersant 1.20 0.68% 0.79%

Calcined HAP Ceramic
131.13 41.50 powder powder 316 39.77% 17.51%
Methylcellulose
10.77 8.28 15 cP Binder 1.3 3.27% 3.50%
6 drops 6 drops Octanol Surfactant
2.04 1.83 Amoniac (25%)  Stabilizer 1.11 0.62% 0.77%

The hydroxyapatite suspension 15HAP-3MC was used for coating the cotton fiber,
because the fiber has not so high thermal expansion and relaxation at high
temperature as PE fibers. Therefore it was possible to use a smaller volume
percentage of the ceramic powder (15 vol. %) and larger amount of binder
(4 vol. %). The exact composition of the suspension 15HAP-3MC shown in Table 9.
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Table 9. Hydroxyapatite suspension 15HAP-3MC.

Weight  Volume

Density Weight Volume

[a] [cm®] Chemical Function [g/cm3]  [%0] [9%6]
200.03 200.03 Water Solvent 1.00 59.23%  79.29%
2.50 2.08 Dolapix CE64  Dispersant 1.20 0.74% 0.83%
Calcined HAP Ceramic
119.55 37.83 powder powder 3.16 3540%  15.00%
Methylcellulose
13.12 10.09 15 cP Binder 1.3 3.89% 4.00%
10 drops 10 drops Octanol Surfactant
2.50 2.25 Amoniac (25%)  Stabilizer 1.11 0.74% 0.89%

Titania suspension

Titania suspension 10TiO2-1MC was used for coating of the carbon fiber, it was
therefore not necessary to count with thermal expansion or relaxation at high
temperature. Smaller particle size of the powder only enables to reach smaller
volume percentage of titania in suspesion(10 vol. %) compare with HAP
suspensions. Advantage of the fiber is possibility to use only small amount of binder
(1 vol. %). Hydroxyapatite suspensions are stable in acid environments and therefore
pH was adjustment by phosphoric acid solution. The exact composition of the

suspension 10TiO2-1MC shown in Table 10.
Table 10. Titania suspension 10TiO2-1MC.

Weight  Volume

Density Weight Volume

[0] [cm®] Chemical Function [g/cm3]  [%] [%6]
161.07 161.07 Water Solvent 1.00 66.16%  88.08%
1.94 1.62 Dolapix CE64  Dispersant 1.20 0.80% 0.89%
Ceramic
78.02 18.32 TiO, powder powder 426  32.05%  10.02%
Methylcellulose
242 1.86 15 cP Binder 1.30 1.00% 1.02%
150
drops HsPO4 1M Stabilizer 1.11 0.00%
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4.3 Viscosity of suspensions

For the 17HAP-XMC series, the viscosity was measured to determine the effect of
viscosity on the shape stability. The viscosity was measured using a rotary
viscometer (Digital rotary viscosimeter 807/1, Nahita, Spain). The viscosity was
measured at temperature 22 °C.

4.4 Dip-coating

The coating process was performed on a device specially developed at BUT for
coating thin fibers. This device allows the coating of these fibers for various speeds.
It can operate in two settings, continuous and semi-continuous. The continuum
setting is used to coat fibers of great length, the fiber is at the bottom of apparatus are
wound on the coil and then goes through the slurry tank, the fiber is withdrawn from
the suspension at a given speed and then passes through the drying chamber and the
winding system is again wound onto the coil. Semi-continuous setting is used for
testing the fibers of short lengths of fiber is pulled through the PE tube tipped funnel,
tube with the fiber is then filled with suspension and the fiber is withdrawn from the
suspension at a given speed. This setting do not allow use a drying chamber. The test
fibers were coated with a suspension and withdraw speed 5-35 cm x s, using both
settings. The whole process was optical observed to measure the diameter of the
coating before drying. Dip-coater shown is in Figure 23.

coil with
coated fiber

r sytem
l/ of reeling

drying
chamber

coil
with fiber

container
with suspension

Figure 23. Dip-coater, device specially developed at BUT for coating thin fibers. It
can operate in two settings, continuous and semi-continuous.
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4.5 Sintering

After drying and cut to the appropriate length of the fiber, these fibers were placed
on alumina plate and sintered in a resistance furnace. Hydroxyapatite hollow fibres
were sintered at 950 °C, 1000 °C, 1100 °C, 1200 °C. Titania hollow fibers were
sintered at 700 °C, 1200 °C. These sintering cycles are shown in Figure 24.

LAQQ p-ensmmsemermsrmoe e
120 min
1200 g 1200 °C HAP
1000 4 N\ and Titania
5 10 °Cxmin 1100 °C HAP
| e 1 S
s
g 600 § MRy S | | S 1000 °C HAP
£ 2 °C x min't
R T e S N
950 °C HAP
7 e 1
0 . . — . 700 °C Titania
0 200 400 600 800
Time [min]

Figure 24. Sintering cycles in which the coated fibers were sintered. Realized in a
resistance furnace

4.6 Analysis of the microstructure

Sintered samples were subsequently prepared for the observation on a scanning
electron microscope (Focused lon Beam/Scanning Electron Microscope LYRAS3,
Tescan, Czech Republic). Subsequently were measured grain size and porosity. For
measuring the grain size was used the linear intercept method [35]. For measuring
larger areas was used network segments, for measuring ceramic hollow fibers were
used the line segment parallel to the axis of the fiber. Both cases are shown in
Figure 25.
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a) Example of titania hollow fiber  b) Example large surface of titania block
measurement. measurement.

Figure 25. An example of the grain size measurement difference between ceramic
hollow fibers (segment parallel to the axis) and large surfaces (network segments)

Porosity measurements conducted using thresholding images from electron
microscopy, as shown in Figure 26.

Figure 26. Example of sample for measurement of porosity plotted with the
program ImageJ.
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4.7 Biological testing

Biological tests were conducted in cooperation with Mendel University.
Hydroxyapatite samples were cut and placed into a plastic composition specially
treated for the biological tests. They were fixed to the edge by a solution of methyl
cellulose. These samples were subsequently tested at Mendel University in culture
n-myc amplified neuroblastomas. Different concentrations of cells were seeding on
the hydroxyapatite hollow fiber and subsequently monitored using light and
fluorescence microscopy. The beginning and center of the ceramic hollow fiber also
free cells and response cells with adhesive were monitored.
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5 RESULTS

5.1 Ceramic thin fibers from hydroxyapatite
5.1.1 Properties of HAP suspensions

Viscosity measurements were performed on a 17HAP-XMC (X is volume percent
of methylcellulose - MC) series where the different viscosity was caused by different
content of methylcellulose. The measurement results are shown in the Figure 27. It is
evident that the viscosity of the suspension increases with the increasing content of
methylcellulose. It is also apparent that the viscosity is stabilized at an increasing
shear rate (speed).

70000

- e 17HAP-1MC
B .. 17HAP-1.5MC
7' 50000
o,
~ e 17HAP-2MC
£’ 40000 ®
§ .. e 17HAP-3MC
2 30000 2
§ . e 17HAP-3.5MC
A'20000 T ..

... °..
..... @--..... el
10000 ... @--...... @ eeee.. N °
0
0.1

Speed [cm x s71]

Figure 27. Dependence of dynamic viscosity on rotation speed of the cylinder.

5.1.2 Shape stability on various templates

UHMW PE fiber

UHMW PE fibers were coated with a series of suspensions 17HAP-XMC (X is
volume percent of MC). Rate of withdrawal was between 5-35 cm x s™. Thanks to
the very good mechanical properties of these fibers was possible use continuous and
semi-continuous setting.
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During the use of suspensions with lower content of methylcellulose (with lower
viscosity) it was observed that the thickness of the film or drops is too small and
structure collapse during the subsequent sintering process. At higher rates of
withdrawal it was observed creating of droplet, above a certain critical speed, the
film becomes unstable. This dependence is shown in Figure 28, where it was used
the suspension 17HAP-1MC (with lower content of MC). Combinations of collapsed
structure and drops are halfdrops.

17HAP - 1IMC
25
stable film
20
El droplet size !
=15 !
E 10 size of neck I
O
2
= 1 ¢
I 1 _ $
ol -
5 10 15 20 25 30 35
Speed of pull out [cm x s1]

Figure 28. Film thickness dependency of the drawing rate, after exceeding the
critical speed of formation of drops.

Summary of the resulting shapes after sintering are summarized in the Table 11.
Demonstrations of shapes are shown in Figure 29.

Table 11. Summary of results after sintering for shape stability depending on the
speed and viscosity of the suspension.

Rate of
withdrawal 5 10 15 20 25 30 35
(cm x s™)
17HAP-1MC  Collapsed Collapsed Collapsed Collapsed Collapsed Halfdrops Halfdrops
Not Not Not Not
17HAP-1.5MC  Collapsed  Collapsed  Halfdrops measured  measured  measured  measured
Not Not Not

17HAP-2MC  Collapsed Collapsed Drops Bigdrops red measured  measured

Not Not Not Not Not Not
measured  measured measured measured measured  measured

17HAP-3.5MC Film Film Film Film Film Film Film

17HAP-3MC  Bigdrops
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Drops. Film.

Figure 29. Examples of shapes after sintering of thin films produced by dip-coating
UHMW PE fiber at various withdrawal rates and suspensions (17HAP-XMC),
sintered at 950 °C (see Table 11).

Cotton fiber

Cotton fibers were coated with suspension 15HAP-3MC and with different rate of
withdrawal. The cotton fiber does not have good mechanical properties, but because
of its larger diameter it could be used for continuous and semi-continuous setting.
When the cotton fiber was coated, the resulting structure was film only. If it has been
coated without modification of fiber before coating after sintering there is no free
channel but only the region of lower density material. Ceramic fiber with region of
lower density material instead of channel is shown on Figure 30.
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Figure 30. Ceramic fiber produced by dip-coating cotton fiber with hydroxyapatite
(15HAP-3MC), fiber has not through channel just region with lower density
material, sintered 950 °C, rate of withdrawal 20 cm x s™.

However, if the fiber was coated with methylcellulose, ceramic fiber with a through
channel is formed. The ceramic hollow fiber is shown in Figure 31.

Figure 31. Ceramic fiber produced by coating cotton fiber made by pre-coating the
cotton fiber with methylcellulose and then coating with hydroxyapatite
(15HAP-3MC), fiber has through channel, sintered 950 °C,
rate of withdrawal 20 cm x s™.

Carbon fiber

Carbon fibers were coated with a series of suspensions 17HAP-1MC. Rate of
withdrawal was between 5-35 cm x s. When the carbon fiber was coated, the
resulting structure was film or drops. The resulting ceramic hollow fibers can then
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achieve very thin wall (1um) without cracking the fibers. Ultrathin ceramic hollow
fibers produced by coating carbon fibers are shown in Figure 32.

Figure 32. Ultrathin ceramic hollow fibers produced by dip-coating of carbon fibers
with hydroxyapatite (17HAP-1MC), sintered 950 °C, rate of withdrawal 5 cm x s™

5.1.3 Various thickness based on dip-coating process

For layer thickness measurement was selected UHMW PE fibers and suspension
17HAP-3.5MC to achieve a stable film across the range used rates of withdrawal.
The film thickness was measured before drying immediately after coating by optical
equipment.

The measurement results are summarized in the Table 12 and shown graphically in
the Figure 33.

Table 12. Summary of results for the thickness measurement, depending on
the rate of withdrawal (measured directly after coating before the drying procedure).

Rate of withdrawal 5 10 15 20 25 30 35
[cm x 5]
Number of 10 10 10 10 10 10 10

measurements [-]

Average wall thickness 54 29.1 36.9 466 538 549 530
[pm]
Standard deviation 1.0 5.0 4.3 9.3 3.2 34 28

[nm]
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Figure 33. Dependence of thickness of the hydroxyapatite coating on various

rates of withdrawal (5-35 cm x s™).

It is clear from the measured results that the thickness of the coating first grows

rapidly, but it is subsequently settled or slightly decreasing.

5.1.4 The influence of sintering modes on grain size and porosity

For grain size and porosity measurement was selected cotton fibers and suspension

15HAP-3MC,

thickness of the wall

of these hollow ceramic fibers was

approximately 300 um. The samples were sintered at temperatures 950 °C, 1000 °C,

1100 °C, 1200 °C.

The measurement results are summarized in the Table 13 and shown graphically in

the Figure 34 and Figure 35.

Table 13. Summary of results for grain size and porosity measurement, depending

on the rate of withdrawal.

Standard

Number of

Grain - . : Standard

Temperature . deviation of grains Porosity .
o size L . deviation of
[°C] [m] grainsize intersected [%%6] porosity
i [1m] []

950 0,3 0,02 986 18.4 0.8
1000 0,5 0,06 647 10.4 0.5
1100 0,7 0,09 489 6.2 0.6
1200 0,9 0,07 380 2.6 0.6
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Figure 34. Dependence of grain size and porosity on temperature.

The measured results demonstrates that with the increasing sintering temperature
increases the grain size and decreases the porosity. lllustrative demonstration of
microstructures at sintered at various temperatures is shown on Figure 36.
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sintered at 1100 °C sintered at 1200 °C

Figure 35. Examples of microstructure ceramic hollow fibers produced by
dip-coating cotton fiber with hydroxyapatite (15 HAP-3MC) at different sintering
temperatures, rate of withdrawal 20 cm x s™.
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5.1.5 Biological testing of porous HAP ceramic hollow fibers

Porous and hollow fiber for biological testing was prepared from UHMW PE fiber
and suspension 17HAP-3.5MC by coating and sintering at 950 °C to achieve porous
structure. Resulting ceramic hollow fibers had wall thickness after coating in the
range of 30-50 um. Monitoring parameters were adherence of the cells to the hollow
fibers and the toxicity of the adhesives. The results of these biologic tests are shown
in the Figure 36.

100 pm

> =i

HAP samples observed by light HAP samples observed by fluorescence
microscopy microscopy

Figure 36. Biological testing of porous hollow fibers produced by dip-coating
UHMW PE fiber with hydroxyapatite (17HAP-3.5MC) with outer diameter
over 100 um, sintered at 950 °C, rate of withdrawal 25 cm x st

Biological tests show that cells adhere to hydroxyapatite without difficulty and
proliferate more efficiently than they do in the vicinity.

5.2 Ceramic thin hollow fibers from titania
5.2.1 Porous TiO; hollow fibers sintered at low temperatures

For low temperature sintering was selected carbon fibers and suspension
10Ti02-1MC, to achieve very low wall thicknesses. Low temperatures (700 °C) lead
to a very porous structure with very fine grains. TiO, structures sintered at low
temperatures is shown in Figure 37.
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Titania ultrathin hollow fiber Cross section of ultrathin hollow fiber

Figure 37. Examples of titania ultrathin hollow fiber produced by dip-coating
carbon fiber with titania (10TiO2-1MC), sintered at 700 °C,
rate of withdrawal 5 cm x s,

The phenomenon of increased concentration of material on the surface was also
observed on samples sintered at low temperature. This is shown on Figure 38 when
dense areas are visible close to the both surfaces (inner and outer), see the
“Microstructure of the hollow fiber wall cross section”.

Microtructure of the hollow fiber Microstructure of the hollow fiber wall
outer surface Cross section

Figure 38. Example of microstructures on surface and in cross section,
sintered at 700 °C, rate of withdrawal 5 cm x s™.
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5.2.2 Dense TiO; hollow fibers-grain size

For grain size measurement was selected carbon fibers and suspension 10TiO2-1MC,
to achieve very low wall thicknesses. The samples were sintered at temperature
1200 °C. Subsequently, an analysis of the grain size dependence on wall thickness
after sintering was performed. For comparison was subsequently cast block from the
same suspension. It was dried and then sintered under the same conditions.
Subsequently, the structure was analysed on the surface of a sintered sample and its
core.

The measurement results are summarized in the Table 14 and grain size dependence
on the wall thickness of ceramic hollow fiber is shown graphically in the Figure 39.

Table 14. Summary of results for wall thickness of ceramic hollow fiber and grain
size measurement; internal diameter was 12.7 = 0.5 pm.

Wall Wall thickness Grain size Mumber of
thickness stapdgrt Grain size star.1d<'?1rt . grain
deviation [um] deviation intersected
] [nm] [nm] [-]
0.6 0.3 1.1 0.1 452
2.0 0.5 1.3 0.3 85
3.5 1.4 1.5 0.2 629
18.8 0.4 1.6 0.1 418
21.1 1.0 1.9 0.2 224
21.3 0.9 2.1 0.3 436
Surface 2.7 0.6 418
Core 1.8 0.2 557
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Figure 39. Dependence of grain size and wall thickness of titania hollow fiber
sintered at 1200 °C and comparison with casted block surface and core sintered at
same temperature.

The different microstructure of the cast sample on the surface and in the core can be
seen in the Figure 40. An example of observed grain sizes of ultrathin ceramic fibers
can be seen in the Figure 41.

Surface of block Core of block

Figure 40. Example of microstructure titania (10TiO2-1MC) cast block on the
surface and in the core, sintered at 1200 °C.
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BN 4 M
Outer diameter 13 pum,
rate of withdrawal 5 cm x s,

Outer diameter 21 um, Cross section of dense hollow fiber,
rate of withdrawal 20 cm x s, rate of withdrawal 20 cm x s,

Figure 41. The size of the grains of the ultrathin titania (10Ti02-1MC) hollow fiber
with a different diameter, sintered at 1200 °C.
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6 DISCUSION

6.1 Application of the sacrificial template

It is apparent from the results that it was possible to produce a thin wall ceramic
hollow fibers using all three sacrificial templates. Each of the sacrificial templates
carries its advantages and disadvantages in the production of these fibers.

UHMW PE fibers as a sacrificial template have problem with thermal expansion and
relaxation of fiber at high temperatures. With increasing temperature and that
increases in fiber diameter and the fiber relaxes. At low content of binder may occur
crack that may be at a low coating thicknesses lead to collapse of structure. Another
problem UHMW PE is the formation of drops at high rates of withdrawal, therefore
it is necessary to focus on changing the viscosity of the material, one possibility is to
increase the binder content. Higher content of methylcellulose results avoid droplet
formation at high speeds while preventing cracking ceramic hollow fiber during
sintering. Examples of collapsed structure, formed drops and stable film are shown in
the Figure 29.

Cotton fibers as a sacrificial template have no problem with the formation of droplets
due to the large diameter of fiber which only allowed the film to develop at the rates
of withdrawal used. Also have no problem with cracking ceramic hollow fiber due
less thermal expansion and relaxation fiber at high temperature due high content of
binder used suspensions. Problem is loosely braided filaments of cotton, when
suspension infiltrates into the spaces between filaments and after sintering there is no
free channel but only the region of lower density material. This was prevented by
pre-coating methylcellulose, which fills the free space and on the surface creates a
thin protective film, which prevents suspension infiltration. Examples of ceramics
fibers with region of lower density material and through channel are shown in the
Figure 30 and Figure 31.

Carbon fibers as a sacrificial template allow the production of ceramic hollow fibers
with a very thin wall, but their disadvantages are low mechanical properties due to
the small diameter of the fiber and the impossibility of using a continuous coating.
Another disadvantage is the high price compared to the two mentioned sacrificial
templates. Thin wall ceramic hollow fibres produced by using carbon fiber are shown
in the Figure 32.

The advantage of UHMW PE fiber is that it is relatively easy to handle and can be
coated continuously. Another advantage is that it exists in variable diameters. In the
case of use as a sacrificial template for fibers with a diameter 35 um coatings can be
achieved in the dimensions of tens of micrometers. However, it is necessary to use a
suspension with a higher content of binders to prevent cracking of the resulting
fibers. The high binder content results in a high viscosity of the suspension which
prevents the formation of very thin films. Cotton fiber makes it possible to use
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suspensions with a lower binder content, however due of the higher fiber diameter
(170 pm) the resulting films are about 100 um. The problem of the fibers also
consists in the necessity of pre-coating with methylcellulose, which may not always
be completely successful. When very low suspensions are used, the pre-coating need
not be successful and fiber is infiltrated by suspensions. The carbon fiber has
minimal thermal expansion and relaxation at high temperatures, thus allowing
coatings very low viscosity suspension, also has small diameter (35 wm). This results
in very thin films that are stable even after sintering and for these reasons appears to
be the optimal sacrificial template. Problem is it is relatively hard to handle and does
not allow continuous coating. The advantages and disadvantages of all sacrificed
templates are summarized in the Table 15.

Table 15. Advantages and disadvantages of sacrificed templates.

Sacrificial

Advantages Disadvantages
template

high thermal expansion

UHMW PE fiber  very good mechanical properties, and relaxation at high

35 variable diameters
(35 pm) temperatures
Cotton fiber good mechanical properties, low irregular shape,
thermal expansion and relaxation  spaces between filaments
(170 pum) at high temperatures and suspension infiltration
Carbon fiber minimal thermal expansion and poor mechanical
(34.5 um) relaxation at high temperatures properties, price

6.2 Dip-coating process

Using different suspensions and different rates of withdrawal we were able to
achieve different coating thicknesses (5-53 pum, Table 11) and shapes (drop, film,
Figure 29).

Our experiments demonstrated that increasing the drawing rate increases the
thickness of the coating up to some level, see Figure 33. The increase is significant at
first stage (up to 25 cm x s, but at higher speeds the growth of the film is small or
even thickness of coating decreases. These results coincide with the theory described
above and summarized in the Figure 19 [34]. It is evident that after a sharp increase
in film thickness (visco-inertial mode), at a certain rate the growth will stop or
slightly decrease (boundary layer mode). First mode (visco-capillary) was not
observed probably because of high viscosity of the suspensions. The viscosity varies
with the withdraw rate of coating, as can be seen from the Figure 27, therefore
suspensions are non-Newtonian fluids. This behavior is consistent with the above
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mentioned literature [18]. It is evident that at lower withdrawal rates the behavior of
non-Newtonian liquids is problematic, however at the applied withdrawal rates
Newtonian behavior can be expected.

The suspensions used had an effect on the shape stability before and during sintering
when increased binder content and therefore increased viscosity prevents the
formation of drops during dip-coating and prevents collapse of the structure during
sintering. When using low binder suspensions and therefore low viscosity, thin films
(at low rates) and small drops (at high rates) are formed which collapses during
sintering. This is shown in Figure 29. It is obvious that there is no universal ideal
suspension, it is always necessary to take into account the properties of the sacrificial
template and the desired thickness of the coating. Low viscosity suspensions work
well and allow very thin films to be formed, but are prone to shape instability, and
when an unsuitable template is used, the resulting structure collapses. High viscosity
suspensions form only films, and if the binder content is sufficient, templates with
high thermal expansion can be used. However, working with these suspensions is
challenging, and can not be produced thin films such as low viscosity suspensions. It
Is always very important to adapt the composition of the suspension desired results.

6.3 Sintering of thin walls

Sintering for various grain size and porosity, expected behavior for relatively thick
walls (over 100 um). The grain size was within the range (0.3-0.9 um) and the
porosity in the range (2.6-18.4%).This is clearly shown inthe Table 13 or
in the Figure 34. These results are expected and coincide with the literature
describing the sintering process [30].

Porosity is important for preparation of bio-scaffolds, therefore material were tested
adhesion of cells to think wall ceramic hollow fibers from HAP. Fibers with outer
diameter over 100 um have mechanical strength sufficient to manipulation for
biological testing. The cells adhere to hydroxyapatite without difficulty it is shown in
Figure 36. This confirms the results of the work about building hydroxyapatite 3D
scaffolds assembled from porous hollow fibers which uses hollow fibers to produce
bioscaffold [36].

They were subsequently investigated TiO, hollow fibers with ultrathin wall
(0.5-21 pm), densified at temperature 1200 °C. The grain size was then observed
depending on the thickness of the wall, the thickness of the wall was controlled by
the rate of withdrawal it is shown in Figure 39. The results show that grain size
increases with increasing wall thickness as shown in the Table 14 or in the Figure 41.

This phenomenon is related to the problem of 3D and 2D thin film sintering. 3D
sintering is faster because grain grows in all dimensions, 2D is slower because the
grain can grow only in surface direction. The second impact on grain growth kinetics
have inhomogeneous green body related to processing. In the process of producing
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ceramic hollow fibers is one of the stages drying process of the coated layer. This
process reduces volume of green body due to evaporation of water and thin film with
higher density on the outer and inner surface is formed, see Figure 39. After
subsequent sintering at 1200 °C this layer is dense and the grain coarsening occurs.
In the case of thin ceramic hollow fibers, it is an endless thin film with the thickness
of one grain only. At certain point sintering of ultrathin ceramic is changed from 3D
to 2D sintering, which is slower due to longer diffusion path. Therefore, it can be
concluded that the film is thinner, the faster 2D sintering occurs, and thus the grains
coarsen slowly.

Comparison of 3D microstructures, surface and core titania block, are shown on the
Figure 40. Surface is more dense due to evaporation and there are is only one side
diffusion limitation, therefore surface grain size is significantly higher than in the
core. Furthermore, inside 3D structure is porous and grains also limits each other’s
this leads to a slower sintering rate and smaller grains. That agree with the work that
deals with the influence of porosity on sintering rates [30]. Comparison with bulk
TiO, ceramics showed that the grain size of thin films does not reach the grain size
on the surface of the bulk.

6.4 Location of the technology and potential of applications

Working with these ultrathin ceramic fibers is very challenging, because their
dimensions are so small and poorly visible to the human eye. Thin walls also lead to
very poor mechanical properties, making handling very demanding and limited.
Another problem is also the low weight when handling very often they get into the
lift if they lose contact with the pad.

In this work was presented a method of production of thin wall ceramic fibers. This
method is unique because use thin fibers as sacrificial templates thanks to which
these fibers can subsequently be hollow the size of the inner channel is determined
by the size of the sacrificial template. Variations of rates of withdrawal and
properties of the suspension, in particular the viscosity, can then be controlled by the
resulting layer thickness. By adjusting a suitable sintering mode, subsequent porosity
of the resulting ceramic fibers can be controlled.

Open cell ceramics are being used and considered for a variety of structural and
nonstructural applications. Several methods can be used to produce ceramic materials
in a cellular structure. The primary method of production of cellular ceramic
materials is known as the “replication” process, or more specifically the “polymer
sponge” process. These processes can result in foams with different ranges for
characteristics such as relative density, proportion of open and closed cell faces,
structure and morphology [8]. Our method results to ultrathin hollow ceramic fibers
and uses fibers as the sacrificial templates. The difference is in the size of the pore
when the foam has a minimum pore size of about 200 um. Ultrathin hollow fibers
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can reach a smaller pore size, however it is necessary gentle balance of forces in
production.

Commercially available fibers are of the oxide (SiO,, Al,O3) and non-oxide (S-C-0)
nature and are produced by spinning. This method is common in ceramic fiber
production but it is problematic to produce these fibers hollow. The CVD method
another method for producing commercial ceramic fibers, similar as dip-coating uses
the creating layers on the template (fiber), but the fiber then forms the core of the
resulting ceramic fiber and its removal is problematic [32].

Another technique describes the work devoted solvent-based extrusion. This is
a powder-based rapid prototyping process, the principle of which is the realization of
liquid to solid transition through solvent evaporation in the presence of a binder.
Extrusion can produce long fibers from powder suspensions, and allows them to
build complex ceramic 3D structures and can be used in the fabrication of hard and
soft tissue scaffolds. These extruded ceramic fibers can be hollow, but diameter of
these fibers is much larger and lifetime of spinaret is limited. Al,Os-based
suspensions were used in this work [37].

Another possibility was introduced at work about producing ceramic hollow fibers is
non-solvent induced phase separation. The preparation method is based on dry-wet
spinning of a particle-loaded polymer solution followed by thermal treatment.
Resulting hollow fibers have small tunable radial dimensions, down to ~250 um
outer. The size of the inner canal is given by the separation and not sacrificial
template and control of its size may be problematic. In this work were used ceramic
materials Al,O3, SiC, YSZ and as metal nickel and stainless steel powder [38].

In summary we are not competing with the methods above, because our fiber
dimensions are much smaller. Disadvantages of our process are limited sacrificial
templates, diameter of these templates and their strength for continual coating. Also
drying process is more sensitive. The thickness of the coating is limited by the fiber
used and its diameter, shape quality (interaction suspension surface, not mentioned in
theory). Another factor is the viscosity of the suspension used. These limits for
UHMW PE fiber are shown in chapter 5.1.3.

The preparation of ceramic microchannel structures from powder based material was
presented in work about microtemplating [39] where was produced ceramic alumina
self-supporting microchannels structures with diameters from 10 to 1000 pm. Basis
for this method is the controlled dip-coating of a sacrificial polymeric fiber template
with suspensions containing sinterable particles. This work also mentions thermal
expansion and gas production as an important factor in the sintering process. In this
work Al,O3 was used in alcoholic suspensions. Presented results moved the limits set
up in literature [39]. Our suspension are water-based which means better stability of
the outer surface. Disadvantages are longer drying and difficult multicoating of the
fiber and limited wall thickness.
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Dip-coating is a simple and flexible process that can achieve hollow ceramic fibers
with different wall sizes and through a subsequent sintering process of different
porosity. Two materials (HAP, TiO,;) and three sacrifices fiber templates
(UHMW PE, cotton, carbon fibers) were presented in this work. But other ceramic
materials may be used, condition is to provide a suspension with suitable rheological
properties and selecting a suitable sacrificial fiber template. There is a large number
of these sacrificed fibers of different diameters, which can be used for dip-coating
process. However, it is necessary to correctly evaluate the effect of their thermal
expansion and relaxation at high temperatures.

Produced fibers hollow ceramic fibers can have many uses. Hydroxyapatite ceramic
fibers can be used in production bio-scaffolds where a large surface, bioactive
material is required. Titania fibers can be used in production photocatalytic cells
which also require a large surface and a material capable of photocatalytic effect.
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7 CONCLUSIONS

It can be concluded that the selection of suitable sacrificial template is the most
important step for the production of ultrathin hollow ceramic fibers. The best choice
as a sacrificial template appears to be carbon fiber which can be coated by very thin
films and has no problems with thermal expansion and relaxation at high
temperatures. However, the problem is the poor mechanical stability of the fiber due
to its small diameter, which do not allows continuous coating, an alternative may be
a UHMW fiber.

The dip-coating process was also successfully described. With the choice of
a suitable suspension and rates of withdrawal, thin films can be formed. Due to the
appropriate suspension composition, these ceramic hollow fibers have shape stability
even after the subsequent sintering process.

Thin ceramic hollow fibers from hydroxyapatite with a porous structure have
a potential application in production of bio-scaffolds. This is confirmed by successful
biological test. Ultrathin ceramic hollow fibers prepared from titania have many
applications, one of this is the study of sintering self-supporting structures with
ultrathin walls.

The prepared fibers also have sufficient handling strength that can be controlled by
adjusting the dip-coating process settings.

The presented method brings unique opportunity for preparation of ceramic self-
supporting ceramic hollow fiber with dimension below 100 um and wall thickness
below 1 um.
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L [m]

r [m]

T [K]

v [m x s
y [N xm?]
n [Pa x s]
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¢ [V]

Bo [-]

Ca [-]

We [-]

K [-]
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DLVO
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TiO,
UHMW PE

Description

gradient of concentration
gradient of speed
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thickness of film
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length of reservoirs
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surface tension
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Meaning
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Electrokinetic Sonic Amplitude
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Landau, Levich and Deryagin

scanning electron microscopy
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ultra high molecular weight polyethylene
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